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ABSTRACT 

In the search for new, safe and efficacious uterine active agents, the plant Ficus 

exasperata was subjected to phytochemical screening and pharmacological analysis. 

Ethyl acetate and methanolic leaf extracts of F. exasperata were fractionated and 

purified by a series of chromatographic techniques. The isolation process was guided 

by in vitro functional uterine assays involving the use of C57Bl/6 female mice. 

Identification of the active chemical constituents was performed by several 

spectroscopic techniques which included 1D and 2D nuclear magnetic resonance 

(NMR) and high resolution mass spectrometry (HRMS). The uterine effects of these 

compounds were investigated on lidocaine-induced, spontaneous, oxytocin-induced 

and high KCl-induced contractions using isolated uterine segments of non-pregnant 

female mice. The activity of different compounds on the amplitude (maximum 

tension above basal force) and frequency of uterine contractions were simultaneously 

measured and then statistically analysed. The structure-activity relationships were 

also examined where possible. 

These studies led to the identification of some new phytochemical 

derivatives. Pharmacological assays revealed the presence of both uterine stimulatory 

and inhibitory constituents. The new pheophytin/pheophorbide derivatives, 

flavonoids, fatty acids and glycerol derivatives significantly reduced the frequency 

and amplitude of uterine contraction, while KCl salt, pyrimidine and pheophorbide-b 

derivatives significantly augmented both spontaneous and agonist-induced 

contractions. 
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This study has demonstrated that F. exasperata generates secondary 

metabolites which have proven effective in the significant inhibition of uterine 

contractions and thus a potential source of new tocolytic agents. Additionally, uterine 

stimulatory constituents were also generated some of which may be potential drugs 

for contraception and/or labour facilitation. Lead compounds generated from this 

study are the pheophytin/pheophorbide derivatives, pyrimidine derivatives and 

flavonoid derivatives. 

The rather low yield of compounds frequently experienced in the course of 

bioassay-guided phytochemical screening has made it almost impossible to 

investigate the possible mechanism(s) of action of active fractions and/or 

compounds. This necessitated study into the development of high throughput 

analytical tools combining metabolomics and pharmacology in the investigation of 

the function of drugs. This study involved the application of liquid chromatography 

coupled to high resolution Fourier transform mass spectrometry (LC-HRFTMS) and 

proton NMR (1H-NMR) as analytical platforms in the determination of myometrial 

function. An initial study was performed to determine the success of the method and 

this was achieved by assessment of mouse myometrial metabolites altered in 

response to oxytocin and ritodrine.  The myometrial tissues and bath fluids were 

extracted at the peak of activity and subjected to LC-HRFTMS analysis. The use of 

the bath fluids in this study was an innovative approach in sampling. The resulting 

data were preprocessed and analyzed via a pair-wise chemometric comparison 

model. Pathway analyses following metabolite identification confirmed previously 

known mechanism(s) thus validating the method while revealing new insights and 

creating knowledge-driven hypotheses for future research. This study therefore 
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enabled the development of a technique which combines metabolomics with in vitro 

pharmacology for the rapid detection of compelling myometrial metabolites in drug 

function and was successfully applied in the determination of possible mechanism(s) 

of the active constituents of F. exasperata. 
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Figure A. Graphic abstract of first phase of this study involving the bioassay-guided 

fractionation and isolation of uterine active constituents of the leaves of F. 

exasperata. 
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Figure B. Graphic abstract summarizing the second phase of this study involving 

development and application of metabolomic techniques for the determination of 

function of drugs. 
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GENERAL INTRODUCTION AND SIGNIFICANCE OF STUDY 
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1.0 Introduction 

1.1 Ethnopharmacological Background 

Over half of the world’s population use plant medicines as their first line of therapy 

(Cordell and Colvard, 2005).  A number of the medicines used in ancient times were 

plant materials and a number of drugs in existence today were derived from plant 

materials (Gurib-Fakim, 2006). Plants are well known for the medicinal benefits and 

therapeutic effects provided and this necessitated their use in the past centuries and in 

several countries around the world today (Houghton and Raman, 1998).  

Herbs/plants are thus referred to as ‘man’s oldest companions’ as they not only can 

be used in building homes but also to provide food and medicines (Gilani and 

Rahman, 2005). In Nigeria, West Africa for instance, the traditional healing method 

plays a significant part in health care and a significant number of the population are 

reported to still depend on traditional health care which employs the use of plant 

materials (Akah et al., 1998).  

 

1.2 Study Plant (Ficus exasperata) 

One of the many plants employed in Nigerian traditional medicine is Ficus 

exasperata Vahl which belongs to the family Moraceae (Mulberry family). Though 

there are several studies on F. exasperata (Abotsi et al., 2010; Adewole et al., 2011; 

Akah et al., 1997; Akah et al., 1998; Anowi et al., 2012; Ayinde et al., 2007; Bafor 

and Igbinuwen, 2009; Bafor et al., 2009b; Bafor et al., 2010; Bafor et al., 2009a; 

Bafor et al., 2011; Dongfack et al., 2011; Irene and Iheanacho, 2007; Macfoy and 

Cline, 1990; Odunbaku et al., 2008; Ogunleye et al., 2005; Okafor et al., 2001; 
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Oladosu et al., 2009; Taiwo and Aderogba, 2007; Woode et al., 2011; Woode et al., 

2009)  detailed investigation into the phytochemical constituents responsible for the 

uterine activity of the plant are lacking. 

 

1.2.1 The Moraceae Family 

The Moraceae family consists of about 40 genera and about 1100 species (Datwyler 

and Weiblen, 2004). Species of the Ficus genera have been reported to contain 

phytochemical constituents such as furanocoumarins (a plant phototoxin) and 

flavonoids (Joseph and Raj, 2010), alkaloids, anthraquinones, saponins and tannins 

have also been reported (Ahmad et al., 2011; Sandabe et al., 2006; Usman et al., 

2009). Antioxidants from figs of the moraceae family have also been reported 

(Joseph and Raj, 2010).  

 

1.2.2 An Overview and Brief Description of the Genus Ficus 

Ficus, also referred to as the fig genus, is a member of the mulberry (Moraceae) 

family in addition to about 40 other genera (Woodland, 1997). The fig species 

reported to be of principal significance based on frequency of reports and records are 

Ficus carica L. (common fig), Ficus religiosa L. (Bo tree), Ficus elastica R. (the 

rubber tree), Ficus benghalensis L. (the banyan) and Ficus racemosa L. (the great 

cluster tree) (Lansky et al., 2008).  

Members of the Ficus genus contain a sappy substance inside their vascular 

walls (Niangadouma, 2010), which most plants utilize for protection and is often 

exuded after tissue injury (Dussourd and Eisner, 1987). The fruits or figs originate 
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from an inflorescence with a unique arrangement (Lansky et al., 2008). It also 

consists of a soft exocarp and the mesocarp varies in colour among the fig species. 

The fruit is also quite juicy and sweet to taste when fully ripe (Lansky et al., 2008). 

The presence of specific compounds which are volatile in nature are utilized by the 

Ficus species for pollination by specific female wasps (Grison-Pige et al., 2002). 

 

1.2.3 Phytochemistry and Medicinal Uses of Some Ficus Species 

A broad range of compounds have been isolated to date from several parts of the 

Ficus species. A few examples of the phytochemical constituents of Ficus spp and 

their biological activities are given below.  

A mixture of sitosterol compounds which inhibited tumor cell proliferation 

was isolated from the sap of F. carica (Rubnov et al., 2001). Using a supercritical 

CO2 extraction technique; Wang and Ma have reported that extracts of fig residues 

have significant cytotoxic activity in some cancer cell lines both  in vitro and in vivo 

(Wang and Ma, 2005).  A dichloromethane extract of F. citrifolia augmented the 

action of daunomycin in leukemic cell lines and also augmented the anticancer action 

of vinblastine on MESSA and Dx5 cell lines (Simon et al., 2001). Flavonoids 

isolated from the stem bark of F. formosana Maxim have been reported to exhibit 

anticancer activities in several cancer cell lines (Sheu et al., 2005). Some triterpenoid 

and some alkaloids isolated from  F. elastica also exhibited cytotoxic effects (Lansky 

et al., 2008). Lectins and polysaccharide complexes have been isolated from fig 

seeds (Ray et al., 1993) which promote white blood cell cohesion in leukemic 

patients (Agrawal and Agarwal, 1990).  
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Extracts of F. racemosa demonstrated significant antidiarrhoeal activity 

(Mandal et al., 1997). Tannins in the leaves of F. hispidus were reported to be 

responsible for its antidiarrhoeal activity (Mandal and Kumar, 2002).  

Antifungal and antibacterial activities have also been reported for extracts of 

the leaves of F. hispidus  (Deraniyagala et al., 1998; Mandal et al., 2000).  

The methanolic extract of the stem bark of F. racemosa has been reported to 

induce hypothermia in both normothermic and pyrexic albino rats. The stem bark 

was shown to decrease urinary Na+ level, and also to increase the osmolarity of urine 

(Ratnasooriya et al., 2003).  

A furan compound isolated from F. racemosa was reported to inhibit 

cyclooxygenase-1 (COX-1) and 5-lipoxygenase (5-LOX) activity in vitro (Li et al., 

2004). A dose-dependent analgesic effect of the ethanolic leaf and bark extract has 

also been reported (Malairajan et al., 2006). The aqueous and ethanol extracts also 

displayed effective antioxidant activity (Veerapur et al., 2009).  

The ethanol extract of the leaves of F. racemosa and β-sistosterol from the 

stem bark was shown to cause hypoglycemia in alloxan-diabetic rats (Joseph and 

Raj, 2010). The fruits decreased cholesterol levels and also suppressed KBrO3-

mediated nephrotoxicity in rats. The methanolic extract of the stem bark produced 

significant hepatoprotective effect against CCl4-induced hepatotoxicity in rats 

(Ahmed and Urooj, 2010).  

A glycoside known as benghalenoside, isolated from F. benghalensis was 

reported to reduce hyperglycemia in normal and alloxan-induced diabetic rabbits 

(Augusti, 1975). A dimethoxy ether compound derived from leucopelargonidin 

rhamnoside (Augusti, 1975) and a dimethoxy compound obtained from a 
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leucocyanidin cellobioside were isolated from the bark of F. bengalensis and shown 

to reduce blood sugar concentration in streptozotocin-induced diabetic animals and 

cause an increase in serum concentrations of insulin in normal and diabetic rats 

(Achrekar et al., 1991; Kumar and Augusti, 1989). The aqueous extract of the bark 

of F. benghalensis produced antioxidant effects in hypercholesterolemic rabbits 

(Shukla et al., 2004). The extracts of the aerial roots also produced similar blood 

glucose lowering activity in rats (Singh et al., 2009).  

Aqueous extracts of F. asperifolia were reported to increase the implantation 

sites in female rats and produce uterotrophic-like activities in female rats (Watcho et 

al., 2009). The extracts of the fruits of F. asperifolia were reported to produce a 

concentration-dependent increase in rat uterine contractions, an effect which might 

be related to the release of prostaglandins and stimulation of other uterine 

contractility receptors (Watcho et al., 2011). 

More than 100 phytochemical compounds have been identified in Ficus 

species (Lansky et al., 2008). Ficus species were found to compose largely of 

phenanthroindolizidine alkaloids; other compounds included the coumarins, 

flavonoids and triterpenoid compounds. Several triacylglycerols have also been 

identified (Lansky et al., 2008). Simple terpenoids and other small aliphatics have 

also been reported (Grison-Pige et al., 2002). 

1.3 Ficus Exasperata 

1.3.1 Description  

Ficus exasperata Vahl, belongs to the mulberry family (Moraceae) (Odunbaku et al., 

2008).  
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It is classified as a terrestrial Afro-tropical plant that can grow up to about 20 m in 

height and is occasionally found in evergreen and secondary forest areas (Abotsi et 

al., 2010). One of the plant’s prominent features is the presence of rough surfaced 

leaves and as a consequence it is commonly known as ‘the sand paper tree’ (Ijeh and 

Ukweni, 2007). The mature leaves are usually dark green in colour (Figure 1.1) 

while the tender leaves are a lighter green colour (Ijeh and Ukweni, 2007).  

 

Figure 1.1 Photographs of F. exasperata 

 (A) A photograph of F. exasperata tree taken in Benin City, Nigeria. (B) A 

photograph of the leaves of F. exasperata taken in Benin City, Nigeria.    These 

photographs were taken on the 19th of December, 2007 at the premises of the 

University of Benin, Benin City, Edo State, Nigeria. 
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1.3.2. Some Medicinal Uses of F. exasperata 

Medicinally, several parts of the plant are reported to be used for a variety of 

diseases and ailments. In South Western Nigeria where it is called Eepin, a decoction 

of the roots is used in the management of diabetes (Abo et al., 2008). The glutinous 

sap is used for the management of eye ailments and stomach pains in the Ivory Coast 

(Kerharo and Bouquet, 1950). In Ghana, the sap is also used to manage haemorrhage 

(Ijeh and Ukweni, 2007). The extracts of the stem bark of F. exasperata have been 

reported to be useful in the management of leprous sores (Ijeh and Ukweni, 2007). 

The traditional use of F. exasperata in Nigeria for peptic ulcer management 

has been investigated (Akah et al., 1998). Their findings revealed that F. exasperata 

protected rats with aspirin-induced ulcer. A reduction in gastrointestinal transit time 

was also observed alongside a significant pH increase and volume of gastric 

secretions (Akah et al., 1998). The leaves of F. exasperata have been reported to 

reduce triacyl-glycerol concentrations and ß-hydroxyl butyrate levels in plasma of 

alloxan-induced diabetic rats (Nimenibo-Uadia, 2003). Other research investigated 

the blood pressure lowering effect of the plant (Ayinde et al., 2007). Their studies 

showed that the aqueous leaf extract of F. exasperata produced a dose-dependent 

reduction in the mean arterial blood pressures in rabbits. This hypotensive effect was 

attributed to the possible interaction with muscarinic receptors in the cardiovascular 

system or the release of histamine into the circulatory system (Ayinde et al., 2007). 

The anti-inflammatory, anti-pyretic and antinociceptive effects of the ethanol 

extracts of F. exasperata were investigated and results of the study indicated that the 

extract showed a dose-dependent anti-inflammatory activity of carrageenan-induced 

oedema in chicks and a dose-dependent antinociceptive effect in mice (Woode et al., 
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2009). A weak antipyretic effect on baker’s yeast-induced pyrexia in mice was 

reported (Woode et al., 2009). Bafor and colleagues also investigated the antipyretic 

effects of F. exasperata using three different solvents of extraction. Their results 

revealed that the extracts of F. exasperata produced a time-dependent antipyretic 

effect within the 3 h period of study (Bafor et al., 2010b).  

In Nigeria, the plant is used by traditional medicine healers to counter 

preterm labour contractions and in certain regions of Nigeria, it is used typically in 

hastening labour in both humans and animals (personal communication with some 

traditional healers in Edo State, Nigeria). These seeming dual activities have 

however been supported by reports from several countries of Africa. In Togo, the 

aqueous macerated leaves are used in the management of dysmenorrhea 

(Adjanohoun et al., 1986). The use of the plant as an oxytocic has also been 

described and there are reports of the plant being used  to hasten ejection of the 

placenta in cows following the birth of a calf (Ijeh and Agbo, 2006). The aqueous 

extract of the leaves were reported to facilitate rat uterine contraction in vitro via 

histamine H1- receptor activation and adrenergic receptor activation, calcium channel 

regulation and the synthesis of prostaglandins in utero (Bafor et al., 2010a). 

Additionally, the aqueous extract of the leaves of F. exasperata was reported to 

inhibit oxytocin-induced uterine contraction in rats in vitro, at concentrations lower 

than those reported to cause uterine contraction (Bafor et al., 2011). 

1.3.3 Toxicity Review on F. exasperata 

The leaves of F. exasperata are fed to goats, sheep (Carew et al., 1980), and 

chimpanzees (Tweheyo and Lye, 2007) as a source of nourishment. This may 

suggest that the leaves of F. exasperata are relatively benign. One study has reported 
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that high doses of extracts of the leaves could result in impaired renal function (Ijeh 

and Agbo, 2006). Studies on the acute toxic effects of the leaves of F. exasperata on 

body temperature and haematological parameters such as haemoglobin 

concentration, haematocrit ratios, red blood cell count, and body weight revealed that 

a single administration may not lead to changes in any of the observed parameters 

however, daily administration for up to a period of 14 days might slightly alter body 

temperature and some haematological parameters (Bafor and Igbinuwen, 2009). 

 

1.3.4 Phytochemistry of F. exasperata 

Preliminary phytochemical investigations reported the presence of cardiac 

glycosides, saponins, and tannins in the root bark (Gill, 1992) and alkaloids, tannins, 

saponins, flavonoids and cyanogenic glycosides in the leaves and the bark (Bafor et 

al., 2009; Ijeh and Ukweni, 2007).  
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1.4. The Uterus 

Figure 1.2 Photograph of the dissected mouse uterus. The uterine horns were 

dissected out while in a pro-oestrous state from a virgin mouse and placed in a petri 

dish containing Krebs’ physiological solution.  

 

1.4.1. Anatomy and Physiology of the Human and Rodent Uterus 

The uterus of humans and some mammals occurs usually as a thick pear-

shaped muscular organ (Gruber and O'Brien, 2011) while that of rodents is shaped 

like a ‘V’ expressing two horns (Fig. 1.2) often described as a long duplex structure 

and these horns are associated with dual cervices (Branham et al., 1985; Spencer et 

al., 2012; Cooke et al., 2013). The uteri of both non-primates and primates have 

three distinct parts: the fundus, the body or corpus and the cervix. The uterine wall 

consists of three layers, the outer layer of connective tissues also known as the 
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perimetrium or serosa; the middle layer of smooth muscle also known as the 

myometrium; and the inner epithelial mucous layer also known as the endometrium. 

The lumen of the uterus is lined by the endometrium. The endometrium is a stratified 

squamous, non-keratinized epithelium that consists of a stratum basale and a stratum 

functionale. During the cycle period, the stratum functionale cyclically grows thicker 

and this is a direct result of the effect of oestrogen and progesterone stimulation. It is 

eventually shed at menstruation (Branham et al., 1985; Cunha, 1976; Cunha et al., 

1985; Fox, 2002). The uterus varies in size and weight and during pregnancy the 

capacity of the uterus is greater. The functions of the myometrium and the 

endometrium include nidation, protection and evacuation (Garfield and Yallampali, 

1994). The myometrium is the thickest layer of the uterine wall with a heterogeneous 

composition. In non-primate species, the myometrium is made up of the outer 

longitudinal muscle layer and the inner circular layer (Aguilar and Mitchell, 2010). 

The human myometrium on the other hand is composed of three layers which are the 

stratum subvasculare next to the endometrium and it has principally a circular 

arrangement of muscular fibres, there is also a longitudinal arrangement of muscular 

fibres which is the subserosal stratum supravasculare and in the middle is the stratum 

vasculare which consists of a three-dimensional network of short muscular bundles 

and this makes up the bulk of the uterine muscular wall in the adult female (Noe et 

al., 1999). The outer longitudinal muscle layer consists of a network of smooth 

muscle cell bundles that are aligned in the long axis of the uterus; these interconnect 

to form a lattice over and across the uterine surface. Arranged concentrically around 

the longitudinal axis of the uterus are the circular muscle cells which exhibit a more 

diffuse arrangement (Garfield and Yallampali, 1994). Smooth muscle cells of the 
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myometrium are generally believed to be long and spindle shaped but the shape may 

be irregular. There is considerable variation in size of the muscle between species. 

The muscle cells of the human uterus are considerably larger than those of the mouse 

for instance (Garfield and Yallampali, 1994). The fundus has the highest distribution 

of the myometrium but lesser amounts exist in the lateral walls than in the anterior 

and posterior walls. At the endometrial-myometrial surface the distribution is greater 

than that where the myometrium and the serosa meet (Ramsey, 1994). There is a 

gradual decrease in the amount of smooth muscle along the caudal part of the uterine 

wall and about 10% of muscle tissue is found in the cervix, the remainder consists of 

fibrous connective tissue (Ramsey, 1994). During pregnancy, there is a significant 

increase in the size of the myometrium, this is a result of an increase in the number 

of muscle cells (hyperplasia) accompanied by an increase in size (hypertrophy) to a 

lesser degree (Ramsey, 1994). The endometrium is also not idle during these 

processes of adjustments of the uterus. During the reproductive cycle in the non-

pregnant uterus, the activities of the endometrium are regulated by the ovarian 

hormones which are under the control of the pituitary.  The aorta is the main source 

of the uterine blood which passes through the uterine and the iliac arteries, however 

there is also a slight contribution from the ovaries (Ramsey, 1994).  

Non-primate female mammals (e.g. rats, mice, guinea pigs, cats, dogs) 

usually undergo reproductive cycles (known as the oestrous cycle), that can be 

divided into four phases- pro-oestrus, oestrus, metoestrus and dioestrus and in some 

cases, anoestrus. The reproductive cycle usually lasts for a period of 4-5 days in mice 

and rats (Wray and Noble, 2008).  Pro-oestrous typically lasts 12–14 h, oestrous 25–

27 h, metoestrous is the shortest (lasting 6–8 h) and dioestrous phase can last 
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between 55–57 h (Wray and Noble, 2008). The oestrus phase is usually under 

regulation by gonadotropic hormones (specifically 17ß-oestradiol and progesterone) 

and ovarian follicles mature about this period (Caligioni, 2009; Bronson et al., 1966). 

The animal on the other hand, exhibits a sexually receptive behaviour, which may be 

indicated by observable physiologic changes. A primary trait of oestrus is the 

lordosis reflex in which the animal spontaneously raises her hindquarters. In some 

species, the vulva may be reddened (Pfaff et al., 1974; Pfaff and Sakuma, 1979). 

Ovulation may occur spontaneously in some species (e.g. cow) (Lauderdale, 2009; 

Wiltbank and Pursley, 2014); while in others it is induced by copulation (e.g. cat) 

(Conway, 1971; Jochle, 1975 and Bakker and Baum, 2000). Following the absence 

of copulation in an induced ovulator, oestrus may continue for a couple of days, 

followed by interoestrus, and a subsequently a return into the oestrus phase. This 

process continues until ovulation and copulation occurs (Wray and Noble, 2008). 

The oestrus is the same as the late follicular phase and ovulation in humans (Velardo, 

1959). It is therefore expected that similar endocrine conditions would occur. The 

endometrial proliferative phase is initiated while the ovary is in the follicular phase. 

Proliferation of the endometrial stratum functionale is stimulated by increasing 

amounts of oestradiol secreted by the developing follicles. Prior to ovulation, an 

increase in the rate of oestradiol secretion occurs which stimulates a surge of 

luteinizing hormone and subsequent rupture of the Graafian follicle (Sarkar et al., 

1976; Freeman, 1994; Fox, 2002). Oestrus is sometimes induced in animals during 

experiments in order to synchronize the hormonal state which minimizes fluctuations 

of results (Day et al., 2000; Macmillan et al., 1995; Macmillan and Burke, 1996). 

Another reason for induction of oestrus during experiments would be to create an 
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environment of increased uterine sensitivity and an imitation of the factors that occur 

during labour  (Roberts et al., 1989), as it has been reported that circulating factors 

do play a major role in increasing uterine activity at parturition and at oestrus (Sigger 

et al., 1984). Oestrogens have profound effects on the uterus. At peak oestradiol 

concentrations, the wet weight of the rat uterus is maximal and this occurs during the 

pro-oestrous phase. The pro-oestrous uterus appears congested and oedematous with 

a thickened endometrium. The number and type of cells in the vaginal epithelium has 

been observed to change throughout the oestrous cycle (Walmer et al., 1992; 

Parkening et al., 1982; Solberg, 2004). During the oestrus phase, the vaginal cells are 

observed to consist nearly entirely of keratinized superficial cells that form groups as 

oestrus progresses and by the end of this stage of the cycle large flakes are formed 

(Walmer et al., 1992; Parkening et al., 1982; Solberg, 2004). The degree to which 

neutrophils, nucleated, and keratinized epithelial cells are detected in the vaginal 

cytology can be employed in the determination of the stage of the oestrous cycle 

(Wray and Noble, 2008; Caligioni, 2009). 

Uterine physiology varies widely in different species as does the response of 

the uterus to drugs. A major characteristic of the uterus is the cyclical changes  it 

undergoes which modulates the function (Schild, 1983). The uterus contracts both in 

situ and when excised, contraction could be regular or irregular. These contractions 

promote cyclic shedding of the endometrial lining and also functions to expel the 

foetus at birth. The uterine movements originate myogenically and exist even after 

separation of the uterine nerves (Schild, 1983). The complex hormonal control and 

the conditions of the menstrual cycle which modulates uterine function produces 

varied differences in the frequency and force of uterine (Schild, 1983). The electrical 
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activity within the uterus also plays a role in the contractions of the uterus. The 

action potential discharge, the action potentials train within each muscle cell, and the 

total number of cells together active have been considered as major determining 

factors of the frequency, duration, and magnitude of uterine contractions (Garfield 

and Yallampali, 1994). The propagation therefore of action potentials originating 

from pacemaker regions or from areas acted upon by stimulatory agents which 

maybe either next to or distant to the myometrium, are of vital importance to the 

events controlling excitability and contractility. It has also been observed that gap 

junctions appear between myometrial cells during the onset and progression of 

labour (Garfield and Yallampali, 1994), and these play vital and important roles. 

 

1.4.2. The Non - Pregnant Uterus 

The hormonal cycle in the non-pregnant uterus occurs in a specific manner. The 

proliferative phase is dominated by oestrogen secretion and in the secretory phase, 

oestrogen and increasing quantities of progesterone are secreted until some days 

before menstruation at which time the production of the hormones decline (Schild, 

1983). Throughout the menstrual cycle contractility of the non-pregnant uterus has 

been described to exhibit 3 distinct patterns: the late follicular phase (de Ziegler et 

al., 2001), the luteal phase (i.e. after ovulation) (Cabral et al., 1994), and the luteo-

follicular transition (i.e. during menses) (Bulletti et al., 2001; Martinez-Gaudio et al., 

1973). The different layers of the myometrium participate in the contractile process 

of the non-pregnant uterus which is necessary for the expulsion of the uterine content 

(seen as menstrual blood). At this time of the cycle, uterine contractions are 



 

17 
 

frequently and commonly observed by women, oftentimes resulting in a condition 

called dysmenorrhea (de Ziegler et al., 2001). 

 

1.4.2.1 Spontaneous Uterine Contractions 

Prostaglandins of the E and F series are reported to be involved in the 

functioning of the uterus and are released upon uterine distension (Poyser, 1984). 

Reports have shown that the isolated uteri release prostaglandins into the bathing 

fluid and exhibit spontaneous contractions. Both the release of prostaglandins and the 

subsequent uterine contractions were observed to be abolished by indomethacin, 

suggesting that local prostaglandin production is significant to the maintenance of the 

intrinsic smooth muscle activity (Vane and Williams, 1973). Myometrial contraction 

is dependent on ion distribution across the plasma membrane and it is such that 

sodium and calcium ions are higher outside the cell than inside while potassium ions 

are higher inside. The resting membrane potential (RMP) (difference between inside 

and outside) is approximately – 45 mV (range -40 to -60 mV) but can vary 

depending on hormonal state (Garfield and Yallampali, 1994). The gradients 

produced when the ions are distributed across the membranes promote response of 

the muscle cells to small changes in permeability (Garfield and Yallampali, 1994). 

Therefore when there is a change in the membrane permeability, excitation occurs 

due to movement of ions down their electrochemical gradients. This again suggests 

that the source of uterine contractions is connected to the electrical and chemical 

variations that occur within the muscle cells. Phasic contractile activity is a 

consequence of the underlying electrical activity of the muscle cells (Garfield and 

Maner, 2007). The succession of contraction and relaxation is a result of the 
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depolarization (inward current of Ca2+ and Na+) and repolarization (outward current 

of K+) of the muscle cell which occurs in the form of action potentials, and the 

presence of pacemaker regions in the myometrium are believed to produce the force 

that drives propagated action potentials. The frequency and intensity of uterine 

contractions are directly related and in proportion to the degree of regularity and 

duration of action potentials in each uterine muscle cell and total number of active 

cells (Garfield and Maner, 2007).  

The concentration of free intracellular ionized calcium drives the contraction 

of smooth muscles in general through activation of the contractile elements. 

Therefore a reduction in free intracellular calcium (either as a result of efflux or re-

uptake) terminates uterine contraction. The free calcium (or activator calcium) is 

determined by the influx and efflux of calcium and release and reuptake into the 

sarcoplasmic reticulum (Matthew et al., 2004). Uterine smooth muscle cells have an 

extensive system of the sarcoplasmic reticulum (SR) consisting of a network of 

tubules and sacs within the cytoplasm (Cheng et al., 1993). The SR functions 

primarily for storage of activator calcium and for protein synthesis. Inhibition of the 

SR Ca2+ pumps therefore results in an increase of Ca2+ and consequently an increase 

in force. This is probably due to the link between SR Ca2+ releases and Ca2+ -

activated K+ (BK) channels. Local SR Ca2+ releases can also result from the opening 

of the ryanodine receptor (RyR) which causes what is known as sparks (Cheng et al., 

1993). It has also been proposed that culmination of these local Ca2+ releases may 

result in the production of an overall Ca2+ waves in blood vessels and an increase in 

tone, but there is more evidence for their association in vasodilatation via activation 

of BK channels (Miriel et al., 1999; Nelson et al., 1995). The local Ca2+ sparks are 
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thought to cause an increase in Ca2+ around BK channels in sufficient amounts to 

cause activation. A side by side arrangement between the SR and plasma membrane 

have been reported to facilitate this mechanism (Blaustein et al., 2002). The opening 

of BK channels is also associated with small hyperpolarizations, which decreases the 

opening of L-type Ca2+ channels , a fall of Ca2+ and hence relaxation (Burdyga and 

Wray, 2005). Therefore, if Ca2+ sparks or BK channels were inhibited, an increase in 

Ca2+ transients and force would be predicted to occur, as was observed in the 

myometrium. Such a mechanism in vascular smooth muscles and a spark–BK 

mechanism for the control of excitability using effects on the refractory period in 

ureteric smooth muscle has been described (Burdyga and Wray, 2005). Gestation has 

been shown to regulate the expression and distribution of BK channels in the uterus  

(Khan et al., 2001) and it has been suggested that this could be an important 

mechanism for maintaining uterine quiescence before term. Both inositol 

triphosphate (IP3) and RyR receptors have been identified on the SR. It has however 

been suggested that the Ca2+ released from these receptors may offer little 

contribution to the activation of contraction. This suggestion was drawn from 

experiments in a variety of species, which showed an increase in both Ca2+ transients 

and contractions upon disabling the SR (Kupittayanant et al., 2002; Noble and Wray, 

2002; Taggart and Wray, 1998) with the use of drugs such as cyclopiazonic acid 

which inhibit the sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) required to 

transport Ca2+ into the SR. The SR may however be involved in calcium buffering 

(Shmigol et al., 1999). It has also been reported that such data may not support the 

augmentation of contraction by SR Ca2+ release (Shmygol and Wray, 2004). In 

addition, even under agonist stimulation and IP3 production, hormones such as 
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oxytocin are unable to produce force in the uterus if Ca2+ entry is inhibited, i.e. due 

to rapid depletion of SR Ca2+ release (Kupittayanant et al., 2002). While the 

stimulatory actions of oxytocin on the myometrium are often attributed to SR Ca2+ 

release, there is also the stimulation of Ca2+ entry and a decrease of Ca2+ efflux 

(Soloff and Sweet, 1982). Both of these actions will increase and/or prolong Ca2+ 

transients. Oxytocin can significantly increase uterine contractions in the human 

myometrium even when the SR is inhibited, an effect that has been proposed to occur 

through L-type Ca2+ channels. It has also been observed that even with a functional 

SR, blockade of Ca2+ entry inhibits oxytocin-induced uterine contractions (Wray, 

2007). SR Ca2+ stores may therefore play a modulatory role, a mechanism which 

may underlie the stimulatory actions of hormones such as oxytocin (Berridge, 2008). 

An essential link between SR, RyR and BK channel activation in the uterus is 

yet to be made (Burdyga et al., 2007). Despite studies on single myocytes and intact 

uterine strips under conditions in which they are apparent, Ca2+ sparks were not 

recorded in the uterus (Burdyga et al., 2007). Some factors have been proposed as 

being responsible for the lack of the sparks–BK mechanism in the uterus and these 

have been based on the following studies: (1) caffeine, an RyR agonist, failed to 

increase Ca2+ in intact tissues instead relaxation was observed (Dabertrand et al., 

2006); This is however contradicted by a previous study by Izumi et al. (1994) which 

showed an increase in uterine contractions upon caffeine stimulation of the pregnant 

myometrium (Izumi et al., 1994); and (2) antagonism of RyR has been proposed to 

either have little or no effect on Ca2+ (the effect being an increase in uterine 

contractility) (Dabertrand et al., 2006). It has been suggested that splice variations of 

RyRs in the uterus may render it unable to produce Ca2+ sparks (Dabertrand et al., 
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2006). Alternatively, there may be sparks but they may either be too small or rather 

short lived to be detected. It is clear, however, that a comprehensive study into the 

role of the SR in the uterus requires further investigation.  

Also worth mentioning is the emerging modulatory roles of the mitochondria 

in pacemaking and contractile activities (Gravina et al., 2010). There is also the role 

played by voltage-dependent calcium channels (VDCs). It has so far been seen that 

spontaneous movement of uterine smooth muscle is considered myogenic in origin 

and tightly regulated by cycles of depolarization resulting in a rapid influx of calcium 

through VDCs (Matthew et al., 2004). The VDCs allow influx of calcium which 

contributes to further depolarization of the plasmalemma and promotes interaction 

with the contractile elements. Perhaps the most crucial occurrence in the control of 

uterine contractilility is the influx of calcium from the extracellular space, therefore 

if an agent that increases the open probability of the VDCs acts on the myometrium, 

increased myogenic contractions occur (Kupittayanant et al., 2002). Smith et al., 

(2007) reported that voltage-gated potassium channels (Kv) similarly contribute to 

the regulation of spontaneous uterine contractility in the myometrium (Smith et al., 

2007). Aaronson et al., (2006) had also earlier noted that KV channels make a 

significant contribution to the control of basal myometrial contractility (Aaronson et 

al., 2006). Electrophysiological studies have identified at least four types of K+ 

currents or channels in the human myometrium. These include the large conductance 

Ca2+-activated K+ channels (BKCa) and three different types of KV currents. In 

addition, biochemical and pharmacological evidence for myometrial ATP-activated 

K+ (KATP) channels have also been presented (Aaronson et al., 2006). Aaronson and 

colleagues also stated that BKCa channels serve important regulatory myometrial 
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functions and these channels have been shown to be activated by a variety of agents, 

which inhibit myometrial contractility; these include ß-adrenoceptor agonists, 

relaxin, human chorionic gonadotrophin and nitric oxide. Previously, it had been 

demonstrated that the BKCa channel inhibitors iberiotoxin and tetraethylammonium 

(TEA) increased the frequency of spontaneous myometrial contractions in 

myometrial strips from oestrogen-primed rats, and also initiated spontaneous 

contractions in quiescent myometrial strips from term-pregnant women (Anwer et 

al., 1993). 

Studies have shown that spontaneous and periodic baseline contractions by 

the myometrium, from both pregnant and non-pregnant mice, indicate the presence of 

an endogenous pacemaker within the uterine tissue. An increase in cellular 

communication due to gap junction assembly may contribute to the rise in 

contraction amplitude (Mackler et al., 1999). Gap junctions have been described as 

intercellular channels that promote the movement of low molecular weight molecules 

and ions, thereby enabling cellular communication. It is also suggested that gap 

junctions provide low resistance channels or pathways which spreads the 

depolarizing signals and eventually coordinates the myometrial contractions. 

Myometrial gap junctions therefore improve coordination and increase the force of 

uterine contraction (e.g. during parturition), whereas inhibition of gap junction 

intercellular communication in the myometrium is associated with decreased uterine 

contractility (Loch-Caruso et al., 2003).  Some myometrial cell cultures have shown 

the presence of connexin_43, the gap junction protein reported to dominate the 

pregnant uterus during parturition (Loch-Caruso et al., 1992). 
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It is noteworthy that despite the overall importance and contribution of Ca2+ 

to myometrial contraction, the Ca2+–calmodulin–myosin light chain kinase (MLCK) 

pathway is also considered to be vital for uterine contraction, this is because if the 

enzyme MLCK is inhibited but Ca2+ release occurs, there will be no contraction 

(Wray, 2007). If there must be significant interaction between the contractile 

elements, myosin and actin in the uterine smooth muscle or any other smooth 

muscle, the amino acid serine 19 positioned on the regulatory light chains of myosin 

must be phosphorylated (Wray et al., 2003; Wray et al., 2001). MLCK has so far 

remained the primary enzyme responsible for this activity (Moore and Lopez Bernal, 

2003). Binding of Ca2+ to calmodulin, activates MLCK an action which results in the 

phosphorylation and subsequent cross-bridging. The VDCs and/or release from the 

SR have been proposed to be responsible for the increase in activator Ca2+ entry as 

earlier mentioned. In phasic smooth muscles, such as the uterus, where action 

potentials occur, opening of L-type Ca2+ channels is considered the major source of 

Ca2+ for contraction (Matthew et al., 2004). There is some evidence however, that T-

type Ca2+ channels may contribute to Ca2+ entry in the human myometrium (Young 

et al., 1993).  

 

1.4.2.2. Uterine Relaxation 

Biochemically, the myometrium relaxes following a reversal occurring in the Ca2+–

calmodulin–MLCK pathway (Wray et al., 2003). Thus, as the L-type Ca2+ channels 

closes and the mechanisms regulating the Ca2+ efflux mechanisms are activated, 

dephosphorylation of the myosin light chains occurs alongside a decrease in Ca2+. 

Subsequently Ca2+ dissociates from calmodulin and MLCK is inactivated (Haeberle 
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et al., 1985). The plasma membrane Ca2+- ATPase (PMCA) and the Na+– Ca2+ 

exchanger (NCX) regulate Ca2+ efflux in the uterus (Kosterin et al., 1994). The NCX 

is considered a high capacity mechanism but it has a low affinity for Ca2+. The ion 

concentration in the subplasmalemmal space and Ca2+ from bulk cytoplasm may vary 

(Blaustein et al., 2002) this however facilitates activation of the exchanger under 

conditions of high Ca2+ and the simultaneous elimination of Ca2+ from the cell. The 

function and activity of the NCX is determined by the gradient of transplasmalemmal 

Na+ which also depends on the Na+/K+-ATPase. Experimentally, when external Na+ 

is lowered or eliminated, a reversal of the exchanger and Ca2+ entry occurs which is 

able to activate SR Ca2+ release in cardiac muscle (Ritter et al., 2003). However, 

since the uterus has been proposed to lack Ca2+ sparks, the mechanism described 

above may not occur in the myometrium. The PMCA maintains resting Ca2+ levels 

and is described as a high-affinity/capacity system which functions to keep the levels 

of Ca2+ low (Matthew et al., 2004). It has been proposed that NCX and PMCA 

releases 30% and 70% of Ca2+ respectively and blockade of these pathways would 

prevent efflux completely (Shmigol et al., 1998; Shmigol et al., 1999). The SR takes 

up Ca2+ and in this way acts as a Ca2+ sink, from where it is released to the two 

transporters with a corresponding increase in activity, but SERCA alone does not 

lower Ca2+ in uterine myocytes (Shmigol et al., 1999). Mechanisms that regulate 

uterine relaxation can be targeted by agonists, an example is oxytocin which inhibits 

the efflux of Ca2+ from uterine cells thereby stimulating contraction (Soloff and 

Sweet, 1982). Uterine relaxants work through several signalling pathways such as the 

nitric oxide (NO)–cyclic guanosine monophosphate (cGMP) signalling pathway. One 

target in NO–cGMP pathway is the myosin phosphatase (MLCP). Cyclic GMP 
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stimulates the activity of MLCP accelerating the separation of phosphate from 

myosin light chain which eventually results in the inhibition of contraction/force 

(Sanborn et al., 2005). This process is referred to as Ca2+ desensitization (Sanborn et 

al., 2005). In some instances force production can be promoted by Ca2+-sensitizing 

agonists, many of which work through the inhibition of MLCP (Stull et al., 1990). 

Activation of rho-associated kinase (ROK) which occurs when MLCP subunits are 

phosphorylated by the ras homolog gene (Rho) has been described as one of the 

principal processes/mechanisms affecting contractility (Kupittayanant et al., 2001). 

Processes such as this play principally dominant roles in tonic smooth muscles which 

may be because Ca2+ fluxes and shorter contractions are controlled by excitability in 

phasic muscles. It has also been shown that the effect of phosphorylation of MLCP 

by ROK produces a rather small force production in the uterus (Kupittayanant et al., 

2001). It has also been suggested that CP1-17, an MLCP inhibitor, might produce 

some effect in the myometrium through a protein kinase pathway (Sakamoto et al., 

2003). Ca2+ sensitization also plays a role in the effect of oxytocin in the 

myometrium (McKillen et al., 1999). Generation of phasic activity in the uterus 

depends on Ca2+ entry and myosin light chain phosphorylation for the production of 

action potentials. Removal of Ca2+ by NCX and Ca2+-ATPase abolishes phasic 

contractions. The contribution of the SR to these pathways is not clear, as is the 

production of Ca2+sparks, and Ca2+ desensitization appears to play a minor role.  

 

1.4.2.3. Lipid Rafts and Uterine Signalling  

Lipid rafts are special microdomains located in the plasma membrane. They are 

associated with some of the Ca2+ signalling elements in the uterine smooth muscle as 
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well as other smooth muscles (Brown and London, 1998b). These lipid rafts are rich 

in cholesterol and sphingolipids, and are also considered detergent-insoluble regions 

of the plasma membrane. The high cholesterol reduces movement and fluidity in the 

bilayer of the plasma membrane as such the term ‘rafts’ has been coined to describe 

that they float in the more fluid non-raft regions (Brown and London, 1998b). 

Certain signalling pathway components are included in these rafts through a dynamic 

process involving the switching on or off or alteration of the selected pathways 

(Pawson and Scott, 1997). Communication with annexins which are cytoskeletal 

proteins have been suggested to play a role in the regulation of these rafts 

(Babiychuk et al., 2002; Draeger et al., 2005). Caveolae (which are Ω-shaped 

invaginations created when the protein caveolin-1 interacts with the rafts in the 

plasma membrane surface) are significantly present in the plasma membranes of 

smooth muscles and it has been suggested to play a role in the smooth muscle raft 

signalling mechanisms (Taggart, 2001). Manipulation of the cholesterol content 

within the plasma membrane enables modification of rafts or caveolae and can also 

promote sequestration of cholesterol into hydrophobic pockets (Smith et al., 2005). 

Methyl cyclodextrin (MCD), can be employed for such sequestration process leading 

to an interference of rafts and caveolae mechanisms. Such treatments have been 

shown to significantly decrease the number of caveolae in the uterus and to decrease 

membrane cholesterol (Smith et al., 2005). MCD has been shown to stimulate 

spontaneous and agonist-induced Ca2+-contractions by reduction of cholesterol 

content however, the increase in contractions produced were reversed when MCD–

cholesterol was applied (Kendrick et al., 2004; Smith et al., 2005). Similar results 

were obtained upon reduction of cholesterol by the bacterial enzyme cholesterol 
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oxidase (Smith et al., 2005). It has been suggested that this occurrence is due to the 

addition of cholesterol to myometrial preparations which decreases Ca2+ transients 

and contractions (Kendrick et al., 2004).  It is also suggested that myometrial rafts, 

functions to decrease Ca2+ signals and promote repolarization of the membrane by K+ 

currents  thus limiting Ca2+ entry, an effect that has been proposed to be optimal 

when localized by caveolae (Smith et al., 2005). Studies have also shown 

associations of the K+ channel subunit with myometrial rafts (Babiychuk et al., 2002; 

Brainard et al., 2005). Again a possible association of BK channels located in 

caveolae where the α-subunit is connected with the membrane detergent-resistant 

fraction in sucrose density gradient experiments has been reported (Smith et al., 

2005). It is also suggested that interference or disruption of rafts destroys the 

connection with the α-subunit which can also lead to a loss in function. Studies in 

isolated myocytes have suggested also that MCD is aimed at BK channels (Shmygol 

et al., 2007; Wray and Shmygol, 2007) and the observation that MCD does not result 

in further reduction of outward current, suggests a reduction in the capacitance of the 

myocytes by MCD (Wray and Shmygol, 2007). It is also suggested that currents 

elicited by activation of BK channels are decreased by MCD possibly through 

internalization of the BK channel subunits, which culminates in excitation of the 

myometrium and an increase in Ca2+ signalling. Since the influence of BK channels 

on uterine contractility in intact tissue is rather small the authors suggests that other 

pathways may also play a role (Noble et al., 2006).  

Oxytocin signalling is another pathway suggested to be affected by lipid rafts. 

The high-affinity oxytocin receptor has been reported to be localized in lipid rafts 

(Klein et al., 1995). The oestrogen receptor has also been suggested to be localized in 



 

28 
 

rafts but inhibited in the raft environment. Disruption therefore of this raft-inhibitory 

mechanism has been reported as a key factor in 17β- oestradiol-stimulated mammary 

tumourigenesis (Zhang et al., 2005). It would therefore appear that oestrogen can 

promote downregulation of the quantities of caveolae and the protein caveolin-1 in 

the uterus. Conflicting reports on the expression of caveolae at term exists. A 

significant increase in caveolae close to term has been reported (Turi et al., 2001), 

however the opposite effect has also been reported (Ciray et al., 1995). The 

contributions of cholesterol manipulation or alterations in membrane fluidity should 

also be considered (Noble et al., 2006),  

In summary, the uterus utilizes caveolae and rafts as important loci for 

signalling pathways. An active regulatory mechanism that includes or excludes 

signalling components to rafts may also be involved which would influence the 

effect of rafts and caveolae on contractility especially as studies have shown that 

outward current from BK channels is particularly affected by the lipid environment 

and that this can explain why cholesterol reduction is associated with increased 

contractility. Since an increase in cholesterol impairs contractility it has been 

suggested that this may a likely cause of uterine dysfunction in many pregnant obese 

women exposing them to an increased risk of caesarean birth (Wray, 2007). 

 

1.4.2.4. Uterine Contractions in Dysmenorrhoea 

Dysmenorrhea has been described as a major alteration to uterine contractility at the 

time of menstruation (Wang et al., 2004). It is a clinical condition characterized by 

painful, uterine cramps which occur just before, or during the time of menstruation. 

It is also considered the most common gynaecological disorder among women of 
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reproductive age (Wang et al., 2004). There are two types of dysmenorrhoea: 

primary and secondary. Primary dysmenorrhoea has been described as painful 

menstruation unassociated with any detectable disease or pathology and commonly 

occurs in adolescent females and the etiology remains to be clearly elucidated 

(Marjoribanks et al., 2003). On the other hand, secondary dysmenorrhoea has also 

been described as painful menstruation but commonly associated with pelvic 

pathology (Jones, 2004). An increase in the concentration of prostaglandins has 

been suggested to contribute to the pain (Dawood, 1993).  It is also suggested that 

TNFα production due to ischaemic re-perfusion (Okazaki et al., 2005) might play a 

role in dysmenorrhoea since the excessive production of prostaglandins leads to 

vasoconstriction (Sales and Jabbour, 2003). Therefore, successful treatment of 

dysmenorrhoea with drugs capable of reducing the uterine smooth muscle 

contractility leading to an increase in uterine blood flow will counteract 

dysmenorrhea (Dawood, 1988).  

 

1.4.3. The Pregnant Uterus 

During pregnancy, the uterus is quiet and oftentimes will not respond to stimulants 

and should contractions occur, they are usually poorly coordinated. However, at 

term, the uterus generates strong, frequent contractions which are highly 

coordinated. The uterus at this stage also responds effectively to contraction 

stimulatory agents (such as oxytocin and certain prostaglandins) (Challis and Lye, 

1994). It has been reported that this change which occurs in the uterus at term 

consists of an increase in the expression of certain proteins termed "contraction-

associated" proteins (CAPs) (Challis and Lye, 1994). It would therefore seem that 
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the onset of labour requires activation of these CAPs. The oxytocin receptor (OTR) 

has been described as an example of CAPs (Challis and Lye, 1994). A raised 

concentration of the oestrogen: progesterone ratio has been proposed as being 

primarily responsible for the onset of labour. This increased concentration of the 

reproductive hormones in the maternal circulation is induced in most species upon 

activation of the foetal hypothalamic-pituitary-adrenal axis (Challis and Lye, 1994). 

The highly coordinated contractions produced at term results in powerful propulsive 

movements which is necessary for expelling the foetus. These uterine contractions 

are known to be stimulated, primarily, by: 

 1) Oxytocin – a polypeptide produced in the hypothalamus and released by the 

posterior pituitary (and also produced within the uterus); and 

 2) Prostaglandins - a class of cyclic fatty acids with paracrine functions produced 

within the uterus. The particular prostaglandins involved are PGF2α and PGE2. In 

certain situations, labour is induced by administration of injections of oxytocin or by 

prostaglandin insertion as a suppository (Fox, 2002). Several theories exist 

regarding the initiation of labour. 

1.4.3.1. Pre - term Labour 

About 3.6 million infants are reported to die in the first 1-4 weeks of life annually 

(neonatal period) however a huge uncounted mortality rate has been reported to 

occur at home (Lawn et al., 2010; Heron et al., 2010). The World Health 

Organization (WHO) defines a pre-term delivery as birth of more than 20 but less 

than 37 weeks gestational age. Pre-term labour can be defined as regular purposeful 

contractions associated with changes to the cervix which occurs at less than 37 weeks 
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gestational age (Goldenberg, 2002) The origin and development of pre-term labour is 

not well understood, and could be a result of an early activation of the processes that 

regulate labour itself or secondary to a disease or other pathology. Premature birth is 

considered one of the significant causes of neonatal morbidity and mortality (Cirrilo 

et al., 2003). This is because it is reported as one of the major causes of infant 

mortality and is responsible for over 80% of neonatal deaths around the world and is 

also responsible for perinatal and maternal morbidity and mortality (Goldenberg et 

al., 2008; Lawn et al., 2010). Translating to ‘an infant mortality rate of 6.7 deaths per 

1000 live births, a stillbirth rate of 6.2 per 1000 deliveries, and preterm births 

comprising 12.8% of live births’ (Lawn et al., 2010). This represents a significant 

global burden and has led to the development of the Millennium Development Goals 

(MDG) 4 and 5 for child and maternal survival respectively which is aimed at 

decreasing the rate and incidence of neonatal and maternal morbidity and mortality 

in the world. While there has been some progress in  reducing the incidence of  

neonatal tetanus and neonatal infections, the incidence and mortality rates from pre-

term birth and intrapartum-related neonatal deaths remain quite high (Lawn et al., 

2010). In 2005, the World Health Organizations estimated a 12.9 million incidence 

of pre-term birth worldwide (Beck et al., 2010). This estimated figure has increased 

steadily since then as observed from the literatures despite the implementation of 

several measures related to public health as well as several medical interventions 

(Zhou et al., 2010). This has staged pre-term birth as an enormous global health 

burden however it still lacks widespread acknowledgement and investment/funding 

proportionate to the burden (Lawn et al., 2010). Some long-term health issues have 

been associated with pre-term birth. For instance neurodevelopmental, respiratory 
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and gastrointestinal complications are on the rise (Saigal and Doyle, 2008), resulting 

in significant medical costs. Infants who survive pre-term labour and birth may 

develop several health problems during early childhood which could range from 

respiratory issues such as asthma to motor delay, cerebral palsy, lower IQs and 

behavioural problems (McCormick et al., 2011). Some reports have suggested a 

potential development of hypertension in pre-term birth survivors (Coelli et al., 

2011). Neonatal deaths contribute a significant proportion of all pre-term birth 

related deaths in children less than 5 years of age worldwide and a significant 

number (more than two-thirds) of these neonatal deaths have been reported to be 

dominant in African and Asian countries (Lawn et al., 2005). There appears to be a 

disproportionate distribution in the rates and incidence of pre-term births in low and 

middle-income countries where about 99% of the neonatal deaths occur in these 

regions (Lawn et al., 2005; Rajaratnam et al., 2010). It has been reported that of the 

10 countries worldwide where pre-term mortality dominates, Nigeria is 1 of 5 of 

these countries that together account for over 2 million new-born mortalities 

(representative of more than one-half the total) whereas 10 countries alone account 

for two-thirds of all deaths, this has been considered a significant disparity in the 

incidence. In figures, Nigeria accounts for 298,000 neonatal deaths annually, a 

maternal mortality ratio of 836 per 100,000 live births and an estimated total of 

50,000 maternal deaths annually (Lawn et al., 2010).  

More than half of pre-term deliveries appear to be spontaneous and have been 

associated with several risk factors (Goldenberg et al., 2008). About 30 % of pre-

term labour cases are associated with infection or chorioamnionitis (Gibbs et al., 

1992). This is supported by reports of increased levels of prostaglandins and 
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inflammatory cytokines in both humans and mice, (e.g., interleukin-1 (IL-1), IL-6, 

and tumour necrosis factor α) (Mussalli et al., 1999). The observed increase of all 

prostaglandins in the amniotic fluids also supports a role for prostaglandins in the 

initiation of both pre-term and term labour (Casey et al., 1988). Uterine 

malformations (such as a bicornuate or unicorn uterus), uterine fibroids (particularly 

submucosal and subplacental fibroids) and cervical incompetence are also reported to 

contribute to pre-term labour (Goldenberg et al., 2008). It would therefore seem that 

the search for new agents for the prevention of pre-term birth and pre-term labour is 

a global health challenge not just for Nigeria alone but for the world at large. It is of 

utmost importance therefore to develop more effective tocolytic treatments which 

would have significant benefits for mothers and babies at risk of early birth.  

Preventing pre-term labour is considered one of the primary processes for the 

reduction of pre-term birth (Lawn et al., 2010) and contractility of the uterus is the 

most frequent and common symptom of pre-term labour, therefore it has been 

suggested that the development and use of effective tocolytic agents with the aim of 

prolonging pregnancy through inhibition of uterine contractility should be utilized 

for the treatment of preterm labour (Conde-Agudelo et al., 2011). The frequency of 

contractions of the uterus are mostly employed in the detection and assessment of 

labour, however measurement of the frequency alone provides no information about 

synchrony or force of the contraction (Garfield and Yallampali, 1994). It may 

therefore be necessary to include other measurements that give a complete picture of 

the uterine contractile process. Tocolytic agents can be employed for acute or 

maintenance tocolysis (Conde-Agudelo et al., 2011). Interventions such as 

progesterone therapy appears to contribute about less than 3-4% reduction of global 
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pre-term birth rates, an estimate that highlights the need for continued research into 

efficacious interventions to prevent pre-term birth (Simmons et al., 2010). Therefore, 

development of new safe and effective tocolytic agents is considered a global need 

and a vital research area (Shih et al., 2009). 

Several uterine contraction inhibitors are currently in use but each one is 

encumbered with various limitations. The ß2-adrenergic-receptor agonists for 

instance are reported to reduce the incidence of pre-term delivery within 48 hours of 

treatment (Anotayanonth et al., 2004). The observed reduction however, in incidence 

does not suggest improvement in neonatal outcomes and maternal side effects still 

remain a problem (Anotayanonth et al., 2004); magnesium sulphate though 

employed as a tocolytic agent, its effectiveness as a tocolytic agent remains to be 

verified, and its use has been associated with an increase in neonatal mortality rates 

(Crowther et al., 2003); inhibitors of prostaglandin synthesis are also used to treat or 

prevent pre-term birth but their effectiveness still requires further investigation and 

their use is associated with significant risk to mother and foetus (King et al., 2005); 

While oxytocin antagonists have also been employed in pre-term birth and 

improvement in maternal expectancy have been observed, risks associated with 

neonates remains a possibility (Romero et al., 2002). The use of nitric oxide donors 

and calcium channel blockers as tocolytic agents have also been suggested but more 

studies are required to investigate their efficacy in relation to other tocolytic agents in 

clinical use (Smith et al., 2010). 
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1.4.4. Biochemistry of the Uterus 

1.4.4.1. pH Changes in the Myometrium 

Dawson and Wray first measured in vitro uterine intracellular pH (pHi) in rats with 

the use of 31P NMR spectroscopy and the pHi showed a value of about 7.1 (Dawson 

and Wray, 1985).  Further studies showed a decrease in the external pH (pHo) on pHi 

in the uterus; a 1 pH unit change in pHo would result in a 0.3 pH unit change in pHi 

(Wray, 1988). These experiments were confirmed with the use of pH-sensitive 

fluorescent indicators, e.g. carboxy-SNARF, for the measurement of uterine pHi 

(Taggart and Wray, 1993). Measurements performed on the human myometrium 

showed similarities to the measurements obtained in rats, where a pHi of 7.1–7.2 was 

observed (Parratt et al., 1994). The first NMR spectroscopy measurements of in vivo 

myometrial pHi were performed on rats’ myometrium where a value of 7.25 was 

obtained (Larcombe-McDouall et al., 1998). Again, fluorescent indicators were used 

in these studies and pHi values showed an improved temporal resolution and also 

showed that each phasic contraction was associated with small pH transients (0.04 

pH unit) (Taggart and Wray, 1993). Not much is known however of the function and 

consequences of these pH changes.  

 

1.4.4.2. pH and dysfunctional labour 

In dysfunctional labour, myometrial contractions that result are often irregular and 

too weak to elicit dilatation of the cervix and expulsion of the foetus. The underlying 

mechanism of dysfunctional labour is generally unknown and intriguingly the 

original labour may be normal (Wray, 2007). It is reported as the most common 
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reason for emergency caesarean sections and is therefore considered a significant 

global health and economic issue (Thomas et al., 2000). Oxytocin is currently the 

major treatment for dysfunctional labour and it remains difficult to predict which 

group of women will respond to oxytocin treatment and which group will not 

undergo caesarean section (Blanch et al., 1998). Hypoxia frequently occurs in the 

human myometrium. In vitro and in vivo studies show a fall in pHi during periods of 

hypoxia which may result in a decrease in intracellular Ca2+ and an eventual decrease 

in contractions (Earley and Wray, 1993; Larcombe-McDouall et al., 1999; Pierce et 

al., 2003) and may play a role in the occurrence of dysfunctional labour. It was 

recently proposed that acidification in the myometrium may be a primary cause of 

dysfunctional labour (Quenby et al., 2004). Acidosis was observed in blood samples 

from women having dysfunctional labour and there was high level of lactate but 

decreased partial oxygen pressure and increased lactate in the blood samples. This 

led to the conclusion that a more acidic myometrium occurs in women with 

dysfunctional labour (Wray, 2007). The increased lactate and decreased oxygen 

suggests a role for myometrial hypoxia in the acidification that occurs in 

dysfunctional labours (Wray, 2007). Isoforms of lactate dehydrogenase (1–5) have 

been observed to change as term approaches and this has been proposed to be a result 

of readiness of the uterus for the hypoxic conditions which occurs during labour 

(Wynn, 1977).  
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1.5. Pharmacological Effect of Drugs on the Uterus 

1.5.1. Oxytocics 

These are drugs that stimulate contraction of the myometrium. They are used 

clinically to induce or augment labour at term, to prevent or treat postpartum 

haemorrhage and to manage haemorrhage from abortion. However, they may also be 

used alone or in combination with other drugs for therapeutic abortions 

(abortifacients). Oxytocics include the neurohypophyseal hormone, oxytocin, certain 

prostaglandins and the ergot alkaloids (Rang et al., 2007). Following delivery of the 

baby, oxytocics are needed to maintain the muscle tone of the myometrium and also 

to reduce haemorrhaging from the uterine arteries (Fox, 2002).  

1.5.2. Tocolytics 

These agents promote uterine quiescence. Clinically, they are used to prevent 

premature delivery and control pregnancy (Wilson et al., 1990). Examples include 

the ß-adrenoceptor agonists e.g. ritodrine, calcium channel blockers e.g. nifedipine, 

oxytocin receptor antagonists e.g. atosiban, magnesium sulphate and prostaglandin 

synthesis inhibitors e.g. indomethacin. 

 

1.6. Secondary Plant Metabolites 

Natural product-based secondary metabolites are defined as small molecules with 

formed by living systems and usually have molecular weights of about 1500 amu or 

less. These micromolecules or secondary metabolites constitute a very broad group 

with diverse chemical structure, a factor which also governs the choice of extraction 

methods (Cannell, 1998). Common structural classes of natural products include: 
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polyketides, non-ribosomal peptides, terpenes, and alkaloids. Classification of 

natural products is occasionally performed based on shared basic skeleton, which is a 

reflection of the manner in which the structures are assembled and the pathways of 

biosynthesis (Cannell, 1998; Clardy and Walsh, 2004). Natural products have been 

used to interpret various processes of biosynthesis and have also served as templates 

for drug discovery and development (Clardy and Walsh, 2004). It has been reported 

that between the years 1981 and 2002, 1,031 new compounds were approved for use 

as drugs by the US Food and Drug Administration (FDA). Of this newly approved 

drugs, natural products constituted 5%, while 23% constituted natural-product-

derived molecules (Newman et al., 2003b). This therefore implies that natural 

products still serve as significant sources for the development of novel drugs. Certain 

limitations, however exist in the development of drugs from natural products for 

example, the scope required for chemical modification in order to optimize their 

activity might be limited due to the complex nature of these products.  Also it can be 

tedious and difficult to constantly obtain active compounds from natural products 

(Newman et al., 2003b).  

 

1.7 Summary  

The isolation of secondary metabolites from natural products and the discoveries and 

elucidation of new structures and functions is ongoing though there appears to be less 

investment in the area of natural-products research in recent years, this has probably 

arisen due to the difficulty associated with isolation of active compounds from 

natural products and possibly the minimal results achieved despite immense input in 

this area. It is however hoped that recent advances in technology as is seen in the 
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high throughput methods used today for the isolation and identification of active 

agents may overcome this hurdle (Clardy and Walsh, 2004). Some of these high 

throughput technologies have been applied in this study in the isolation of uterine-

active compounds from F. exasperata. The plant F. exasperata has shown potential 

of having significant phytochemical and medicinal values. F. exasperata has also 

been shown to have significant effect on the isolated uterus amongst several other 

tissues. The possible compound(s)/secondary metabolites responsible for these 

activities are however yet to be investigated and identified.   

1.8 Hypothesis of Research 

The leaves of F. exasperata contain different novel biologically active 

phytochemical constituents. Some of these constituents inhibit the uterine smooth 

muscle contractility while others stimulate uterine contractility.  

1.9 Aim of Present Research 

The current research involved the investigation of the phytochemical analysis of the 

plant with a concurrent stepwise bioassay-guided fractionation, isolation, purification 

and characterization. In vitro pharmacological/biological analysis and metabolomic 

profiling of the effects of the plant at various stages on uterine action will also be 

performed.  

 

1.10 Specific Objectives/Experimental Plan 

 Phytochemical studies to detect the presence of selected secondary 

metabolites of leaf extracts of F. exasperata;  
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 Isolation and identification of uterine active compounds from the leaves of F. 

exasperate utilizing spectroscopy techniques such as Nuclear Magnetic 

Resonance, and Mass Spectroscopy (MS); 

 Pharmacological and metabolomic analysis of the activities of F. exasperata 

on uterine contraction using a combination of pharmacological techniques 

and high throughput metabolomic assays and multivariate analysis.  
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CHAPTER TWO   

PHYTOCHEMICAL AND PHARMACOLOGICAL CHARACTERIZATION 

OF THE LEAVES OF FICUS EXASPERATA 
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2.1 Introduction 

This chapter deals with the identification and isolation of the myometrial stimulant 

and relaxant compounds F. exasperata via a stepwise integration of bioassay-guided 

approach using recent metabolite detection methods. In this study, F. exasperata was 

selected based on its use in traditional medicine in facilitating birth (Ijeh and Agbo, 

2006) and also in preterm labour (personal communication with Mr. Sunday Nweke,  

herbal plants specialist, Edo State Nigeria). The specific aim was to identify potential 

efficacious tocolytic agents which may be used in their original isolated structure or 

with slight modifications of the chemical structure. 

Most of the earliest pharmaceuticals were plant-based materials and 

consumption of plant products is widely associated with numerous health benefits 

(Houghton and Raman, 1998; Cragg and Newman, 2013).  Over the past century 

natural products have been used as starting materials for a wide range of chemical 

products and this has led to significant advances in pharmaceutical discovery (Mishra 

and Tiwari, 2011). Increased knowledge on the specific composition and activity of 

secondary metabolites has promoted structural modifications and this has been made 

possible through advances in synthetic chemistry (Gullo et al., 2006).  

Several secondary metabolites in living organisms, plants inclusive, are 

tightly held together intracellularly in complex mixtures. Separation of these tightly 

held metabolites requires prior detachment from the intracellular mixture and may 

involve several separation processes before assay and/or structure determination can 

be performed (Cragg and Newman, 2013; Houghton and Raman, 1998). This initial 

step where a part is detached or separated from a complete unit is termed extraction 

and several methods exist for this purpose (Houghton and Raman, 1998). It is 
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important that the reason for the extraction is considered at the initial stage as it may 

determine the extraction method of choice as well as solvents to be used. According 

to the traditional healers in Nigeria, the leaves of the plant are either boiled then 

consumed as tea or they are simply washed using tap water at room temperature and 

then consumed. 

 

2.2 Extraction Methods 

Plant materials are occasionally powdered and dried in order to remove moisture 

prior to extraction. Several extraction methods exist some of which include solvent 

extraction, steam distillation, the advanced phytonic process, enfleurage, expression, 

sublimation, pervaporation, and microwave treatment.  For the purpose of this study 

only the solvent extraction method will be briefly discussed. 

2.3 Solvent Extraction 

The extraction solvent is poured over the plant material to be extracted and left in 

contact for a specified time period. At the expiration of the specified time period, the 

solution is filtered and the residue is separated. The following are the processes 

involved as earlier described by Houghton and Raman, (1998) and Cannell, (1998): 

a) The Percolation Method: In this method, the material is packed into a 

column which has a fitted tap at the bottom. Some of the columns may also 

contain an intermediary filter which helps to prevent loss of material. When 

the material is suitably packed in the column, the selected extraction solvent 

is poured down the top of the column and the tap is opened. The solvent is 
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allowed to flow down through the material in the column and the effluent is 

collected.  

b) The Infusion Method: In this method, the plant material is soaked in 

selected solvents at room temperature for a defined period of time and may be 

followed by intermittent shaking. At the expiration of the time period the 

solution is separated from the residue by filtration or decanting. Controlled 

heat may be applied in this method and heating mantles or water baths can be 

used in cases where flammable solvents are used.  

c) Hot Continuous Extraction: A Soxhlet extractor may be employed in order 

to achieve exhaustive extraction. Here, the material is placed in a central 

compartment called a thimble. The thimble is usually made of cellulose or 

cloth. To the side of the thimble is attached a siphoning device and an arm 

connected to the lower part of the compartment. A reflux condenser is usually 

attached above the thimble. At the bottom of the thimble, the solvent is 

contained in a round bottomed flask which is heated to boiling.  The vapour 

from the heated solvent flows through the side arm to the reflux condenser. In 

the reflux condenser the vapour turns to liquid and flows into the thimble 

where the plant material is contained. The hot liquid solvent then perfuses 

through the material and the extract solution collects in the thimble. As the 

level of the extract solution rises to the top of the siphon, the entire liquid 

flows through the siphon and then back into the lower solvent container, and 

the process is repeated severally till the collected extract in the round bottom 

flask becomes concentrated. The soxhlet process is useful for: exhaustive 
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extraction of a plant material with a particular solvent where a high 

percentage yield is expected. 

2.3.1 Extraction Solvents and Specific Phytochemical Groups 

The main groups of phytochemical compounds usually considered during extraction 

are fixed oils, fats, volatile oils, carotenoids, alkaloids, glycosides, aglycones, 

phenolic compounds, polysaccharides as well as proteins. Table 2.0 gives a general 

outline of the classes of compounds and solvents appropriate for selective extraction. 

Table 2.0 Solvents and Respective Extracted Phytochemical Groups 

Polarity  Solvent  Polarity Index* Phytochemical Group 

High Aqueous alkali ** Sugars, Amino acids 

Acids 

 Aqueous acid ** Sugars, Amino acids 

Bases 

 Water 9.0 Sugars, Amino acids 

Glycosides 

Medium Dichloromethane 3.1 Alkaloids, Aglycones 

Volatile oils 

 Diethylether 2.8 Alkaloids 

Aglycones 

 Ethylacetate 4.4 Alkaloids, Aglycones 

Glycosides 

 Acetone 5.1 Alkaloids, Aglycones 

Glycosides 

 Ethanol 5.2 Glycosides 

 Methanol 5.1 Sugars, Amino acids 

Glycosides 

Low Light petroleum 0.1 Waxes, Fats 

Fixed oils 

 Hexane 0.1 Waxes, Fats 

Fixed oils 

 Cyclohexane 0.2 Waxes, Fats 

Fixed oils 

 Toluene 2.4 Alkaloids, Fats 

Fixed oils 

Volatile oils 

 Chloroform 4.1 Alkaloids, Aglycones 

Volatile oils 

Modified from Houghton and Raman, (1998). * = measure of the relative polarity of 

a solvent which is useful for the identification of suitable mobile phase solvents. It 

increases as polarity increases; **= variable and is dependent on the strength. 
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2.4 Analytical Techniques 

2.4.1 Qualitative/Analytical Thin Layer Chromatography 

Thin layer chromatography (TLC) is a form of planar chromatography that involves 

the separation of mixtures on thin layer adsorbents usually coated on glass, plastics 

or aluminum sheets (Gibbons and Gray, 1998). Use of TLC requires spotting the 

extract onto a sorbent material that has been applied to a backing plate and marking 

out the solvent front (distance run from origin) (Stahl, 1988), the most commonly 

available analytical TLC plates are the silica gel plates, which may be plastic or 

aluminum backed Kiesegel 60 F254 with about 0.2 mm thickness of silica sorbent 

(Gibbons and Gray, 1998).  Analytical TLC has found application in compound 

detection and monitoring. If the compound is known, qualitative as well as 

quantitative information can be obtained from the TLC. It has also found application 

in chemical classification of organisms based on their chemical constituents. 

Tracking of natural products can also be achieved via analytical TLC. It is important 

that qualitative TLC screening of extracts is routinely performed as certain 

compounds can be detected at an early stage. Some organic compounds are coloured 

and can be easily visualized on the TLC plates, however others are colourless. In 

most cases, the observation of separated spots by ultraviolet (UV) light works well 

(Stahl, 1975).  TLC plates normally contain a fluorescent indicator which makes the 

TLC plate emit green light under UV wavelength of 254 nm (Stahl, 1975).  

Compounds that absorb UV light will quench the green fluorescence yielding dark 

purple or bluish spots on the plate.  Under long UV light (366 nm), some indicators 

will give a purple light and are normally used for compounds that fluoresce. Some 

compounds such as the furocoumarins give out blue or yellow fluorescence under 
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long UV while compounds like the chlorophylls give out red, blue, orange or yellow 

colours.  Unfortunately compounds that do not absorb UV light will remain invisible 

(Jork et al., 1990). Another useful visualizing technique is an iodine chamber 

(Houghton and Raman, 1998).  In some cases, the class of compounds can be 

identified by the use of spray reagents which gives particular colour reactions 

representative of a particular chemical class (Houghton and Raman, 1998). Spray 

detection employs the use of colour reactions between the compound and the spray 

reagent (Houghton and Raman, 1998). The most commonly used reagents include 

anisaldehyde/sulfuric acid used for the detection of many compounds especially 

terpenes, sugars, phenols, and steroids; vanillin/sulfuric acid, phosphomolybdic acid, 

ammonium molybdate (IV), antimony (III) chloride and tin (IV) chloride which 

colours terpenes red and blue (Jork et al., 1990); dragendorff’s reagent which does 

not necessarily require heat is used for alkaloid detection where an orange-red 

colouration is produced, however some non-alkaloids such as some iridoids or 

flavonoids may also give a positive reaction; 2,4 dinitro-phenyl hydrazine gives a 

yellow-to-red coloration with aldehydes and ketones; perchloric acid, though a 

universal spray is especially useful for steroids and triterpenes; borntrager reagent is 

employed for the detection of coumarins and anthraquinones (Jork et al., 1990); 

Naturstoff /polyethylene glycol reagent is used for the detection of flavonoids and 

the plates are observed under UV (365 nm) and the following compounds with 

respective colours can be observed; flavonones give an orange color, naringenin 

gives a green color, DHQ gives a yellowish color, and flavones give a blue color 

(Conde et al., 1992). 
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2.4.2 Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy is a technique that involves the application of a magnetic field in 

the measurement of atomic nuclei resonance (Madsen et al., 2010). It measures 

characteristic resonance frequencies of nuclei that are magnetically active and this 

provides information that is directly related to the molecular structure (Cavanagh et 

al., 2007; Claridge, 1999) and dynamics of the compound(s) (Aubin et al., 2014). It 

is a highly reproducible, non-destructive technique useful in determining the 

fingerprints of compounds that contain the following atoms: 1H. 13C, 15N, 19F, 23Na 

and 31P.  The nuclei of these atoms are of biological interest as they have stable 

isotopes with spin ½, natural abundance written in parenthesis: 1H (99%); 13C 

(1.1%); 15N (0.37%), 19F (100%); 23Na (100%), and 31P (100%) respectively. It is 

however not very sensitive especially when compared with the mass spectrometric 

technique as the magnetization detected comes from approximately 80 nuclei per 

million of the sample under detection at room temperature (Madsen et al., 2010; 

Aubin et al., 2014). In NMR spectroscopy, the active nuclei of samples behave 

similarly to small magnets which are detected by a coil of conductive wire 

(Cavanagh et al., 2007; Claridge, 1999; Evans, 1995). Hardware routinely required 

for measurement of NMR frequencies include: a strong magnet for the generation of 

bulk magnetization, an appropriate electronic apparatus which tilts and measures the 

frequency of the processing magnetization, and a computer system which assists in 

the control of the radiofrequency console and in the storage of data (Cavanagh et al., 

2007; Claridge, 1999; Evans, 1995). NMR is routinely employed in drug discovery 

and natural product research and can be used to identify metabolites in extracts. It 
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can also be employed in small molecule drug therapeutic analysis as well as in 

protein biopharmaceuticals (Aubin et al., 2014). 

 

2.4.3 Mass Spectrometry 

Mass spectrometry (MS) is a technique used in the detection of metabolites in a 

mixture. Unlike chromatographic techniques which separates compounds based on 

their physical and chemical characteristics, MS measures and identifies gas phase 

ions based on their mass-to-charge ratio (m/z) (Yuan et al., 2014) It is a highly 

sensitive analytical technique and can be used together with NMR spectroscopy 

providing a more complete picture of the compound(s) under analysis (Viant, 2007). 

Unlike NMR however, it is a destructive technique and depending on the metabolites 

being analyzed, ionization may not always be achieved. It is frequently employed in 

conjunction with other separation techniques such as gas chromatography (GC) or 

liquid chromatography (LC) (Tolstikov et al., 2007). This enables separation of the 

metabolites in the mixture being analyzed while individual spectra of their masses 

are simultaneously obtained. Coupling of MS to chromatographic techniques have 

been frequently employed to confirm drugs in forensic toxicology, routine drug 

testing in workplaces, clinical toxicology, control of doping as well as in pain 

management (Maurer, 1999). MS-based methods often used include, liquid 

chromatography-tandem MS (LC-MS/MS) and gas chromatography-MS (GC-MS). 

While the most prevailing MS analyzer in use is the quadrupole mass spectrometer 

(QMS) that allows the selection of ions with specific m/z and can be operated in the 

scan mode (allows scanning across a user-defined m/z range) or in the selected ion 

monitoring (SIM) mode (which only monitors specific ions) (Versace et al., 2012; 
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Yuan et al., 2014). The carrier for target analytes in GC is usually an inert gas such 

as helium, which transports the analytes through a capillary column immersed in a 

liquid stationary phase, which usually has a temperature gradient (Fraser et al., 

2001). This enables compounds with different physico-chemical properties to elute at 

different rates, and exit the GC at different times. As the effluent enters the MS ion 

source, the eluted analytes are then ionized either by electron ionization (EI) or by 

chemical ionization (CI) (Yuan et al., 2014). Ionization and fragmentation occur at 

the same time in EI with an ionization energy of 70 eV, while in CI, ionization of the 

molecules is achieved with less fragmentation (Versace et al., 2012). The resulting 

ionized molecules are then measured based on their m/z by an MS analyzer which 

could either be a QMS or an ion trap (Versace et al., 2012). Measured parameters 

include the chromatographic retention times, m/z, and signal intensity, all of which 

are measured and recorded for identification and quantification (Yuan et al., 2014). 

The LC functions similarly to the GC, with the exception that LC utilizes a liquid 

mobile phase and a solid stationary phase. In LC-MS/MS, separated compounds are 

then ionized by atmospheric pressure ionization (API) techniques (e.g. electrospray 

ionization [ESI] and atmospheric pressure chemical ionization [APCI]) (Hoja et al., 

1997). Subsequent MS/MS analysis proceeds with the use of triple quadrupole MS 

instruments which is usually operated in the multiple reaction monitoring (MRM) 

mode (Seger, 2012). MRM allows compounds of interest to be selected in the first 

QMS, fragmented in a collision cell, resulting in fragmented ions which are 

monitored in the second QMS (Seger, 2012). Compared to the GC-MS, the LC-

MS/MS requires simpler sample preparation (Marquet, 2002) and can be used to 

measure hydrophilic, heat-unstable, and nonvolatile compounds without prior 
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derivatization (Peters, 2011). The MS spectrum produced from a scan can then be 

searched using pre-established spectral libraries and identification is achieved by 

spectrum matching (Peters, 2011). 

 

2.5 Functional Uterine Pharmacological Assay 

Research on uterine contractility is a rather broad subject and quite complex. Studies 

on myometrial contraction provide basic knowledge which may be applied to clinical 

situations such as the prevention of premature labour (Rizzo et al., 1994). 

Pharmacological and physiological evaluations of the uterus range from in vitro to in 

vivo assays which may include isolated tissue segments or strips, cell cultures to 

intrauterine measurements and whole animal assessments. Prior to the development 

of any uterine assessment model, a proper and thorough understanding of the uterine 

anatomy and physiology is required and most importantly the factors which govern 

contraction. Critical to the evaluation of potential therapeutics for myometrial 

function is the reproducibility of these pharmacological assessments and 

consideration of the limitations in the in vitro technique should also be considered in 

the experimental protocol.  

A brief discussion on in vitro assay involving the isometric-force 

measurement of smooth muscles will be provided. In order to obtain accurate 

measurements of force produced by smooth muscles in vitro it is important that 

factors such as surgical dissection, the use of  an accurate force recording equipment, 

and adequate muscle perfusion procedure should be properly performed (Lynch et 

al., 2001).   
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Measurement of uterine activity has posed a challenge to researchers. Some 

of the problems creating these challenges include: (1) occurrence of differences 

among species; (2) complexity of the uterus due to the presence of different 

functional cell types; (3) differences in uterine behavior and responses due to 

hormonal status and pregnancy; and (4) development of spontaneous contractile 

activity that can make study and analysis of drug-induced effect difficult 

(Crankshaw, 2001). Pharmacological measurement of myometrial activity can either 

be descriptive or quantitative (Crankshaw, 2001). In the descriptive experiment, the 

responsiveness of the uterus to an agent is analysed while in the quantitative 

experiment numerical descriptors such as potency, medial and maximum responses 

are analysed (Crankshaw, 2001). It is also important that equilibrium conditions are 

attained and maintained for the entire duration of the experiment. For this to be 

achieved  it is necessary to (1) choose and maintain a specie for the experiment; (2) 

select a desired hormonal state; (3) choose and maintain the use of specific parts of 

the uterus or the whole uterus; (4) decide what muscle layer to investigate 

(Crankshaw, 2001). Muscle strips, rings or segments can be attached by wire, silk 

suture, thread or other attachment to a force transducer, and is usually pre-stretched. 

In the present study, uterine muscle segments were used and attached to the force 

transducer by threads. Whatever the attachment used it is necessary that it is in line 

with the transducer and not come in contact with the bath wall. Force generated by 

the muscle is transmitted as an electrical signal and recorded. Transmission of the 

force is made possible by the transducer. As much as possible, the tissue should be 

positioned in a manner that the aerating bubble stream does not generate artifacts 

during recording (Barton et al., 2005). Isometric or isotonic measurements can be 
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made with appropriate transducers. Measurements of isometric force in units such as 

grams, Newtons and in some cases centimeters are more commonly used in 

pharmacological experiments. Occasionally the output range of the transducer can be 

adjusted to improve the signal to noise ratio. The frequency response of the 

transducer can also be adjusted to reduce the contribution of external vibrations and 

artifacts but care must be taken so that these adjustments do not reduce the ability to 

detect rapid changes in force. Generally, isometric measurement of the uterine tissue 

is most commonly performed (Crankshaw, 2001). 

Upon tissue mounting, a period of tissue acclimatization or stabilization 

generally referred to as the equilibration period is required in order for the tissue to 

adjust to the post dissection injury, handling, washing out of metabolites, 

anaesthetics and other products used or produced during tissue preparation and 

mounting. This period can vary from 15 min to several hours (Crankshaw and 

Morrison, 2011). Factors such as tissue sample, tissue excision, experimental 

procedures and storage govern the duration of the acclimatization period. During the 

acclimatization period, the tissue may be gradually stretched or undergo pretreatment 

with selected agonists or antagonists (to limit or increase physiologic and 

pharmacological responses) (Crankshaw and Morrison, 2011). 

The use of series of controls which may be positive or negative is also an 

important consideration in isometric force measurements.  These controls can give an 

idea of the performance of the tissue set up and may be mechanical, pharmacological 

or physiological. For example, oxytocin (a standard uterotonic agent) has been used 

to contract isolated myometrial preparations to determine the function (Bafor et al., 

2010a; Kaingu et al., 2012; Lourenço et al., 2012). The effect of oxytocin on 
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parameters such as the stability of the baseline activity, the response of the tissue 

preparation to agonists, the response in the presence and absence of antagonists, the 

range of the effective dose response, onset of the response, the effect of stretching, 

oxygen consumption and carbon dioxide production can be utilized to examine the 

performance of the smooth muscle preparation and how it compares to another 

preparation. These controls may be performed at the start, middle and conclusion of 

the experiment. Quality control and trouble shooting of the set up can also be 

monitored with the use of standard controls as reviewed by Crankshaw, (2001). 

 

2.6 Materials and Method 

2.6.1 Plant Material 

The matured leaves of Ficus exasperata were collected between July and August, 

2010 in the City of Benin, Edo State of Nigeria. The leaves were previously 

authenticated by Mr Felix Usang of the Forest Research Institute of Nigeria, Ibadan, 

where a voucher specimen has been stored (Bafor and Igbinuwen, 2009).  

 

2.6.2 Phytochemical and Pharmacological Analysis of the Crude Leaf 

Extracts of F. exasperata 

2.6.2.1 Plant Material 

The leaves were shade-dried and pulverised into loose powder with the use of a 

grinding machine. Traditionally, the leaves are collected and prepared either by 

boiling or by simply washing in room temperature water and drunk. Based on this the 
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plant material were extracted using heat and also extracted at room temperature. Five 

hundred grams (500 g) each of the powdered leaves was subjected to exhaustive hot 

extraction (using a Soxhlet apparatus) and also subjected to maceration at room 

temperature. Both extraction processes involved the use of different solvents. These 

procedures were performed according to methods described by Cannell, (1998) and 

Houghton and Raman, (1998). 

 

2.6.2.2 Extraction using the Soxhlet Apparatus 

The dried powdered leaves were subjected to exhaustive extraction with 7.5 L of 

hexane using the soxhlet extractor. The heating mantle was set at 40°C and 

extraction was started with hexane and performed for 3 days. The same procedure 

was repeated using ethylacetate (EtoAc) and methanol (MeOH) solvents for 

extraction in successive sessions.  Each solvent-extract was concentrated using a 

rotavapor (R-3 Büchi Labortechnik AG/Sigma Aldrich U.K.) set at 40°C to give the 

hexane extract (H1) with a yield of 3.85% (19.23 g), the ethylacetate extract 

(E1)with a yield of 2.89% (14.49 g) and the methanol extract (M1) with a yield of 

5.55% (27.75 g) (Fig. 2.0). 

2.6.2.3 Extraction via Maceration 

a) Acetone-Methanol Extraction 

For the cold extraction, the powdered leaves were first macerated in 500 ml acetone 

for 24 h 3x and continuously stirred using a magnetic stirrer. Acetone was used to 

break up the cells and since it absorbs water, it is expected to simultaneously extract 

some polar substances. The combined acetone extracts were macerated in 600 ml of 
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MeOH (sufficient to cover the extract) for another 24 h 3x.  The acetone extract was 

combined with that of the MeOH extract for the next phase of extraction.   

 

b) Solvent-Solvent Phase Extraction 

The dried total Acetone-MeOH extract, was reconstituted and suspended in 100 ml 

of water which was transferred to a 250 ml separatory funnel. EtoAc (3 to 4 x 100 

ml) was added to the funnel and shaken gently. It was then left to stand for about 10 

min to form two solvent phases. Exhaustive partitioning with EtoAc was performed 

until the organic phase was relatively clear. The combined organic extract was dried 

under vacuo resulting in a yield of (3.15%) 15.74 g of the cold EtoAc extract (E2). 

The aqueous fraction obtained from the partitioning process was subjected to further 

exhaustive partitioning using saturated butanol to give a yield of 0.04% (0.2 g) of the 

butanol extract (B2) and a yield of 0.09% (0.46 g) of water extract (W2). At the 

termination of the extraction procedures, 6 extracts were obtained viz H1, E1, M1, 

E2, B2 and W2. These extracts were stored at -20°C until required for further 

processing 
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Figure 2.0 Schematic diagram showing the first phase extraction of the leaves of F. 

exasperata. Numbers in bracket represent the percentage yield following each phase 

of extraction. H1= hexane extract from soxhlet extraction, E1= ethylacetate extract 

from soxhlet extraction, M1= methanol extract from soxhlet extraction, E2= 

ethylacetate extract from maceration, B2= Butanol extract from maceration, W2= 

water extract from maceration. 

 

2.6.2.4 Preliminary Identification of Extracts 

Preliminary identification of the extracts was performed using nuclear magnetic 

resonance (NMR), mass spectrometry (MS) and TLC. The NMR phenomenon is 

based on the fact that nuclei of atoms have magnetic properties that can be utilized to 
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yield chemical information. NMR spectroscopy is an important technique used in the 

determination of structures of organic compounds.  

a) NMR Analysis of Extracts 

The extracts were weighed 10 mg each, and reconstituted in the appropriate 

deuterated solvents. E1, E2 and H1 were constituted in 750 µl of deuterated 

chloroform (CDCl3) while M1, W2 and B2 were constituted in 750 µl of deuterated 

dimethyl sulphoxide (DMSO-D6), with a Hamilton syringe (Alltech, Nevada). The 

reconstituted samples were subsequently transferred to labelled 5 mm NMR glass 

tubes and the proton (1H) NMR for each extract was obtained using either an AS-400 

JEOL NMR Instrument fitted with a 40TH5AT/FG broadband high sensitivity Pulse 

Field Gradient AutotuneTM 5 mm probe located in the Strathclyde Institute of 

Pharmacy and Biomedical Sciences (SIPBS) or a Bruker 400 and 500 MHz 

instruments at the Department of Chemistry, University of Strathclyde, UK as stated 

in the appropriate sections.  The spectra were processed using MestReNova V8.1 and 

residual solvent signals were used as internal standards (reference signal). Chemical 

shifts (δ) of the processed spectra were obtained in parts per million (ppm) and 

coupling constants (J) were processed in Hertz (Hz). 

a) LC-MS Analysis of Extracts 

Liquid chromatography mass spectrometry (LC-MS) assays provides a robust 

platform for the analysis of the elemental composition of several important biological 

molecules and for elucidation of chemical structures. The MS principle operates by 

converting analytes to ionized forms which is followed by the analysis and 

measurement of the mass-to-charge ratio (m/z) of these ions or fragment ions (Fenn 
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et al., 1989). The LCQ Deca Ion Trap Mass Spectrometer (Thermo Finnigan, USA), 

which has a built-in electron spray ionization (ESI) source and functions in both the 

negative and positive ion modes, was employed in the ESI mass spectra analysis of 

the extracts. The ESI operation mode was developed by Fenn and colleagues in 1989 

(Fenn et al., 1989) for which they won the Nobel Prize in 2002 (The Nobel Prize in 

Chemistry. 2002). The liquid samples are pumped through a capillary to produce a 

fine spray of charged molecules which streams into the ion source where it intersects 

with an electron beam. The capillary is usually positioned orthogonally to the beam 

to reduce contamination (Fenn et al., 1989). The interaction between the electrons 

and the neutral molecules generates positively charged molecular ions. The 

electrospray ionization mass spectrometry (ESIMS) was the alternative ionization 

procedure to LC-ESIMS for the natural products lacking chromophore (e.g. 

triterpenes) and for compounds which do not produce molecular ions or produced a 

low intensity under ESI conditions (Fenn et al., 1989).  

The MS column used in this study was the silica type ACE HPLC Column 

(Hichrom Limited, UK) 7.5 cm in length and 3.0 mm in diameter. The particle size 

of the silica was 5 µm, pore size 100Å with a pore volume of 1.0 ml/g and a 300 

m2/g surface area. The column was maintained at a temperature of 22°C with an 

approximate pressure of 37 bar and a flow rate of 0.4 ml/min. About 1 mg of the 

extract was dissolved in HPLC grade MeOH and solutions containing insoluble 

materials were filtered to prevent blockade of the sample introduction line. The 

samples were transferred to1.5 ml glass HPLC auto sampler vials from which the 

Agilent 1100 autosampler withdrew samples that were set at 200 µl/min ejection 

speeds, one wash cycle and 20 wash strokes. The aqueous and organic eluents were 
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also prepared in 1L volumes, 0.1% formic acid in water (A) and 0.1% formic acid in 

acetonitrile (B) respectively. A multi-step linear gradient was applied for the Agilent 

1100 Quaternary Pump: from 10% B to 90% B in 30 min, then 90% B to 10% B in 1 

min and 10% B to 10% B in 4 min. The flow rate was 0.4 ml/min.  The UV-vis 

spectra were recorded via the Agilent 1100 DAD between 200 and 400 nm with scan 

step of 2. The LC-ESIMS measurements were performed in SIPBS. 

 

2.6.2.5 TLC Analysis of Extracts 

Approximately 2 mg each of the dried extracts were reconstituted and spotted, a 

centimetre apart on aluminium TLC plates (silica gel sheets 60 F254 from Merck, 

Germany). The plates were then developed in a solvent-equilibrated rectangular 

chamber at room temperature (Stahl, 1956; Garcia et al., 1993). Various solvent 

system combinations were employed viz: dichloromethane: methanol and hexane: 

ethyl acetate (95:5, 90:10, 80:20, 70:30, 60:40 and 50:50). Spotting of the extracts 

was achieved using a fine capillary tube which was rinsed in acetone before each 

spot was made. Each developed chromatogram sheet was air-dried, observed with 

both short and long wavelength ultraviolet light (254 and 366 nm respectively) and 

bands carefully marked with a pencil. The plates were subsequently sprayed, within 

the fume hood, with anisaldehyde/H2SO4 reagent (0.5 ml anisaldehyde, 10 ml glacial 

acetic acid, 85 ml methanol and 5 ml concentrated sulphuric acid) (Circosta et al., 

2007) and heated to 105°C (Houghton and Raman, 1998). The solvent system 

combination which gave the best separation of compounds within each extract, based 



 

61 
 

on the retention factor (Rf), was selected for subsequent column fractionation and 

purification procedures (Cannell, 1998). 

 

2.6.3 Pharmacological Screening of Extracts  

Pharmacological analyses were performed on the extracts at this stage. This was 

necessary in order to assess the individual activity of the extracts on uterine 

contraction and subsequently determine and prioritize those with significant effects 

on uterine contraction. 

 

2.6.3.1 Animals 

Laboratory female mice (20-30 g) of the C57Bl/6 strain at different stages of the 

oestrus cycle were employed. The animals were bred at the Biological Procedures 

Unit of the University of Strathclyde, Glasgow, UK and were maintained under 

standard conditions according to Guidelines set for use of laboratory animals in the 

Animal Health and Welfare (Scotland) Act 2006. The animals were fed ad libitum 

and had free access to water. 

 

2.6.3.2 Uterine Tissue Isolation and Mounting 

Studies were conducted on non-gravid animals. The animals were euthanized by CO2 

asphyxiation followed by cervical dislocation and the uterine horns were carefully 

dissected out and surrounding mesenteries, fat and other adherent non-myometrial 

tissues were trimmed off. Longitudinal uterine horns about 1-1.5 cm in length were 
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subsequently mounted in 10 ml organ baths  containing warmed (37oC), aerated 

(O2/CO2 95 : 5) Krebs-Henseleit solution of the following composition: 118.4 NaCl, 

25 NaHCO3, 11.1 Glucose, 4.69 KCl, 2.41 MgSO4, 1.18 KH2PO4, 2.5 CaCl2 (mM) 

under a resting tension of 0.5 g.. Adequate care was taken throughout the whole 

procedure to avoid unnecessary stretching of the tissue. The tissue was allowed to 

equilibrate for 30 min before subsequent drug/sample additions. The activity of each 

uterine tissue segment was recorded via Grass (FT 03) isometric force transducers 

(range 0 – 25 g) connected to a bridge amplifier, which in turn was connected to a 

PowerLab data acquisition system made up of a recording unit coupled to a LabChart 

software (ADInstruments, UK). 

 

2.6.3.3 Evaluation of the Effects of Extracts on Uterine Smooth Muscle Activity  

At the end of the equilibration period, 0.2 mM lidocaine was added into the baths for 

5 min. Lidocaine was used in this experiment to sustain and regularize rhythmic 

uterine phasic contractions. Each sample concentration was cumulatively added 

every 5 min.  Numerical descriptors which included the integral (area under the time-

response curve), amplitude of contraction (maximum tension above basal force) and 

frequency of uterine contractions were measured during the 5 min period following 

each addition. Prior to data analysis each 5 min period were highlighted and under 

the unit conversion window in the LabChart reader, the decimal place was increased 

to 3, and units set at grams for all data. All data were imported into the data pad and 

each column was modified to measure frequency, amplitude and integral. General 

height was selected for detection settings and adjusted to 0.2 g for minimum peak 

height. 
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2.6.4 Isolation of Chemical Constituents 

Based on the results of uterine functional assays, E1, E2 and M1 extracts were 

selected for further purification since these extracts showed better activity profiles 

compared to the other extracts. Chromatographic procedures are the most widely 

used procedures in the fractionation of extracts. TLC was used routinely in 

monitoring complexities and fraction purities. 

2.6.4.1 Medium-Pressure Liquid Column Chromatography Experiments 

The medium-pressure liquid column chromatographic (MPLC) procedure was 

employed for the fractionation process. It applies the same principle as the open 

column chromatography, but differs in the additional use of pressure to drive the 

solvent through the stationary phase which enables a rapid separation of compounds 

with correspondingly higher resolution. Active extracts identified through the 

bioassay-guided pharmacological investigation were selected for further separation 

and purification. Choice of the column size and solvent system was dependent on the 

amount of the sample and pattern of compounds elution on the TLC plate. The 

solvent system allowed an Rf value of between 0.15 - 0.20 for the compounds of 

interest. Selected chromatographic columns used in this study were silica gel 

columns (Buchi Oldham, UK and Grace Deerfield, US).  

  The extracts were dissolved in suitable solvent, 7 g of E1 and 10 g of E2 

dissolved in EtoAc and 10 g of M1 in dichloromethane respectively. Each solution 

was incorporated with diatomaceous earth or kieselgur (Celite®) to serve as a sample 

carrier for dry loading. The homogenous mixture was subsequently dried. The 

extracts were then subjected to chromatographic separation on a silica gel column 
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(20-45 µm, C18 VersaPak cartridge, Bellefonte, U.S.A) connected to a Büchi Pump 

Manager C-615 coupled to binary pumps (Büchi Modules C-601) labelled A and B.  

2.6.4.2 Fractionation of E1 and E2 

A linear gradient system with hexane (A) and EtoAc (B) at a flow rate of 100 ml/min 

was employed for the elution of E1 and E2: 100% A was held for 5 min followed by 

100% A to 100% B for the next 40 min and a reverse of starting conditions, 100 % B 

for a further 5 min giving a total run of 45 min. The column was subsequently 

flushed with 500 ml of 100% EtoAc and 500 ml of 50:50 acetone/MeOH each for 5 

min. The eluent was collected in fractions of 100 ml for E1, 50 ml for E2 and 

fractions with similar TLC profiles were pooled to yield a total of 44 and 23 fractions 

for E1 and E2 respectively. These fractions were labelled E1a or E2a fractions while 

the eluent from the wash were labelled E1b or E2b and E1c or E2c (respectively). 

Fraction series E1a, E1b, and E1c were subjected to further analysis and 

screening. Bioactive fractions were subjected to further purification. For the 

purification procedures about 200–400 mg of each sample was dissolved in 2 ml 

hexane and EtOAc at a ratio of 9:1. The sample solution was then injected into a 

silica gel cartridge (23 x 53 mm2). MPLC isocratic elution was performed using 

hexane and EtOAc (90:10) at a flow rate of 10 ml/min for 30 min. 

2.6.4.3 Fractionation of M1 

A step-wise gradient system was employed in which a two solvent-system 

combination in each run was performed for the elution of M1 at a flow rate of 100 

ml/min viz: 10 g of M1 was separated on 200 g of silica gel 60 (Merck, Germany) 

using flash column chromatography with step gradient elution of the following 
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composition: step 1: hexane–EtoAC (100% A for 5 min); step 2: hexane–EtoAc (100 

A-0% B increasing to 0%A-100% B in 40 min); step 3: hexane–EtoAC (100% B for 

a further 5 min); step 4: DCM-MeOH (100% A for 5 min); step 5: DCM-MeOH 

(100-80% A and 0-20% B for 20 min); step 6: DCM-MeOH (80%A - 20%B held for 

5 min); The column was flushed with acetone-MeOH (50:50) for 5 min at 100 

ml/min. The eluent was collected in fractions of 100 ml. Fractions obtained from the 

hexane-EtoAc solvent system combination were labelled using the suffix Ma while 

fractions obtained from the DCM-MeOH solvent system combination were labelled 

using the suffix Mb, while the eluent from the flush was labelled using the suffix 

Mc. Fractions with the same TLC and NMR profiles were then combined to yield a 

total of 15, 6 and 2 combined fractions for Ma, Mb and MC respectively.  A 

diagram showing the fractions and procedures is shown in figure 2.1. 
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Figure 2.1 Schematic diagram summarizing the bioassay-guided fractionation 

procedure for E1. * = significantly active fractions; BGMF = Bioassay-guided 

MPLC Fractionation. 
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2.6.4.4 TLC Analysis of Extracts 

The TLC procedure for the extracts (2.6.2.5) was repeated for the fractions.  

2.6.4.5 Identification and Structural Characterization of Compounds 

One- and two-dimensional NMR experiments were acquired at 400 MHz on an AS-

400 JEOL NMR Instrument operating on an eclipse-400 spectrometer at 23˚C 

equipped with a 40TH5AT/FG broadband high sensitivity Pulse Field Gradient 

‘AutotuneTM’ 5 mm probe. E1 and E2 samples were dissolved in deuterated 

chloroform (CDCl3) and the chemical shifts were recorded while M1 samples were 

constituted in deuterated dimethyl sulphoxide (DMSO-D6). 1D-NMR spectra were 

obtained using the following parameters; 16-32k data points, spectral width of 7199 

and pulse width of 5.4750 Hz respectively, an acquisition time of 1.14 min and a 

relaxation delay of about 2.0 s.  Sequential MS was also carried out to identify 

compounds in the fractions obtained using LC-HRFTMS analysis with a Dionex 

UltiMate® 3000 HPLC system (Thermo Fisher Scientific Inc., Hemel Hempstead, 

UK) employing a silica type 75.0 x 3.0 mm C18 ACE HPLC column (Hichrom 

Limited, UK), particle size of the silica was 5 µm, pore size 100Å with a pore 

volume of 1.0 ml/g and a surface area of 300 m2/g which was maintained at a 

temperature of 22°C and an approximate pressure of 37 bar. The column was eluted 

with a linear gradient of 90% A (0.1% v/v formic acid in water) and 10% B (0.1% 

v/v formic acid in acetonitrile) mobile phases with a flow rate of 0.3 ml/min over 0-

35 min then to 100% B for a further 5-min isocratic elution, and a return to starting 

conditions at 40 min for re-equilibration for the last 5 min, using up a total of 45 min 

for the run. MS identification and analysis were carried out using a ThermoScientific 

Exactive (Thermo Fisher Scientific Inc, Hemel Hempstead, UK) with a 10 µl 
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injection volume and the mass spectrometer was operated with UV detection at 254 

nm using both positive and negative ions modes. Approximately 1 mg of the extracts 

was dissolved in 1 ml HPLC grade methanol and solutions containing insoluble 

materials were filtered to avert blockade of the sample introduction line. The samples 

were transferred to 1.5 ml glass HPLC auto sampler vials from which the Agilent 

1100 auto sampler withdrew samples that were set at 200 µl/min ejection speeds, one 

wash cycle and 20 wash strokes. 

2.6.4.6 HPLC-ICP-MS 

A size exclusion column, Superdex 75 (10/300GL, Tricorn, Sweden), and HPLC 

system with quaternary pump, degasser, manual injector (50 µL loop) coupled to an 

Agilent ICP-MS (Model 7500 X, Agilent, Tokyo, Japan) were used for salt 

identification. Pump speed was set at 0.70 mlmin−1, and 0.02 moll−1 Tris–HCl pH 7.4 

was used as the mobile phase. HPLC–ICP-MS has been shown to be a valuable tool 

in detecting trace elements (Prange and Schaumloffel, 2002).  

 

2.6.5 In Vitro Uterine Assay of the Fractions and Compounds of F. 

exasperata 

Virgin female mice (weighing 20-30 g) of the C57Bl/6 strain were employed. Care 

and use of animals were as previously described (2.6.3.1 and 2.6.3.2).  

 

2.6.5.1 Uterine Tissue Set-up 

Studies were conducted on non-gravid animals. Experiments were as previously 

described (2.6.3.3). The contractions obtained during the last 3 min of the stable 
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spontaneous or the agonist-induced contractions before the addition of the plant 

extracts, fractions or standard drugs were taken as the control. The effects of each 

concentration of the extracts or standard drugs on uterine contraction during the last 

3-min incubation period were expressed as a percentage of the control. Data from 

animals in the pro-oestrous to oestrous stages were employed for this study.  

2.6.5.2 Study on Spontaneous Uterine Contractions 

At the end of a 30 min equilibration period, the consistent spontaneous contractions 

were measured for 10 min and the plant extracts or fractions were added into the 

bathing solution in a cumulative manner. In a parallel control experiment, the effect 

of dimethylsulphoxide (DMSO) solvent vehicle on the contraction of the uterus was 

also tested. 

2.6.5.3 Studies on Oxytocin-induced Uterine Contractions 

In another set of experiments, uterine segments were treated with a submaximal 

concentration of oxytocin (1 nM), in order to determine the longevity of the 

response. As oxytocin-induced contraction was sustained for over 1 h it was 

determined that this protocol allowed the evaluation of the plant extracts, fractions or 

standard drugs via cumulative additions every 5 min. The amplitude of contraction 

(maximum tension above basal force) and frequency of uterine contractions were 

obtained during the 5 min period following each sample addition where necessary. 

 

2.6.5.4 Studies on KCl-pre-contracted Uterus 

KCl (80 mM) was used to pre-contract the uterine segments and after achievement of 

stable responses, the fractions found to inhibit contractions in other experiments, 
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were added to the bath in increasing cumulative concentrations (70 - 200 µg/ml) at 2 

min intervals.  The concentration of KCl used was chosen from preliminary 

experiments where it was observed that lower concentrations failed to produce a 

reasonable reproducible force of contraction in the mouse uterus.  

 

2.6.6 Drugs and Chemicals 

The drugs used were oxytocin (Sigma Aldrich, UK) which was constituted in 

distilled water. The plant extracts and fractions were constituted in DMSO to give a 

final concentration of 200 or 100 mg/ml respectively and kept as a stock solution at a 

temperature of -20˚C until use. The final concentration of DMSO in the organ bath 

was calculated to be less than 0.5%. 

 

2.6.7 Curve Fitting and Statistical Analysis  

Responses of the uterus to the different concentration of the extracts were expressed 

as mean ± S.E.M (standard error of the mean) of the frequency (cycles/5 min), 

amplitude (g) and area under the curve (AUC). In each case n represented the 

number of experiments. Comparisons were made using one-way ANOVA with 

Dunnett’s Multiple Comparison Test for the activity of the extracts and Bonferroni’s 

correction for multiple comparisons for the activity of the fractions via the GraphPad 

Prism (v4.0; U.S.A). P < 0.05 indicated statistical significance in all cases. In cases 

with sufficient data points concentration-response curves were constructed from the 

data obtained and fitted to the equation: 

Y = Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*Hill Slope)). 
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Where Y = response which starts at the Bottom and goes to the Top in sigmoid 

shape; X = logarithm of concentration and EC50 is the concentration that produces 

half the maximal responses. The EC50 and Emax for frequency and amplitude of 

contractions were calculated and compared after curve fitting where possible. 

In the study on oxytocin-induced contractions, data points were considered 

too few for curve fitting.  

 

2.7 Results 

2.7.1 Yields of Extracts and Fractions 

Extraction of the leaves via soxhlet extractor resulted in the hexane extract (H1), 

ethylacetate extract (E1) and methanol extract (M1) with yields of 19.23 g (3.84%), 

14.49 g (2.89%) and 27.75 g (5.55%) respectively. The maceration procedure 

produced extracts E2 with a yield of 15.74 g (3.15%), B2 with a yield of 200 mg 

(0.04%) and W2 with a yield of 459 mg (0.09%). 

With respect to physical characteristics, W2 and B2 extracts displayed a 

brownish-golden colour with a characteristic pungent smell. These characteristics 

distinguished W2 and B2 from the other extracts which were mostly green in colour 

and sweet smelling, however H1 had a much darker almost black colour which 

glistened indicating the presence of fats and oils. 
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2.7.2 TLC Analysis of Extracts 

TLC was mainly used in this study for qualitative analysis. Different solvent systems 

involving several combinations of hexane, EtoAc and MeOH were employed but 

during the course of this research it was observed that a solvent system combination 

of hexane:EtoAc:MeOH worked best for the separation of compounds from the 

leaves of F. exasperata. The TLC was also a means of determining an appropriate 

solvent system for MPLC fractionation. However, since the MPLC set up was 

controlled by a binary pump the use of the three solvent system combination was not 

carried out. E1 and E2 showed good separations at mobile phase combinations of 

hexane:EtoAc (80:20) while M1, W2 and B2 showed good separations at mobile 

phase combinations of DCM:MeOH (95:5). 

H1 and E2 displayed the most number of compounds (estimated from the 

number of bands observed before and after spraying) this was followed closely by 

E1, and then M1, B2 and lastly W2 (Fig. 2.2 and Fig. 2.3). Violet and pink bands 

were observed in H1, E1, and E2 upon spraying with anisaldehyde reagent but these 

coloured bands were more intense in H1 and E2, while E1 was mostly green. M1 

was characterized by more green bands, while W1 and B2 exhibited dark brown 

bands with anisaldehyde spray. W2 and B2, in particular had a patch of white band at 

an Rf of 0.72 in DCM: MeOH 95:5, which did not absorb or reflect any colour when 

sprayed with anisaldehyde reagent. This band was more intense in W2 when viewed 

under long UV (Table 2.1). 
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Figure 2.2   TLC plates of H1, E1 and E2 developed in hexane:EtoAc (80:20). Plate 

A indicates thin layer chromatogram with no spray reagent applied and Plate B 

indicates a photograph of thin layer chromatogram plate sprayed with anisaldehyde 

reagent and observed under UV at wavelength of 354 nm. Y=yellow; R=red; B= 

blue. Q= quercetin; ASC = ascorbic acid 
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Figure 2.3 TLC plates of M1, W2 and B2. A photograph of a thin layer 

chromatogram plate with no spray reagent applied (A) and Plate B indicates a 

photograph of a thin layer chromatogram plate sprayed with anisaldehyde reagent 

observed under UV at wavelength of 254 nm. Both plates were developed in 

DCM:MeOH (95:5). Y=yellow; R=red; B= blue. Q= quercetin; ASC = ascorbic acid. 
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2.7.3 Qualitative Flavonoid Analysis of Extracts of F. exasperata 

On spraying with Naturstoff reagent, colour changes were observed within each 

extract (Fig. 2.4, Table 2.2 and 2.3). H1, E1 and E2 displayed similar zones of 

colour changes with each other (Table 2.2). M1 and B2 showed green florescence at 

the origin and greenish yellow florescence at 0.1. W2 displayed a yellowish green 

florescence at 0.08 (Table 2.3). 

 

Figure 2.4   TLC plates under UV wavelength of 365 nm of M1, B2, W2 extracts 

(A) and H1, E1 and E2 extracts (B) in DCM : MeOH (95:5) and hexane : EtoAc 

(80:20)  respectively after spraying with Naturstoff reagent A and B. Q= quercetin 

and ASC = ascorbic acid. 
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Table 2.2 Qualitative Flavonoid Test for H1, E1 and E2 

Colour changes in H1, E1 and E2 after spraying with Naturstoff reagent and viewed 

under UV wavelength of 356 nm. The Rf values with respect to colour changes were 

similar across all three extracts. The value 0.0 indicates that the compounds specified 

remained at the origin. Q = quercetin; ASC = ascorbic acid 

Band Rf  Before After 

H1, E1 and E2 0.08   yellow 

0.28   yellow 

0.5   orange 

0.64   yellow-green 

0.96   yellow-green 

Q 0.0  Bright yellow 

ASC 0.0   light blue 

 

 

 

 

 

 

 

 

 

 



 

78 
 

Table 2.3 Qualitative Flavonoid Test for M1, W2 and B2 

Table showing the colour changes in M1, W2 and B2 after spraying TLC spotted 

plates with Naturstoff reagent and viewed under UV wavelength of 365 nm.  Q= 

quercetin; ASC = ascorbic acid 

Extracts/Standards         Band Rf  Before  

spraying 

After  

spraying  

M1 1 

2  

3 

0.10 

0.08 

0.26 

 

 

 

yellow-green 

light green 

 light blue 

W2 1 0.08  yellow-green 

B2 1 

2 

0.08 

0.10 

 

 

yellow green 

 blue 

Q Q 0.0   yellow 

ASC ASC 0.0   light blue 

 

 

2.7.4 1H-NMR OF EXTRACTS 

H1 showed peaks at aliphatic (0 - 3.5 ppm), olefinic (3.5 – 5.0 ppm) and aromatic 

(6.5 - 9.75 ppm) regions with the peaks at the aliphatic region being more intense 

(Fig. 2.5). Peaks in E2 similarly occurred within the aliphatic, olefinic and aromatic 

regions up to 9.75 ppm but the peaks within both the aliphatic and olefinic regions 

were the most intense (Fig. 2.7). E1 displayed peaks up to 11.5 ppm. Also more 

peaks were observed in E1 at 4 - 5 ppm (Fig. 2.6). M1, B2 and W2 displayed peaks 

from 0 - 9.5 ppm (Fig. 2.8, 2.9 and 2.10). 
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Figure 2.5 1H-NMR spectrum at 400 MHz in CDCl3 of H1 (Apodization: Gaussian 

3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of proton 

signals from the aliphatic to the aromatic region (0.5 -10.5 ppm). Less intense peaks 

at the aromatic region of 6.5 - 9.75 ppm are shown in B above. 

 

 

 

 

(A) 

(B) 
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Figure 2.6 1H-NMR spectrum at 400 MHz in CDCl3 of E1 (Apodization: Gaussian 

3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of proton 

signals from the aliphatic to the aromatic region (0.5 -11.5 ppm). Less intense peaks 

at the aromatic region of 6.0 - 11.5 ppm are shown in B above. 

 

 

 

 

 

(A) 
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Figure 2.7 1H-NMR Spectrum at 400 MHZ in CDCl3 of E2 (Apodization: Gaussian 

3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of proton 

signals from the aliphatic to the aromatic region (0.5 -10.0 ppm). Less intense peaks 

at the aromatic region of 6.0 - 9.5 ppm are shown in B above. 

 

 

 

 

(A) (B) 



 

82 
 

 

 

Figure 2.8 1H-NMR spectrum at 400 MHz in DMSO-D6 of M1 (Apodization: 

Gaussian 3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of 

proton signals from the aliphatic to the aromatic region (0.5 - 9.5 ppm). Less intense 

peaks at the aromatic region of 6.0 – 9.0 ppm are shown in B above. 

 

 

 

 

 

(B) (A) 
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Figure 2.9 1H-NMR spectrum at 400 MHz in DMSO-D6 of B2 (Apodization: 

Gaussian 3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of 

proton signals from the aliphatic to the aromatic region (0.5 – 12.0 ppm). Less 

intense peaks at the aromatic region of 6.0 – 12.0 ppm are shown in B above. 

 

 

 

 

 

(A) 
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Figure 2.10 1H-NMR spectrum at 400 MHz in DMSO-D6 of W2 (Apodization: 

Gaussian 3.00; Baseline correction: Bernstein Polynomial Fit) showing the range of 

proton signals from the aliphatic to the aromatic region (0.5 - 9.5 ppm). Less intense 

peaks at the aromatic region of 6.8 – 9.0 ppm are shown in B above. 

 

 

(A) 
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Figure 2.11a Stacked 1H-NMR spectra of H1, E1, E2, M1, W2. E2, M1 and B2 

have common peaks between 0.6 -1.2 ppm, while W2 and B2 share common peaks 

between 1.85-2.25 ppm, all three extracts have common peaks between 3.1- 5.3 ppm. 
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Figure 2.11 b Expanded stacked 1H-NMR spectra of H1, E1, E2, M1, W2 and B2 

between 7.3–11.1 ppm.  Signals in the aromatic region were similar between E1 and 

E2 while similar aromatic signals occurred in M1, B2 and W2.  
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2.7.5 LC-MS Analysis of Extracts of F. exasperata 

A peak at retention time (Rt) of 10.00 min was common to H1, E1 and E2. E2 and 

E1 differed from H1 by the possession of peaks at retention time ± 42 min (Fig. 

2.12). M1 and W2 exhibited similar peaks and same retention times and B2 

exhibited some peaks at Rt of 6.9-8.3 min (Fig. 2.13).  

 

 

 

 

Figure 2.12 Stacked Base Peak Chromatograms of H1 (A), E1 (B) and E2 (C) in the 

positive full MS mode. 
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Figure 2.13 Stacked Base Peak Chromatograms of M1 (A), B2 (B) and W2 (C) in 

the positive full MS mode. 

 

2.7.6 Effects of Extracts on Uterine Contractility 

E1, E2 and W2 reduced the frequency of lidocaine-induced uterine contractions (Fig. 

2.15, Fig. 2.16 and Fig. 2.18 respectively) while H1, M1 and B2 displayed mostly 

uterotonic effects (Fig. 2.14, 2.17 and Fig. 2.19). The word “mostly” has been coined 

into the description of activity as some degree of inhibition of the frequency of 

contractions occurred (considered statistically insignificant). The inhibitory activity 

of E1 seemed to begin at a concentration of 400 µg/ml and at 800 µg/ml E1 caused 

an almost complete blockade of contractions which were not easily reversed on 
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µg/ml but beyond this concentration there seemed to be a decrease in amplitude 

accompanied by irregular contractions (Fig. 2.16).  A similar effect was observed 

with M1 (Fig. 2.17). 

Total contractile force generated by each uterine segment in response to the 

extract was additionally estimated by calculating the area under the contraction force 

curve over time which is a summative estimate of a change in the contraction 

frequency and amplitude. H1, E1, E2, B2 and W2 significantly decreased the basal 

contractility of uterine contractions as measured from the area under the curve. H1, 

E1, E2, M1 and B2, all exhibited activity from 200 µg/ml (Table 2.6). 

 

Figure 2.14 Representative tracing illustrating the effect of increasing cumulative 

concentrations of H1 on lidocaine-induced contractions of the isolated mouse uterus. 
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Figure 2.15 Representative tracing illustrating the effect of increasing cumulative 

concentrations of E1 on lidocaine-induced contractions of the isolated mouse uterus. 
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Figure 2.16 Representative tracing illustrating the effect of increasing cumulative 

concentrations of E2 on lidocaine-induced contractions of the isolated mouse uterus. 

 

Figure 2.17 Representative tracing illustrating the effect of increasing cumulative 

concentrations of M1 on lidocaine-induced contractions of the isolated mouse uterus. 
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Figure 2.18 Representative tracing illustrating the effect of increasing cumulative 

concentrations of W2 on lidocaine-induced contractions of the isolated mouse uterus. 
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Figure 2.19 Representative tracing illustrating the effect of increasing cumulative 

concentrations of B2 on lidocaine-induced contractions of the isolated mouse uterus. 
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2.7.7 Identification of Chemical Constituents 

Several phytochemical classes of secondary metabolites were identified. Some of the 

compounds were isolated as mixtures and due to the low yield in some cases, further 

purification and/or pharmacological characterization was not possible. 

2.7.7.1 Fatty Acids, Glycerol Esters and Glycerol Derivatives 

Fractions 11-13Ea and Fr. 14-16 Ea, were identified as containing compounds from 

the fatty acid class of secondary plant metabolites. Fractions 11-13Ea yielded 

brownish-yellow oil which was solid on standing (1.14 g). It was identified via LC-

HRESI-MS to contain a mixture of hexadecanoic acid ([M+1]+ peak at m/z 

257.2578, corresponding to a molecular formula of (C16H33O2) (Fig. 2.20)  and 

gamma linolenic acid ([M+1]+) peak at m/z 279.2324, corresponding to a molecular 

formula of (C18H31O2) (Fig. 2.21). The 1H-NMR is shown in figure 2.22. The 

compounds were also identified by comparing the spectral data with the literature 

(Joshi et al., 2009). 

Fractions 14-16Ea were pooled, given the broad name 14Ea and identified as 

consisting of glycerol 1,3 dilinolein (1) ([M+1]+) peak at m/z 617.5139, 

corresponding to a molecular formula of C39H69O5 (Fig. 2.23).  1H-NMR (400 MHz, 

CHLOROFORM-D) δ 5.44 – 5.25 (m, 4H), 4.13 (dd, J = 14.4, 7.1 Hz, 1H), 2.78 (dt, 

J = 14.5, 6.4 Hz, 2H), 2.64 (s, OH), 2.33 (t, J = 7.4 Hz, 2H), 2.16 (s, 0H), 2.09 – 1.97 

(m, 4H), 1.63 (dd, J = 14.9, 7.7 Hz, 1H), 1.24 (s, 24H), 0.96 (t, J = 7.7 Hz, 3H) (Fig. 

2.24, 2.25 and 2.26). It was also identified by comparing the spectral data with the 

literatures (Cai et al., 2013; Wang et al., 2001).  
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The compound 3-O-glycerolacetate (2) was isolated and identified from 

Fraction 37Ea. The compound exhibited an [M+1]+ peak at m/z 135.0652 

corresponding to the molecular formula C5H11O4 (Fig. 2.27). 1H NMR (400 MHz, 

CHLOROFORM-D) δ 4.17 (dd, J = 12.0, 4.0 Hz, 1H), 4.14 (d, J = 12.0, 4.0 Hz, 1H), 

3.93 (m, 1H), 3.69 (dd, J = 12.0, 4.0 Hz, 1H), 3.59 (dd, J = 12.0, 4.0 Hz, 1H), 2.09 

(s, 3H) (Fig. 2.28, 2.29). To our knowledge this is the first report of the isolation of 

3-O-glycerolacetate in plants. 

  

 

Figure 2.20 HRESI-MS showing the relative abundance (y-axis) and the m/z (x-

axis) of hexadecanoic acid. The corresponding molecular structure is embedded at 

the top. 
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Figure 2.21 HRESI-MS showing the relative abundance (y-axis) and the m/z (x-

axis) of gammalinolenic acid. The corresponding molecular structure is embedded at 

the top of the figure. 
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Figure 2.22 The 1D 1H-NMR spectrum of gammalinolenic acid which is observed as 

the major compound in this fraction and occurs between 0.0 – 2.5 ppm, the presence 

of the minor compounds can be observed, the peak at 4.5 ppm belonging to linoleic 

acid and the peaks at 5.10 and 5.34 ppm belonging to octadecadienoic acid. 
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Figure 2.23 HRESI-MS showing the relative abundance (y-axis) and the m/z (x-

axis) of compound 1 (molecular formula and m/z in red brackets). The corresponding 

molecular structure is embedded at the top of the figure. 
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Figure 2.24 The 1D 1H-NMR spectrum of Fr. 4-14Ea in CDCl3 showing the 

presence of dilinolein (compound 1). 
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Figure 2.25 2D COSY 1H-NMR spectra of Fr.4-14Ea in CDCl3 showing the bond 

correlations within dilinolein (compound 1). The coloured lines indicate the spin 

systems within the structure and each colour represents a different spin system. 
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Figure 2.26 HMQC spectrum of compound 1 in CDCl3 
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Figure 2.27 HRESI-MS showing the relative abundance (y-axis) and the m/z (x-

axis) of compound 2 (chemical formula and m/z in red brackets). The corresponding 

molecular structure is embedded at the top left corner. 
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Figure 2.28 The 1D 1H-NMR spectrum of compound 2 in CDCl3. Red lines in the 

structure corresponds with the protons designated in red fonts in the figure. 
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Figure 2.29 An expanded portion of the COSY 1H-NMR spectrum of compound 2 in 

CDCl3 showing the bond correlations within the structure indicated by the red lines. 
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2.7.7.2 Pheophorbide and Pheophytin Derivatives 

New pheophorbides of the a-derivative (3 and 4) as well as pheophorbide-a (5) and b 

derivatives (listed below) were identified from fractions 17-24 of E1a and fractions 

13-19 of E2a. Pyropheophorbide a (6) was isolated as a greenish black solid. The 

new pheophorbide-b derivatives (compounds 7, 8 and 9) were isolated and identified 

as dark brown solids. The 1H-NMR spectrum of the pheophorbide compounds 

showed characteristic signals of a porphyrin skeleton, which includes: the three 

methyl groups directly connected to the conjugated ring system at δ 3 – 4 ppm, a 

vinyl group (δ 6-8 ppm), and three meso-olefinic singlets at δ 8.5-9.9 ppm 

(Kamarulzaman et al., 2011). The HRESIMS of compound 3 exhibited a [M+H]+ 

peak at m/z 869.5582 corresponding to a molecular formula of C55H73N4O5 (Fig. 

2.30), compound 4 exhibited a [M+H]+ peak at m/z 607.2917 corresponding to a 

molecular formula of C36H39N4O5  (Fig. 2.31) and compound  5 exhibited a [M+H]+ 

peak at m/z 593.2754 corresponding to a molecular formula of C35H37N4O5 (Fig. 

2.32). Compound 6 exhibited a [M+H]+ peak at m/z 535.2704 corresponding to a 

molecular formula of C33H35N4O3 (Fig. 2.33).  The primary differences between 

compounds 3 and 4 were due to the presence of a phytyl group (C22H42) on position 

R4 in 3 and a methyl group (CH3) on position R4 in 4. While the primary 

modification between these and pheophorbide-a occurred in the 132 position due to 

the presence of the COOCH3 group in pheophorbide-a and its absence in 3 and 4.  

The 1H NMR spectra of 3, 4, 5 and 6 showed three aromatic singlet protons and an 

aromatic doublet of doublets (dd) at δ 7-10, consistent with those of the methyl and 

methane groups of pheophorbide a derivatives (Fig. 2.34, 2.35). Compounds 7, 8 and 

9 were eluted as a mixture and proved difficult to separate despite several MPLC and 
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silica open column chromatographic procedures using hexane and ethyl acetate as 

eluents. The HRESI-MS data of 7 exhibited a peak at m/z [M+H]+ 635.2863 

consistent with the molecular formula of C37H39N4O6  (Fig. 2.36) while that of 

compound 8 was at m/z [M+H]+ 885.5511 consistent with the molecular formula of 

C55H73N4O6 (Fig. 2.37). Compound 9 exhibited a peak at m/z [M+H]+ 607.2554 

corresponding to the molecular formula of C35H35N4O6 (Fig. 2.38). 
1H-NMR of 7, 8 

and 9 showed the distinguishing signals of pheophorbide-b derivatives at ca. δH 11.0 

(s) corresponding to δC 187.8, assignable to a CHO group at position C-71 (Fig 2.39 

and Fig. 2.40) and as previously described in the literature (Kamarulzaman et al., 

2011). Further assignments of 1H and 13C NMR are outlined in Table 2.7 and Table 

2.8. The main differences between all three compounds stemmed from composition 

of the phytyl chain at position 171. Compound 7 possessed a propylene group at 

position 171; compound 8 possessed a long chain carbonyl group at the same position 

while compound 9 possessed a methylene group at that position. These differences 

were obtained from mass spectrometric analysis and screening. The close similarities 

in their structures may have been responsible for the difficulty experienced in 

separating them into singular compounds. 

Generally, the distinguishing features of the new analogues of pheophorbides 

in comparison with previously identified pheophorbide derivatives are the ethyl 

group in position 81 replaced by a methyl group; and  the presence of  a carboxyl 

group at position 132 instead of a carboxylic ester or a proton.  
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Table 2.7 1H NMR (400 MHz) data of compounds 3-9 in CDCl3. 

 

  

Position 3   4   5   6   7     8 9 

21 3.20 (s) 3.22 (s) 3.22 (s) 3.38 (s) 3.36 (s) 3.38 (s) 3.38 (s) 

31 7.96 (dd) 7.96 (dd) 7.96 (dd) 7.96 (dd) 7.97 (dd) 8.02 (dd) 8.02 (dd) 

32a 6.16 (d) 6.16 (d) 6.17 (d) 6.14 (d) 6.30 (dd) 6.30 (dd) 6.30 (dd) 

32b 6.27 (d) 6.27 (d) 6.31 (d) 6.25 (d) 6.55 (dd) 6.55(dd) 6.55(dd) 

5 9.36 (s) 9.37 (s) 9.38 (s) 9.32 (s) 10.30 (s) 10.23 (s) 10.23 (s) 

71 3.39 (s) 3.37 (s) 3.39 (s) 3.19 (s) 11.08 (s) 11.03 (s) 11.03 (s) 

81 3.89 (s) 3.81 (s) 3.71 (q) 3.63 (q) 3.86 (s) 3.95 (s) 3.95 (s) 

82 - - 1.65 (m) 1.66 (t) - - - 

10 9.49 (s) 9.51 (s) 9.51 (s) 9.43 (s) 9.44(s) 9.50 (s) 9.50 (s) 

121 3.67 (s) 3.65 (s) 3.68 (s) 3.61 (s) 3.64 (s) 3.65 (s) 3.65 (s) 

132 - - 6.25 (s) - 5.15 (m) 5.15 (m) 5.15 (m) 

132 a (ß) - - - 5.08(d) - - - 

132 b (α) - - - 5.28 (d) - - - 

17 4.21 (br d) 4.21 (br d) 4.28 (br d) 4.28(br d) 4.28 (br d) 4.11 (br d) 

4.11(br 

d) 

171a 2.35(m) 2.35 (m) 2.35 (m) 2.20 (m) 2.36 (t) 2.36 (t) 2.36 (t) 

172a 2.17 (m) 2.17 (m) 2.17 (m) 2.29 (m) 2.19 (s) 2.19 (s) 2.19 (s) 

172b 2.45 (m) 2.45 (m) - 2.56 (m) 2.06 (s) 2.06 (s) 2.06 (s) 

173 5.35 (m) - 5.35 (m) - 5.39 (m) 5.39 (m) 5.39 (m) 

174 

0.99-1.24 

(m) 

- - - - 0.99-1.24 

(m) 

- 

18 4.47 (m) 4.47 (m) 4.44 (m) 4.47 (q) 

4.44-4.48 

(m) 

4.44-4.48 

(m) 

4.44-

4.48 (m) 

181 1.80 (d) 1.80 (d) 1.73 (d) 1.80 (d) 1.86 (d) 1.86 (d) 1.86 (d) 

20 8.55 (s) 8.55 (s) 8.54 (s) 8.53 (s) 8.53 (s) 8.55 (s) 8.55 (s) 

NH -1.65(br s) -1.46(br s) -1.64 (s) 0.06 (s) -1.69(br s) -1.46(br s) 

-1.46(br 

s) 
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Table 2.8 13C NMR (400 MHz) data of compounds 3 - 8 in CDCl3.* 

Position 3 4 5 6 7   8 

1 144.1   144.07 144.1 144.5 144.5 144.5 

2 136.7 136.2 136.2 132.7 132.7 132.7 

21 11.9 11.9 12.6 12.0 12.0 12.0 

3 138.7 138.7 138.7 138.6 138.6 138.6 

31 129.5 129.5 129.5 129.0 129.0 129.0 

32 123.3 123.3 123.3 138.5 138.5 138.5 

4 136.6 136.6 136.6 151.7 151.7 151.7 

5 98.0 98.0 98.0 138.7 138.7 138.7 

6 136.4 136.4 136.4 133.4 133.4 133.4 

7 138.0 138.0 138.0 132.5 132.5 132.2 

71 11.6  11.6 11.6 187.8 187.8 187.8 

8 142.4 142.4 142.4 158.1 158.1 158.1 

81 17.9 17.9 17.9 20.0 20.0 20.0 

9 147.4 147.4 147.4 148.0 148.0 148.0 

10 104.9 104.9 104.9 107.4 107.1 107.1 

11 136.1 136.1 136.1 137.6 137.6 137.6 

12 148.6 148.6 148.6 139.8 139.8 139.8 

121 12.6 12.6 12.6 12.7 12.7 12.8 

13 132.7 132.7 132.7 130.5 130.5 130.5 

131 190.3 190.3 190.3 - - - 

132 64.7 65.0 65.9 66.3 65.2 65.0 

132-R3 170.2 170.2 170.1 65.1  - - 

15 105.0 105.0 105.6 106.1 105.0 102.0 

16 167.5 167.5 167.5 161.5 160.5 160.5 

17 52.0 52.0 52.0 52.0 52.0 52.0 

171 41.7 41.7 41.7 30.4 30.4 31.9 

172 41.7 41.7 41.7 32.7 32.7 32.7 

173 172.5 172.53 172.5 - - - 

174 15.0-30.0 50.4 50.4 50.3 50.4 15.0-

30.0 

18 50.3 50.3 50.3 50.3 50.4 51.8 

181 126.7 126.7 118.1 23.6 23.6 23.5 

19 - - - - - - 

20 93.6 93.6 93.6 93.8 93.8 93.8 

*Chemical shifts determined by HMBC and HMQC 
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Figure 2.34 1H-NMR spectrum of pheophytin-a derivatives measured in CDCl3 at 400MHz. 

The different assignments are depicted in the figure. The expanded spectra highlights the 

distinguishing assignments; green assignments = compound 5, orange assignments = 

compound 4, black assignments = compound 3, pink assignments = compound 6, blue 

assignments = shared assignments among the compounds. The ratio of the compounds 

calculated from the integrals was computed for 17.8:46.5:14.9:18.6 respectively in 

percentages. 
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Figure 2.36 HRESI-MS chromatogram showing the relative abundance (y-axis) and 

the m/z (x-axis) of and molecular structure of compound 7 (chemical formula and 

m/z indicated by the brown-coloured asterisk).  
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Figure 2.37 HRESI-MS chromatogram showing the relative abundance (y-axis), the 

m/z (x-axis) and the molecular structure of compound 8 (chemical formula and m/z 

indicated by the brown-coloured asterisk). R = C21H42. 
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Figure 2.38 HRESI-MS chromatogram showing the relative abundance (y-axis), the 

m/z (x-axis) and molecular structure of compound 9 (chemical formula and m/z 

indicated by the brown-coloured asterisk).  
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Figure 2.39 1D 1H-NMR spectrum in CDCl3 at 400 MHz of pheophorbide b 

derivatives (compound 7) as the major compound and pheophorbide b, compound 8 

(green arrows and font) as the minor compound in the spectrum. The ratio calculated 

from the integrals is 80:20 respectively in percentages. 
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Figure 2.40 1D 1H-NMR spectrum in CDCl3 at 400 MHz of pheophorbide b, 

(compound 8) and pheophytin b, compound 9. The ratio calculated from the integrals 

is 76.6:23.4 respectively in percentages. 
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Figure 2.41 HMQC spectrum of Fr.10-22Ea (compounds 7, 8 and 9). The proton 

and carbon assignments are outlined in Tables 2.7 and 2.8 respectively. The 

compounds share common signals. 
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2.7.7.3 Flavonoid Derivatives 

Fraction 28Ea showed an orange fluorescence under UV light in the presence of 

Naturstoff reagents indicating the presence of flavonoids. Purification led to the 

isolation of four flavonoid compounds (10-13) all of which tested positive to 

Naturstoff test. However, low yield prevented further purification and individual bio-

assessment of the compounds. Compound 10 was isolated as a green solid with an 

[M+H] peak at m/z 285.0757 in the HRESI-MS corresponding to the molecular 

formula C16H13O5 (Fig. 2.42). The 1H-NMR and COSY spectrum of 10 showed a pair 

of ortho-coupled doublets (J=8.11 Hz) at δ 8.18 (2H) and 7.78 (2H) assigned to H-

3’,5’ and H-6’,2’and a sharp 1H singlet at δ 7.57 ascribed to H-3 (Fig. 2.43 and 2.45) 

indicated a 2’ – oxygenated flavone (Muntha et al., 2003). The methoxyl group at δ 

3.95 was placed at C-7 as it showed a strong Nuclear Overhauser Enhancement 

(NOE) effect with irradiation of H-8 (δ 7.69, s) and vice versa in the 1D-NOE 

experiment (Fig. 2.44). H-6 was then assigned at δ 7.77, d and H-5 at 6.96, d. 

Compound 11 was also isolated as a green solid and the HRESI-MS showed a 

[M+H]+ (calculated for C16H19O3,  m/z  259.1330) (Fig. 2.46). The 1H-NMR spectrum 

showed a pair of AB doublets (J =16.2 Hz) at δ 7.45 and 6.85 which has been 

described in the literatures and is consistent with trans olefinic-protons of a chalcone 

moiety (Muntha et al., 2003). One methoxyl group at δ 3.95 was observed. The 

presence of eight aromatic protons at δ 6.30 (2H, d, J = 8.10 Hz), 6.96 (2H, d, J = 

8.10 Hz), 7.70 (2H, d, J = 8.10 Hz) and 8.19 (2H, d, J = 8.10 Hz) (Fig. 2.47).  

Compound 12 appeared to be an isomer of compound 11 changing at the H-4 

position (Fig. 2.47). Compound 13 was isolated as a green solid and the HRESI-MS 

showed a [M+H]+ peak  (calculated for C17H19O5, m/z 303.1226 ) (Fig. 2.48). The 
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1H-NMR spectrum showed a pair of AB doublets (J =15.83 Hz) at δ 7.69 and 6.27, 

again consistent with trans olefinic-protons of a chalcone moiety (Muntha et al., 

2003). Two methoxyl groups δ 3.93 were observed along with 5 aromatic protons at 

δ 6.79 (1H, d, J = 8.10 Hz) assigned to H-2,6; 6.92 (1H, d, J = 8.07 Hz) assigned to 

H-3,5;  7.04 (1H, d, J = 1.0 Hz) assigned to H-6’, 7.09 (1H, d, J= 4.0 Hz) assigned to 

H-3’,  7.14 (1H, s) assigned to H-4’and 7.15 (1H, d, J = 4.0 Hz) assigned to H-4’ and 

a glucopyranosyl moiety (δ 5.93, d, J = 10.31 Hz; 3.59-3.96, m; 4.15, m) (Fig. 2.49) 

 

Figure 2.42 Positive (A) and negative (B) HRESI-MS chromatograms showing the relative 

abundance (y-axis) and the m/z (x-axis) of compound 10. The green arrows point to the labelled peaks 

with corresponding molecular formulae, the deviation between theoretical and actual mass (in ppm) as 

well as the ring and double bond equivalents (RDBE).  
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Figure 2.43 1D 1H-NMR in CDCl3 measured at 400 MHz showing the labelled 

peaks and molecular structure of compound 10. 
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Figure 2.44 1D Nuclear Overhauser Enhancement Spectroscopy (NOESY) spectrum 

of compound 10 in CDCl3 measured at 400 MHz. The arrow shows the correlation 

with H-8; * = irradiated point. 
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Figure 2.45 2D COSY spectrum of compound 10 in CDCl3 measured at 400 MHz. 

The COSY correlations are highlighted in blue lines within the spectrum and the 

molecular structure. 
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Figure 2.46 Positive (A) and negative (B) HRESI-MS chromatograms showing the 

relative abundance (y-axis) and the m/z (x-axis) of compound 11. The green arrows 

point to the labelled peaks with corresponding molecular formulae, the deviation 

between theoretical and actual mass (in ppm) as well as the ring and double bond 

equivalents (RDBE). 
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Figure 2.48 Positive (A) and negative (B) HRESI-MS chromatograms showing the 

relative abundance (y-axis) and the m/z (x-axis) of compound 13. The green arrows 

point to the labelled peaks with corresponding molecular formulae, the deviation 

between theoretical and actual mass (in ppm) as well as the ring and double bond 

equivalents (RDBE). 
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2.7.7.4 N-Methyl Pyrimidine and Salt isolated from F. exasperata 

N-Methyl pyrimidine (14) was also isolated from the active fractions of F. 

exasperata. Compound 14 was isolated with 70% purity. The fraction contained a 

mixture of compound 14 and fatty acid at a ratio of 70:30 in percentages. Compound 

14 appeared as a brown solid with a characteristic odour. HRESI-MS showed a     

[M-1]- peak at m/z 95.0613 corresponding to a molecular formula of C5H7N2 (Fig. 

2.50). The 1H-NMR spectrum showed 4 aromatic protons δ 8.04 (1H, t, J = 6.94 Hz) 

assigned to H-5; δ 8.78 (1H, d, J = 7.82 Hz) assigned to H-4; δ 8.94 (1H, d, J = 5.98 

Hz) assigned to H-6, and δ 9.22 (1H, s) assigned to H-2 (Fig. 2.51). The methyl group 

was observed at δ 4.38 (s, 3H), confirmed from the COSY which showed 

correlations with H-2 and H-4 (Fig. 2.52). Further assignments are presented in Table 

2.9. 
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Figure 2.50 Positive (A) and negative (B) HRESI-MS chromatograms showing the 

relative abundance (y-axis) and the m/z (x-axis) of compound 14. The orange arrows 

point to the labelled peaks with corresponding molecular formulae, the deviation 

between theoretical and actual mass (in ppm) as well as the ring and double bond 

equivalents (RDBE). 

 

A 
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Figure 2.51 1D 1H-NMR spectrum of compound 14 in CDCl3 measured at 400 MHz. 

The molecular structure is shown in orange within the spectrum. 
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Figure 2.52 2D COSY spectra in CDCl3 measured at 400 MHz showing the 

correlations in compound 14. Panel A represents the COSY spectrum between 4.0 

and 9.0 ppm while panel B represents and expanded spectrum showing chemical 

shifts between 7.4 and 9.4 ppm The COSY correlations are highlighted with blue 

lines. 
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Table 2.9 1H-NMR, 13C NMR, COSY and HMBC (400 MHz) of N-methyl 

pyrimidine (14) in CDCl3 

Position 1H (ppm) J (Hz) COSY (H 

→H) 

HMBC 

(H→C) 

13C 

1 -  - - - 

2 9.22 (s)  - 31, 4, 6 146.55 

3 -  - - - 

31 4.39 (s)  - 2,4,5,6 48.17 

4 8.78 (d) 7.82 5,6 31, 5, 6 144.72 

5 8.04 (t) 6.94 4,6 2,31,4,6 127.44 

6 8.94 (d) 5.98 4,5 31, 4, 5 145.80 

 

2.7.7.4.1 Compound 15 

An inorganic salt was also extracted from the leaves of F. exasperata (Table 2.10). A 

1H-NMR spectrum of the compound showed an absence of compound peaks (Fig. 

2.53). 

 

Figure 2.53 The 1H-NMR spectrum of compound 15 in DMSO-d6 from the leaves of 

F. exasperata measured on AS400-JEOL. No peaks corresponding to organic 

compounds were observed, the observed peaks in the figure are solvent peaks. 
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Table 2.10 Semi Quantitative Table showing ICP-MS analysis of Compound 15 

Isolated from the leaves of F. exasperata 

Element Mass Conc Units CPS Time(sec) 

Li 7  -61.703  ng/l 4,180.62  0.10  

Be 9  26.973  ng/l 150.01  0.10  

B 11  1.418  µg/l 6,011.17  0.10  

C 12  1.160  mg/l 316,091.54  0.10  

Na 23  61.317  mg/l 740,125,108.97  0.10  

Mg 24  29.749  µg/l 147,433.74  0.10  

Al 27  1.190  µg/l 12,334.47  0.10  

Si 28  19.504  µg/l 15,897.20  0.10  

P 31  25.597  µg/l 2,510.28  0.10  

S 34  455.950  µg/l 9,302.64  0.10  

Cl 35  147.242  mg/l 1,610,621.69  0.10  

K 39  53.998  mg/l 128,230,248.09  0.10  

Ca 42  53.058  µg/l 11,614.02  0.10  

Sc 45  24.621  µg/l 1,191,352.72  0.10  

Ti 47  574.878  ng/l 250.01  0.10  

V 51  135.724  ng/l 10,563.40  0.10  

Cr 52  242.426  ng/l 21,553.34  0.10  

Mn 55  2.111  µg/l 31,257.54  0.10  

Fe 56  2.455  µg/l 280,251.48  0.10  

Co 59  -3733.001  ng/l 23,556.02  0.10  

Ni 60  1.106  µg/l 20,071.63  0.10  

Cu 63  900.135  ng/l 52,796.10  0.10  

Zn 66  8.480  µg/l 38,501.55  0.10  

Ga 69  -1990.918  ng/l 13,165.36  0.10  

Ge 72  21.898  µg/l 620,032.37  0.10  

As 75  95.952  ng/l 140.01  0.10  

Se 78  1.843  µg/l 470.02  0.10  

Br 79  450.681  µg/l 27,051.08  0.10  

Rb 85  516.917  µg/l 554,615.46  0.10  

Sr 88  7.434  µg/l 16,878.29  0.10  

Y 89  -405112.086  ng/l 140.01  0.10  

Highlighted rows indicate significantly detected elements; CPS = Count per seconds. 
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2.7.7.5 Summary of the Compounds Isolated from the Leaves of F. exasperata 

(Figures 2.54 a-c) 

 

 

 

Figure 2.54a Compounds 1 and 2 isolated from the leaves of F. exasperata 
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Figure 2.54b Compounds 3-10 isolated from the leaves of F. exasperata 
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Figure 2.54c Compounds 11-14 isolated from the leaves of F. exasperata 
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2.7.8 Pharmacological Effects of Identified Compounds on Uterine Contractility 

Representative tracings of the isolated compounds are shown in figures 2.55 – 2.64 

below. The calculated effects of the different fractions on frequency, amplitude and 

area under the curve of uterine contraction are listed in Tables 2.11-2.13. 

 

Figure 2.55 Representative tracings showing the effect of increasing concentrations 

of compound 1 (panel B - E) on spontaneous uterine contractions compared with the 

control recordings (represented in panel A). The tension and time scales shown in A 

above were the same for all figures A-E. 
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Figure 2.56 Representative recordings of increasing concentrations (10 – 200 µg/ml) 

of compound 2 on spontaneous uterine contractions compared with spontaneous 

contractions which were used as the control (A). The tension and time scales shown 

in A were the same for all figures A-E. 
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Figure 2.57 Original recordings showing increasing concentrations of Fr. 28Ea 

(panel B - E) on spontaneous uterine contractions compared with the control (panel 

A). The tension and time scales shown in A were the same for all figures A-E. 
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Figure 2.58 Representative tracings showing increasing concentrations of Fr. 

6/17Ea (10 – 200 µg/ml) on spontaneous uterine contractions compared with the 

control (A). The tension and time scales shown in A were the same for all figures A-

E. 
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Figure 2.59 Original recordings of different concentrations of compound 6 on 

spontaneous uterine contractions compared with the control (A). The tension and 

time scales shown in A were the same for all figures A-E. 
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Figure 2.60 Representative recordings showing increasing concentrations of 

compound 7 (10 -200 µg/ml) on spontaneous uterine contractions compared with the 

control (A). The tension and time scales shown in A were the same for all figures A-

E. 

 

Figure 2.61 Representative recordings showing the effect of trilinolein on uterine 

smooth muscle. Contractions were restored upon washout.  
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Figure 2.62 Representative recordings showing the effect of pyrimidine on uterine 

smooth muscle. Pyrimidine completely abolished uterine contractions at the 

concentrations used (0.1 - 0.5 mM). Contractions were however gradually restored 

upon washout.  

 

Figure 2.63 Representative tracing showing the effect of compound 14 on the non-

stimulated uterus.  
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Figure 2.64 Representative tracing of the effects of compound 15 (KCl isolated from 

the leaves of F. exasperata) at different concentrations on the non-stimulated uterus.   
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Table 2.11 Effect of E1a Fractions on the Contraction Frequency (cycles/5 min) of 

the Uterus 

Fractions Control 50  µg/ml 150 µg/ml 

11 9.3 ± 0.48 7.0 ± 1.15 12.3 ± 1.60 

12 12.5 ± 1.44 15.8 ± 2.78 * 15.0 ± 0.41* 

13 11.8 ± 1.18 11.5 ± 1.32 19.3 ± 0.48 

14-16 15.0 ± 3.54 7.0 ± 6.12 * 2.3 ± 2.39** 

17-19 8.8 ± 2.18 6.5 ± 2.53** 2.25 ± 3.15** 

20 15.8 ± 3.25 14.5 ± 3.84 14.5 ± 3.22 

21 10 ± 5.77 10 ± 1.44  12.75 ± 1.31 

22-24 10.3 ± 2.17 7.5 ± 3.12 4.8 ± 4.27* 

25 7.5 ± 3.23 10.3 ± 2.39 8.0 ± 4.08 

26 9.0 ± 1.23 7.0 ± 4.56 7.0 ± 1.23 

27 13.3 ± 4.48 9.3 ± 3.04* 6.0 ± 1.47** 

28 12.5 ± 1.19 10.3 ± 2.75 5.3 ± 4.21** 

29-30 12.8 ± 1.03 5.0 ± 1.08** 3.0 ± 2.89** 

31-32 11.8 ± 2.75 8.8 ± 1.32 3.3 ± 5.15** 

33 15.0 ± 2.89 8.5 ± 1.44** 5.3 ± 1.89** 

34-36 39.3 ± 0.48 39.8 ± 0.48  45.5 ± 2.10 

37-38 13.5 ± 1.44 8.5 ± 1.44* 5.7 ± 4.33** 

39 14.5 ± 1.04 9.8 ± 0.63** 4.5 ± 2.10** 

40-41 12.8 ± 1.60 10.3 ±0.63 9.5 ± 0.65 

42 10.0 ± 3.54 13.0 ± 1.23 10.8 ± 0.48 

43-45 11.8 ± 1.18 7.3 ± 2.17* 5.3 ± 1.11** 

46-48 8.8 ±4.27 8.8 ± 4.30  6.3 ± 3.75 

49-56 11.5 ± 3.6 10.4 ± 4.2 10.4 ± 2.6 

Shaded rows indicate fractions of E1 with significant effect on the contraction 

frequency of the uterus. *p<0.05; **p<0.01; n= 4-6 experiments  
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Table 2.12 Effect of E1a Fractions on the Contraction Amplitude (g) of the 

Uterus 

Fractions Control 50  µg/ml 150 µg/ml 

11 4.92 ± 0.05 4.78 ± 0.11 4.25 ± 0.16 

12 4.46 ± 0.56 5.36 ± 0.42 4.60 ± 0.35 

13 4.94 ± 0.49 4.97 ± 0.22 4.69 ± 0.37 

14-16 4.65 ± 0.41 4.39 ± 0.43 3.68 ± 0.27 

17-19 4.76 ± 0.27 4.47 ± 0.11 4.34 ± 0.22 

20 4.29 ± 0.22 4.42 ± 0.21 4.07 ± 0.08 

21 5.2 ± 0.35 5.1 ± 0.18 4.4 ± 0.20 

22-24 3.62 ± 0.10 3.20 ± 0.12 2.07 ± 0.19** 

25 5.39 ± 0.09 5.16 ± 0.14 4.16 ± 0.05** 

26 5.26 ± 0.02 4.69 ± 0.25 3.79 ± 0.27* 

27 4.69 ± 0.12 4.50 ± 0.17 4.31 ± 0.05 

28 4.26 ± 0.39 3.95 ± 0.12 3.82 ±0.17 

29-30 3.63 ± 0.27 3.00 ± 0.48  2.37 ± 0.12** 

31-32 4.08 ± 0.08 3.46 ± 0.02 ** 2.48 ± 0.19** 

33 3.49 ± 0.02 3.08 ± 0.22* 2.48 ± 0.23**  

34-36 4.33 ± 0.43 3.58 ± 0.42 2.87 ± 0.44? 

37-38 3.49 ± 0.15 3.07 ± 0.33* 2.46 ± 0.19** 

39 3.16 ± 0.42 3.01 ± 0.41 2.15 ± 0.29 

40-41 3.37 ± 0.29 2.94 ± 0.34 2.22 ± 0.27* 

42 2.97 ± 0.37 2.59 ± 0.25 2.91 ± 0.36 

43-45 3.32 ± 0.21 2.77 ± 0.13 2.26 ± 0.15 

46-48 3.34 ± 0.05 3.14 ± 0.02  2.84 ± 0.16** 

49-56 3.19 ± 0.51 3.14 ± 0.29 2.44 ± 0.37 

 

Shaded rows indicate fractions of E1 with significant effect on the amplitude of 

uterine contraction. *p<0.05; **p<0.01; n= 4-6 experiments. 
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Table 2.13 Effect of E1a Fractions on the AUC (g. s) of the Uterus 

Fractions Control 50  µg/ml 150 µg/ml 

11 318.89 ± 23.43 286.31 ± 28.41 236.05 ± 16.42 

12 313.37 ± 12.19 261.49 ± 0.83* 242.25 ± 15.36** 

13 304.48 ± 13.03 297.52 ± 24.50 239.54 ± 6.03* 

14-16 187.72 ± 12.91 121.90 ± 10.07** 69.33 ± 4.79** 

17-19 185.00 ± 8.66 129.43 ± 7.18** 71.79 ± 2.97** 

20 189.05 ± 14.66 225.92 ± 6.04 202.42 ± 9.03 

21 209.74 ± 3.09 254.89 ± 8.41 292.45 ± 9.61** 

22-24 286.89 ± 9.09 258.45 ± 1.17* 174.32 ± 16.36** 

25 254.81 ± 15.17 231.37 ± 7.36 197.46 ± 6.87 ** 

26 216.76 ± 5.47 189.88 ± 3.79** 149.21 ± 1.26** 

27 220.01 ± 1.29 173.02 ±5.95 134.92 ± 0.80** 

28 211.36 ± 17.92 161.25 ± 16.08 125.82 ± 4.86** 

29-30 321.02 ± 12.13 218.41 ± 14.94** 158.20 ± 12.61** 

31-32 174.54 ± 10.34 128.36 ± 10.09* 62.66 ± 6.52 ** 

33 164.38 ± 15.92 114.42 ± 12.51* 64.62 ± 9.34** 

34-36 445.16 ± 1.15 396.69 ± 17.87* 339.98 ± 10.83** 

37-38 152.51 ± 15.95 102.12 ± 12.73* 65.39 ± 11.86** 

39 360.17 ± 8.70 305.79 ± 17.72  258.71 ± 24.29** 

40-41 318.91 ± 8.37 304.81 ± 2.78 220 ± 1.08** 

42 302.52 ± 15.32 260.46 ± 16.31 316.70 ± 11.77 

43-45 238.18 ± 4.58 184.26 ± 9.00** 143.46 ± 1.52** 

46-48 291.23 ± 1.13 238.03 ± 3.34** 181.62 ± 1.19** 

49-56 259.38 ± 6.90 205.74 ± 14.23** 187.00 ± 12.04** 

*p<0.05; *p<0.01; n=4-6 experiments. 
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2.7.8.1 Effect on Spontaneous Uterine Contractility 

Compounds 1, 2, Fr. 28Ea, Fr. 6.17Ea and 6 reduced the frequency and amplitude 

of spontaneous uterine contractions (Fig. 2.65 and 2.66). Each of these compounds 

exerted significant concentration-dependent inhibitory effects (p<0.01) at all 

concentrations used. Commercially purchased trilinolein produced inhibitions at 0.1 

mM (Fig. 2.67). However, Fr. 28Ea and Fr. 6.17Ea appeared to exhibit greater 

potency as these were mixtures containing more than three identified compounds. 

Compound 7 on the other hand appeared to produce varied effects of inhibition and 

stimulation, though the inhibitory component was considered statistically non-

significant while significant stimulatory effects (p < 0.01) being very evident at 200 

µg/ml (Fig. 2.65C and 2.66C). Additionally, after each wash there was consistently 

observed an increase in tension (Fig. 2.60) which lasted for over 5 min. Trilinolein 

and pyrimidine which were commercially purchased were found to concentration-

dependently inhibit uterine contractions at the concentrations used (Fig. 2.67). 

Compound 14 stimulated significant increases (p < 0.05) in the frequency and 

amplitude of the isolated uterus at 30 µg/ml (Fig. 2.63 and 2.69). Compound 15 

similarly stimulated a concentration-dependent increase in the frequency and 

amplitude of the isolated uterus (Fig. 2.64 and 2.68). 
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Figure 2.65 The effects of compounds from the leaves of F. exasperata on the 

frequency of spontaneous uterine contractions. Shown are concentration–response 

curves for compounds 1, 2 and Fr. 28Ea (A) (n = 5 animals), Fr. 6.17Ea; Compound 

6 (B) and compound 7 (C) (n = 5 animals). Data points for each set of experiments 

represent mean ± S.E.M.  
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Figure 2.66 The effects of compounds from the leaves of F. exasperata on the 

amplitude of spontaneous uterine contractions. Shown are concentration–response 

curves for compounds 1, 2 and Fr. 28Ea (A) (n = 5 animals), Fr. 6.17Ea; 6 (B) and 

compound 7 (C) (n = 5 animals). Data points for each set of experiments represent 

mean ± S.E.M. 
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Figure 2.67 The effect of trilinolein and pyrimidine on the frequency and amplitude 

of spontaneous contractions, n = 5 animals. Data points for each set of experiments 

represent mean ±SEM. 
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Figure 2.68 Concentration-response curves showing the effect of increasing 

concentrations of compound 15 (KCl isolated from the leaves of F. exasperata) on 

spontaneously contracting uterine tissue.  The effect on frequency is shown in panel 

A and the effect on amplitude is shown in panel B. n= 5 animals.  
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Table 2.14 Contractility Parameters for Inhibitory Compounds on Spontaneous 

Contractions of the Isolated Non-Pregnant Mouse Uterus 

 Frequency Amplitude 

Compounds pEC50 Emax (cycles/5 

min) 

pEC50 Emax (g) 

1 1.47 ± 0.08 a 24.64 ± 6.83b 1.57±0.08 c 41.96 ± 4.0d 

2 1.49 ± 0.05a 50.43 ± 11.03b 1.46±0.02 c 56.51 ± 6.3 d 

Fr.28Ea 1.45 ± 0.05 a 51.56 ± 11.43b* 1.55 ± 0.11c 51.91±13.99 d 

Fr. 6.17Ea 1.37±0.11 a 63.33 ± 10.59 b* 1.64 ± 0.09 c 68.26 ± 2.52 d 

6 1.5 ± 0.09 a 56.88 ± 5.70* 1.54 ± 0.12 c 50.58 ± 9.71 d 

7* n.d. n.d. n.d. n.d. 

 

Maximum values are expressed as a percentage of the response to spontaneous 

contractions which was used as the control. Emax represents maximal effect and 

pEC50 represents the average half maximal effect. Data represents means ± SEM for 

n = 5 animals. Values with the same superscript are not significantly different from 

each other. P ≤ 0.05 was considered significant in all cases.   

The EC50 for compound 7 could not be determined; n.d. = not detected 
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Figure 2.69 Bar graphs displaying the effect of compound 14 on uterine 

contractions.  The percentage change in response is displayed in the left y-axis while 

the frequency and amplitude are displayed in the x-axis * p<0.05; n=5 animals. 

 

 

 

 

  

 

 

 

 



 

160 
 

2.7.8.2 Effect on Oxytocin-induced Uterine Contractions 

Original representative recordings showing the effects of compounds 1, 2, Fr. 28Ea, 

Fr. 6.17Ea, 6 and 7 on OT-induced uterine contractions can be seen in figures 2.70, 

2.71, 2.72, 2.73, 2.74, 2.75 respectively. An original representative tracing showing 

the effect of commercially purchased pyrimidine can also be seen in fig. 2.76. 

Compounds 1, 2, Fr. 28Ea, Fr. 6.17Ea, and 6 inhibited both the frequency and 

amplitude of OT-induced uterine contractions (Fig. 2.77 and 2.78). Compound 1, 

compound 2 and Fr. 28Ea decreased the frequency of OT-induced contractions with 

variable effects on the amplitude (Fig. 2.77 and 2.78). Interestingly, however, 

compound 7 appeared to stimulate an increase in frequency but inhibit the amplitude 

of OT- induced contractions (Fig. 2.77 and 2.78).  

 

 

 

 

 

 

 

 

 

 



 

161 
 

 

Figure 2.70 Original recording showing the effect of compound 1 on OT-induced 

uterine contractions. Compound 1 was added at concentrations of 70 and 200 µg/ml 

to OT-stimulated uterine contractions in order to assess the effect on agonist induced 

stimulation. 

 

 

Figure 2.71 Original recording of compound 2 on OT-induced uterine contractions. 

At concentrations of 70 and 200 µg/ml, compound 2 was added into OT-stimulated 

uterine contractions to assess the effect on agonist stimulated contractions. 
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Figure 2.72 Original tracings of Fr. 28Ea on OT-induced uterine contractions. 

Fraction 28Ea was added at concentrations of 70 and 200 µg/ml to OT-stimulated 

uterine contractions in order to assess the effect on agonist induced stimulation. 

 

 

Figure 2.73 Original tracings of Fr. 6.17Ea on OT-induced uterine contractions.  At 

concentrations of 70 and 200 µg/ml, Fr.6.17Ea was added into OT-stimulated 

uterine contractions to assess the effect on agonist stimulated contractions. 
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Figure 2.74 Representative tracing of compound 6 on OT-induced uterine 

contractions. Additions were made at concentrations of 70 and 200 µg/ml in the 

presence of OT and observed. 

 

 

Figure 2.75 Representative tracing of compound 7 on OT-induced uterine 

contractions. The effect of compound 10 at concentrations of 70 and 200 µg/ml were 

observed in the presence of OT. 
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Figure 2.76 Original recording of the effect of pyrimidine on OT-induced 

contractions. At concentrations of 0.1 and 0.5 mM, pyrimidine was added into OT-

stimulated uterine contractions to assess the effect on agonist stimulated contractions. 

 

 

 

Figure 2.77 The effects of compounds from the leaves of F. exasperata on the 

frequency of OT-induced uterine contractions. Shown are concentration–response 

curves for 1, 2 and Fr. 28Ea (A) (n = 5-6 animals), Fr. 6/17Ea; 6 and 7 (B) (n = 5–6 

animals). Data points for each set of experiments represent mean ± S.E.M.  
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Figure 2.78 The effects of compounds from the leaves of F. exasperata on the 

amplitude of OT-induced uterine contractions. Shown are concentration–response 

curves for 1, 2 and Fr. 28Ea (A) (n = 5-6 animals), Fr. 6/17Ea; 6 and 7 (B) (n = 5–6 

animals). Data points for each set of experiments represent mean ± S.E.M.  

 

2.7.8.3 Effect on KCl-induced Uterine Contractions 

Compounds 1, 2, Fr. 28Ea, Fr.6.17Ea and 6 displayed no significant inhibition of 80 

mM KCl-induced contractions including trilinolein. 
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Table 2.15 Summary Table for Active Compounds Isolated from the Leaves of 

Ficus exasperata 

Compounds Molecular 

Weight 

(g/mol) 

Molecular 

Formula 

Fraction  Uterine Activity 

1 617.5139 C39H69O5 Fraction 14 E1 Inhibition 

2 135.0650 C5H11O4 Fraction 37 E1 Inhibition 

3 869.5582 C55H73N4O5 Fraction 6-17E1 Inhibition/Contraction 

4 607.2917 C36H39N4O5 Fraction 6-17E1 Inhibition/Contraction 

5 593.2754 C35H37N4O5 Fraction 6-17E1 Inhibition/Contraction 

6 535.2704 C33H35N4O3 Fraction 4-31E1 Inhibition 

7 635.2888 C37H39N4O6 Fraction10-22E1 Inhibition/Contraction 

8 884.5430 C55H73N4O6 Fraction10-22E1 Inhibition/Contraction 

9 607.2549 C35H35N4O6 Fraction10-22E1 Inhibition/Contraction 

10 285.0757 C16H13O5 Fraction 28E1 Inhibition 

11 259.1330 C16H13O5 Fraction 28E1 Inhibition 

12 259.1330 C16H13O5 Fraction 28E1 Inhibition 

13 289.1432 C17H19O5 Fraction 28E1 Inhibition 

14 95.0604 C7H5N2 Fraction M1 Contraction 

15 74.5513 KCl Fraction M1 Contraction 

 

 

2.8 Discussion  

2.8.1 Plant Extraction 

The extract yields obtained from the use of the two plant extraction procedures in 

this study, the maceration process and the Soxhlet Apparatus were examined. The 

results showed that the yields were comparable (Sections 2.6.2). That a non-polar 

solvent (such as hexane) was not employed during the maceration process may have 

resulted in more compounds in E2 and the similarity between  the 1H-NMR of H1 

and E2 as well as the subtle differences in the proton signals observed between E1 

and E2 (Fig 2.11 a and b). This may also account for the slightly higher yield of E2 

compared with E1.   
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2.8.2 TLC Analysis of Extracts 

Observation of the TLC plates under UV wavelength 365 nm showed some bands 

with distinguishable red fluorescing zones which were most probably due to 

chlorophyll (French and Huang, 1957; Emerson, 1957; Tomkins and Miller, 1994). 

These zones also appeared as green spots on the TLC plates (Fig. 2.2 and Fig. 2.3). 

Chlorophyll and its derivatives exist as either lipophilic or hydrophilic chlorophyll, 

thus depending on the solvent elution system applied, it could elute at differing 

distances along the TLC plate (Lavallee et al., 1982; Ferruzzi and Blakeslee, 2007). 

Chlorophyll a, appears as dark green, while chlorophyll b may appear as pale yellow, 

yellow or orange (Thorne et al., 1977). Pheophytin a and b are chlorophyll 

derivatives in which the chlorophyll lacks a magnesium ion and may also appear as 

green spots above the chlorophyll zones (Thorne et al., 1977; Quach et al., 2004). 

The yellowish colour observed at an Rf of 0.96 and 0.62 on the TLC plates that were 

not sprayed with reagents (Fig. 2.2 and 2.3) may represent the presence of fatty 

acids. Complex lipids such as glycosphingolipids and phospholipids usually remain 

at the origin and the simple lipids such as cholesterol esters, triglycerides, free fatty 

acids, cholesterol and diacylglycerol migrate along the plate when using mobile 

phases such as hexane and diethylether (Christie and Han, 2003) or in this instance 

ethyl acetate. Upon spraying with the anisaldehyde-sulphuric acid reagent a deep 

pink colour was observed. This deep pinkish colour was more intense at Rf 0.96 and 

0.5 in H1 and E2 (Fig. 2.2 and Table 2.1) indicating the probable presence of a 

combination of simple lipids and some less complex lipids (Wagner et al., 2009). 

The additional presence of carotenoids cannot be ruled out as they are usually in 
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combination with some lipids and are also observed as yellow bands on the TLC 

plates (Quach et al., 2004).  

The blue fluorescence observed under UV 365 nm which took up subtle 

violet colouration on plates  sprayed with the anisaldehyde reagent respectively, at Rf 

0.44 and 0.48 (Fig. 2.2, Fig. 2.3 and Table 2.1) may indicate the presence of 

alkaloids (Wagner et al., 2009). 

 

2.8.3 1H-NMR Analysis of Extracts of F. exasperata 

The 1H-NMR spectra of all extracts enabled a preliminary assessment of the range of 

peaks and likely classes of compounds expected. At the crude stage, each extract was 

a complex mixture of compounds, and definite conclusions could not be reached. 

However a few observations can be made.  E1 displayed some peaks up to 11.5 ppm 

signifying the probable presence of carboxylic acids. Also more peaks were observed 

in E1 within the olefinic region and especially within the sugar and alcohol regions 

(4 - 5 ppm) compared to E2. The most intense of peaks in M1 occurred within the 

aliphatic and olefinic region. There was observed a reduced density of peaks within 

the aliphatic region compared to H1, E1 and E2. There was also observed 

broadening underneath the peaks at the olefinic regions (Fig. 2.11a) which are 

usually indicative of a number of factors one of which is the presence of salts or 

water. The peaks occurring in W2 and B2 showed similar distribution to each other 

in the chemical shifts from the aliphatic region to the aromatic region up to 9.2 ppm. 

The density of peaks in the aliphatic region was also much reduced compared to H1, 

E1 and E2.  M1, W2, and B2 showed similarities in peaks (Fig. 2.11a and b) 
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however M1 had the most number of peaks. H1, E1 and E2 also showed similarities 

in certain peaks (Fig. 2.11 a and b) but E1 was distinctly different owing to the 

presence of peaks within 3.2 to 4.0 ppm which signifies the probable presence of 

alkyl groups attached to electronegative groups or the presence of alcohols or ethers. 

 

2.8.4 LC-ESIMS Analysis of Extracts of F. exasperata 

The total ion current chromatogram (TIC) and base peaks of the LC-HRFTMS data 

of the extracts were observed in the absence of a search for specific masses or peaks. 

The total ion chromatogram is a representation of the summed intensities of a range 

of masses across every point in the analysis where the masses are being detected 

(Anderegg, 1990). The base peak chromatogram on the other hand is quite similar to 

TIC but only the most intense peaks in the spectrum are displayed (Murray et al., 

2013). Base peak chromatograms therefore provide more information on the analytes 

than the TIC chromatogram. The information provided by the TIC is also quite 

limited compared to an extracted ion chromatogram (XIC) also called a reconstructed 

ion chromatogram (RIC) in which one or more specific m/z values are obtained or 

‘extracted’ from the entire chromatographic analysis and are usually created using a 

data-analysis process. The XIC is useful for: detection of unknown analytes, 

detection of potential isomers, resolution of suspected co-eluting substances, or for 

the production of clean chromatograms with compounds of interest (Murray et al., 

2013). For the extracts, a base peak chromatogram was displayed as each extract was 

still at the crude stage. The peak at Rt 10.00 min which was common to all extracts 

(Fig. 2.12 and 2.13) was probably an artefact from the solvent. M1 and W2 exhibited 

fewer similar peaks which also occurred at the same retention times (Fig. 2.13). This 
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is suggestive of fewer compounds in the polar extracts compared to the others. Peaks 

exhibited by B2 at Rt 6.9-8.3 min are suggestive of the presence of polar low 

molecular weight compounds (Fig. 2.13). A peak at Rt 27.70-27.72  min was 

common to H1 and E2 while a peak at Rt 41.3 min was common to E1 and E2 (Fig. 

2.12).  Peaks at 32.9-34.45 min were common to M1 and W2 while a peak at Rt 

34.34 min was common to M1, B2 and W2 (Fig. 2.13).  

 

2.8.5 Uterine Contractility Effect of Extracts 

An assessment of the effect of the extracts on frequency and amplitude of uterine 

contractions was performed and the integral of the effects was also computed.  

M1, B2 and H1 produced an increase in the frequency of uterine 

contractions, though the effect of B2 can be considered transient. The reason for this 

is yet to be determined however possible hypotheses are interaction with voltage-

dependent calcium channels, allowing an influx of extracellular calcium and 

enhancing contractions or due to inhibition of voltage-dependent potassium channels 

which Aaronson et al. (2006) proposed as a major contributing factors to basal 

myometrial contractility.  

It was also observed that the extracts which increased the frequency of 

uterine contractions produced a concurrent decrease in the amplitude. A probable 

reason why a drug can affect the frequency of uterine contractions independent of the 

amplitude might be due to a lack of effect or an opposing effect on the endogenous 

pacemaker cells, which was noted by Mackler and colleagues, (1999) to reside in 

uterine tissues. The pacemaker cells in the uterus directly affect the gap junction 
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assembly and will either increase or decrease cellular communication, and 

consequently uterine contractions. The presence of endogenous oscillator within the 

uterus regulates the amplitude of contractions (Mackler et al., 1999). This uterine 

oscillator differs from the neuroplexus pacemaker which coordinates smooth muscle 

activity in the gastrointestinal tract.  

 

2.8.6 Fatty Acids Isolated from F. exasperata 

The compound 1,3-dilinolein (compound 1), as well as 3-O-glycerolmonoacetate 

(compound 2) were isolated and identified from the leaves of F. exasperata and these 

were observed to exert significant inhibitory effects on the frequency and amplitude 

of uterine contractions. Fats as lipids have been described as biological compounds 

that include cholesterol, triacylglycerol and phospholipids, all of which play 

important biological roles (Mattos et al., 2000). Phospholipids for instance make up 

the cellular membranes and act as precursors for several effector compounds e.g. the 

eicosanoids, while cholesterol, which is also a cell membrane component, acts as a 

precursor for steroidal hormones. The functions of these fatty acids are considered to 

be largely dependent on their structure. The esterification of fatty acids to the 

hydroxyl groups of glycerol results in the production of triacylglycerols (TGs), 

diacylglycerols and monoacylglycerols (Murphy et al., 2007). The diacylglycerols 

can serve as intermediates both in the synthesis and metabolism of TGs but are also 

important signalling molecules (Murphy et al., 2007). Essential fatty acids (EFAs) 

and metabolites of both the linoleic acid (LA, n-6) and linolenic acid (LnA, n-3) 

series contribute to the regulation of gestation and parturition (de Groot et al., 2004). 

It has been reported that administration of very long chain n-3 fatty acids may 
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prolong the gestation periods in animals and humans through interference with the 

production of prostaglandins in reproductive tissues (de Groot et al., 2004). This 

effect may also be related to the interference of arachidonic acid (ARA) metabolism 

in vivo which may ultimately regulate uterine contraction. Conjugated linoleic acids 

(CLA) have also been reported to inhibit prostaglandin synthesis in-utero (Harris et 

al., 2001). Reduction of prostaglandin production and possibly extension of gestation 

period with the use of supplements of DHA or CLA is suggested to be beneficial in 

preterm birth (Harris et al., 2001). The compound LA n-6, has been reported to 

inhibit ARA (Harris et al., 2001) resulting in the accumulation of ARA subsequently 

activating stretch-dependent potassium channels (TREK) channels and further 

inhibition of uterine contractions (Tichenor et al., 2005). Studies have also 

demonstrated LA n-6 direct inhibition of prostaglandins in the non-pregnant uterus in 

vitro (Cheng et al., 2003; Cheng et al., 2001). In general, fatty acids have been 

reported to directly activate calcium channels as well as modulate the effect of cell 

signalling pathways on the myometrium (Allen and Harris, 2001). All of these may 

explain in part the effect of 1,3-dilinolein as well as 3-O-glycerolmonoacetate on 

uterine contractility.  

In consideration of possible structure-activity relationships, trilinolein was 

commercially purchased and tested and compared with the isolated 1,3-dilinolein 

(compound 1) under the same conditions. It may appear that dilinolein is a more 

potent uterine inhibitory agent compared to trilinolein. Inhibition by dilinolein was 

observed to begin at 0.1 nM and a greater effect at 0.32 nM (calculated from the 

molecular weight) while trilinolein exhibited inhibition at 0.1 mM though producing 

an almost complete inhibition at 0.3 mM. Based on this observation it is suggested 
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that modification of the dilinolein structure may produce significantly potent 

tocolytic drugs, especially as it seems that the loss of an extra FA chain may increase 

activity. It is also proposed that modification of the monoacetate structure may 

increase activity probably by increasing the chain length and/or the hydroxyl groups. 

 

2.8.7 Pheophorbides and Pheophytins  

Chlorophylls are the natural pigments responsible for the green colour of vegetation 

(Hornero-Mendez et al., 2005). During processing and storage, chlorophylls may 

undergo chemical and physical changes as a result of their structural properties and 

their ability to harvest energy. Therefore chlorophylls and their derivatives can be 

used as treatment (Hornero-Mendez et al., 2005). During the extraction process, 

pheophytinization of the chlorophyll pigments occurs depending on the types of 

chlorophylls originally present. The pheophytins also appear to be a more stable form 

of chlorophyll. The pheophytins have been studied for their cytotoxic effects (Hajri 

et al., 2002; Tan et al., 2011; Wongsinkongman et al., 2002) as a result of their 

ability to photosensitize. Pheophorbide-a derivatives such as pheophytin-a and 

pheophytin-a methyl esters, are frequently used as photosensitizers in photodynamic 

therapy (Dai et al., 1992; Kessel and Smith, 1989). Pheophorbide-a, for instance is 

commonly utilized therapeutically for photodynamic therapy of certain diseases such 

as leukaemia, pigmented melanoma, colonic cancer, hepatoma and uterine 

carcinosarcoma by mechanisms of autopsies and autophagy (Bui-Xuan et al., 2010). 

There have however been no reports, correlations or connections of pheophorbides 

with uterine contractility and this study would therefore be the first report of the 

effects of pheophorbide derivatives on uterine contractility.  



 

174 
 

New derivatives of both pheophorbide-a and -b were identified in this study. 

Pheophorbide-a is a metabolite of plant cells that is formed when chlorophyll a loses 

a magnesium ion and a phytyl group through enzyme action (chlorophyllase) (Bui-

Xuan et al., 2010) and it is characterized by the absence of the aldehyde functional 

group on the ring structure. The mixture containing pheophorbide-a derivatives and 

pheophorbide a appeared to have an interesting effect on uterine contractility. It was 

observed that while the amplitude of contraction was moderately reduced there 

seemed to be an increase in frequency, which appeared in bursts of contractions 

rather than a rhythmic sequel. In the myometrial layer, the depolarizing phase 

responsible for the produced spikes is a result of inward currents carried by Ca2+ and 

Na+ ions (Garfield and Maner, 2007), suggesting a possible involvement of the 

pheophorbide-a derivatives with calcium ions in uterine contractility. Pheophorbide b 

derivatives also displayed somewhat interesting activities on the uterus; the long 

chain pheophorbide b derivative was not tested in this study due to very low yield   

(2 mg). However, the short chain derivative appeared to exhibit dual activities 

(stimulation and inhibition) on spontaneously contracting tissues while inhibiting 

oxytocin-induced contraction. The contractile effect was not abolished after washing 

instead a sustained increase in both the frequency and amplitude of contractions after 

washing was observed. At this stage it is suggested that synthesis of the short chain 

pheophorbide-b derivative be performed and tested for further confirmation of its 

activity on the uterus, however the distinct contractile effect on spontaneous 

contraction makes it a potential agent for the management of dysfunctional labour. 
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2.8.8 Flavonoids 

The term “flavonoid” is generally used to define an extensive range of natural 

products that consists of a C6-C3-C6 carbon structure. Flavonoids can also be 

specifically described as having a phenylbenzopyran functionality. Several biological 

actions have been associated with the hydroxymethoxyflavones group of the 

flavonoids (e.g. chrysoeriol and diosmetin) (Park et al., 2007). There are also the 

phytoestrogens, considered a very important and interesting group of flavonoids (e.g. 

isoflavones: genistein derivatives) and antioxidants (anthocyanins: flavonols and 

flavones (Prasain et al., 2004).  Studies have reported the isoflavones and chalcones 

to possess modest estrogenic activity possibly due to the structural similarities 

between the oestradiol nucleus and the flavonoids (Lain et al., 1996; Liu et al., 1994; 

Miksicek, 1995). Certain flavones have also been reported to inhibit the enzyme 

cytochrome P450 (Zhai et al., 1998). Overall these compounds may exert significant 

effect on the reproductive physiology. It was also reported that flavonoids present in 

the plant B. pinnatum may contribute to the inhibition of myometrial contractility 

(Wachter et al., 2011). It has been suggested that flavonoids exert betamimetic 

activities on the myometrium (Revuelta et al., 1999). In addition flavonoids may 

contribute to the increase in the phospholipid diacylglycerol and also play a role in 

the activation of the mammalian mitochondrial Ca2+ uniporter (Lee et al., 2002). In 

contrast, naringenin and naringenin glycosides were reported to block hERG K+ 

channels (Zitron et al., 2005) possibly via an indirect action on kinase activity. In this 

study the mixture containing five flavonoids was found to significantly inhibit 

uterine contractility. The mechanism at this stage is unknown as further 

pharmacological characterization could not be continued due to low yield. It is again 
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suggested that the flavonoids isolated from F. exasperata poses as potential tocolytic 

agents and further studies as well as synthetic modifications should be performed. 

 

2.8.9 Pyrimidines 

There is evidence to suggest that substituted pyrimidine derivatives promote 

myometrial relaxation. A relaxant effect on the uterus by a dihydropyrimidine 

derivative has been reported (Salwan et al., 2011). Imatinib, a 2-

phenylaminopyrimidine inhibits uterine contraction by alteration of pacemaker 

activities within the uterus (Allix et al., 2008). It was therefore an interesting 

observation that N-methyl pyrimidine isolated from the leaves of F. exasperata 

contracted the uterus as opposed to the unsubstituted pyrimidine which was 

commercially purchased. The unsubstituted pyrimidine (commercially purchased) 

was found in this study to inhibit the frequency and amplitude of uterine contractions 

at concentrations of 0.1-0.5 mM, while the isolated N-methyl substituted pyrimidine 

stimulated both the frequency and amplitude of uterine contractions at concentrations 

of 30 µg/ml. Further evaluations were not possible due to low yield. Close 

observation of the structure-activity relationship suggests that methyl substitutions 

may promote stimulatory effects which may be potentiated by substitutions on the 

nitrogen rather than on the carbon moiety. Again, N-methyl pyrimidine poses as a 

potential agent for the management of dysfunctional labour and it is suggested that 

targeted modification of the pyrimidine structure might lead to the production of 

compounds with inhibitory activities on the one hand and with stimulatory effects on 

the other.  
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2.8.10 Compound 15 

A white crystalline compound was also isolated from the leaves of F. exasperata 

which as described earlier was identified as potassium chloride salt with a weight of 

4.45 g from M1. The absence of peaks in 1H-NMR of the compound suggested the 

presence of an inorganic compound which significantly stimulated uterine 

contractions.  

 

2.9 Conclusion 

The isolation and improvement of natural products for medicinal use has been in 

existence and one of the earliest examples is the conversion of salicylic acid to 

aspirin (Rishton, 2008). To date this process of improving natural products is still on 

going and cuts across a wide range and source of natural products. In this study, 

uterine active chemical compounds have been isolated from the leaves of F. 

exasperata. With the increased search for efficacious, potent and safe drugs to curb 

preterm labour as well as for the management of dysfunctional labour, F. exasperata 

has offered new starting natural product materials which can be improved for further 

analysis targeting therapeutic efficacy in comparison with existing drugs for similar 

conditions.  This study also supports previous findings which reported a dual effect 

of the crude aqueous extract of F. exasperata on uterine contractions. 
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CHAPTER THREE  

DEVELOPMENT OF A METABOLOMIC MODEL FOR THE 

DETERMINATION OF MYOMETRIAL FUNCTION 
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3.0 Introduction 

Animal models are frequently used in the study of diseases. Due to the low 

throughput observed with the use of conventional invivo animal models, coupled 

with the relatively large quantities of compounds required for testing in these 

systems, invivo assay-guided fractionation is currently considered by some as an 

ineffective approach for the discovery of drug-like natural products (Crawford et al., 

2011).  By quantitative measurement of responses of several systems to different 

stimuli, metabolomics attempts to investigate the chemical changes and fluctuation 

within cells of organisms (Werth et al., 2010). Metabolomics is therefore an 

important component in biomarker studies (Lu and Xu, 2008). Metabolites are 

functional units released within cells in response to signals. Measurement of these 

metabolites therefore can provide understanding into the basic mechanisms of 

several metabolic actions (Lin et al., 2007). Sampling during metabolomic analysis 

measurement can include biofluids and/or tissues and in such instances the tissue 

samples can be used to investigate specific information related to the tissue or organ 

while the study of  biofluids projects the metabolic changes that have occurred in an 

animal’s organs (Heijne et al., 2005). This process is commonly employed for the 

investigation of certain diseases states (Pears et al., 2005; Stentiford et al., 2005) or 

toxicity sites (Garrod et al., 2001).  

The uterus has been described as ‘the poor sister among isolated tissues in the 

pharmacologist’s armamentarium’ due to the extensive hormonal network, receptors, 

ion channels and signalling systems which makes the uterine tissue a significant 

biological challenge (Crankshaw, 2001). A better understanding of myometrial 

function, as a means of tackling conditions of reproductive abnormalities (e.g. 
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preterm birth) is required.  Metabolomics is increasingly being employed in a wide 

variety of research fields. Its use is based on its effectiveness in the detection and 

identification of several spectral features that are used to identify metabolites 

released in response to cellular activity (Griffin, 2006; Varghese et al., 2010; 

Wiklund et al., 2008).  Metabolomic methods which involve high resolution Fourier 

transform mass spectrometry (HRFTMS) and 1D/2D NMR have consistently proven 

effective for such analyses (Lokhov and Archakov, 2009). Detection of metabolites 

serves as fingerprints of the biological system, while taking into consideration both 

internal factors (e.g. genetic) and external factors (e.g. disease or drug treatment) 

(Wang et al., 2008). Metabolomic techniques and technologies are increasingly being 

improved, and are an important part of systems biology and biomarker discovery. 

Mass spectrometry (MS) and NMR spectroscopy are the two core technologies used 

in metabolite analysis. Coupled with liquid chromatographic separation, the MS 

technique offers advantages in automation, resolution and sensitivity.  

This study also attempts to identify biomarkers for the assessment of uterine 

function in vitro. An important question in many metabolomic studies is: has an 

altered metabolic state (e.g., disease, mutation, diet, and drugs) been observed to be 

different or similar to the reference state. One of the most common statistical 

approaches for the analysis of metabolomic data is principal component analysis 

(PCA) and partial least squares discriminant analysis (PLS-DA) (Werth et al., 2010). 

PCA or PLS-DA transforms data obtained from high-throughput analysis or 

measurements into an informative visual presentation (scores plot). The score plot 

enhances understanding of the data as it groups biological samples into clusters of 

either similar or different groupings (Werth et al., 2010). The PCA is used in the 
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determination of the uniformity of the imported data using the scatter plot (usually of 

the first two score vectors (t1-t2) and outliers, groupings, and trends are observed. 

Points that lie furthermost form the rest of the group are referred to as strong outliers 

in the scatter plot.  The SIMCA analytical software is commonly employed for the 

supervised classification method based on PCA. It enables the creation of a distinct 

PCA model for each known class of observations which are then used to classify the 

unknown. This is occurs by the calculation of these observations into each 95% 

confidence interval PCA class model. It has also been recommended that PCA is 

performed as the first process of statistical analysis in the analyses of multivariate 

data as it provides hidden information in the data. It has been suggested that 

additional information can be obtained through the use of more advanced 

multivariate methods (Trygg et al., 2007).  SIMCA uses projections to latent 

structures analysis in situations where it a measurable relationship between two data 

tables (X and Y) is required between a matrix, X. Where the X data is usually 

spectral or chromatographic data, and the matrix Y is usually quantitative values (e.g. 

concentrations of endogenous metabolites). In situations where the Y matrix contains 

qualitative values (e.g. gender and sample treatment), PLS can also be used. The 

generated PCA scores and loading plots and all residuals are employed to assist 

interpretation (Trygg et al., 2007). There is also the orthogonal-PLS method (OPLS) 

which is a recent modification of the PLS method. OPLS creates a two part 

relationship between X and Y. In one part X is linearly related to Y and the other is 

orthogonal to Y. Creation of the two part relationship enhances better interpretation 

of the data and it’s also easier to process the model on new samples. There is 

orthogonal partial least squares discriminant analysis (OPLS-DA) which creates a 
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model using two or more classes of data. This model helps to increase the separation 

between groups, assist in interpretations and very useful for the identification of 

potential biomarkers. OPLS-DA functions by combining the PLS-DA and SIMCA 

classification. O2PLS is a further modification of the OPLS method which can be 

used for two blocks of data by creating individual models for the joint and 

orthogonal variations in the X data.  

 

3.1 Systematic Application/Interpretation of the Metabolomic Results 

After analysis of the metabolomic data, the next step would be to appropriately 

interpret the results. In metabolomics, bias towards a particular class of compounds 

or samples should be avoided and interpretation should be objectively based on the 

relative alterations observed in the metabolite levels between experiments or 

treatments as discussed and reviewed by Teehan et al. (2006). Metabolomic analyses 

generally generate large quantities of data and unless major changes or differences 

are expected, or the data is too noisy, clearly defined clusters should be created 

(Griffin, 2006). Where the samples are not clearly defined further analysis is 

recommended. Furthermore where there are subgroups within the major clusters, 

these should be investigated and verified to ensure that it was not due to systematic 

errors probably during sample preparation or while data were acquired. Once a 

subgroup is found within a cluster, it is not statistically sound to treat B as one 

population and to compare it to A, by Student’s t test for example. Several statistical 

methods can be employed to analyse metabolomic data e.g., multiple analysis of 

variance (MANOVA) or analysis of frequency distributions, but it should be noted 

that the statistical requirements for such tests must be met (Fiehn, 2001). 
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It is often also necessary to examine the relationship between the 

metabolomic data sets and known pathways. This can be performed using predictions 

models which have been created from a combination of mathematical or kinetic 

calculations (Chagoyen and Pazos, 2012). The KEGG pathway network is one of the 

publicly available pathway searches and can be used to visualize standard metabolic 

pathways in different organisms and situations (Okuda et al., 2008). Other databases 

such as BRENDA and MetaCyc have also been suggested (Arita, 2004). Two basic 

approaches involving theoretical considerations can also be used when creating a 

relationship between pathways and metabolomic data: first, the use of metabolic 

control analysis which involves calculation of enzyme kinetics and stoichiometric 

consideration of enzymatic reactions (Fiehn, 2001). 

 

3.2 Uterine Metabolomic Profiling  

Comprehensive studies on uterine metabolite profiling appear to be sparse. The 

important roles played by metabolites in smooth muscle cells cannot be 

overemphasized. During uterine contraction a decrease in blood supply is said to 

occur, which can result in a decrease in the adenosine triphosphate (ATP) 

concentration and thus interfere with contraction (Wray, 1990). A fall in ATP in the 

rat uterus has been shown to occur when oxidative metabolism is inhibited and a 

decrease in ATP and phosphocreatine (PCr) as well as an increase in inorganic 

phosphate (Pi) have been shown to occur during contraction of the uterus (Ninomiya 

and Suzuki, 1983; Wray, 1990). An increase in the concentration of [Pi] can depress 

contraction in permeabilized myometrial preparations (Crichton et al., 1993). An 

increase in K+ permeability makes the surface membrane more difficult to excite and 
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leads to relaxation (Heaton et al., 1993). It is therefore important to understand the 

effect of metabolite changes (e.g. increased inorganic phosphate) on the production 

of force production by the uterus, in order to gain further insight into the mechanics 

of labour and uterine contraction in general. 

 

3.3 Aim and Objectives of Study 

In this study, the use of analytical and computational methods described above, for 

the characterization of myometrial metabolite alterations that have occurred in 

response to stimulatory and inhibitory drugs is reported. Typical functional 

pharmacological assays were performed on isolated uterine tissues involving the use 

of a standard uterine contraction stimulation agent (oxytocin) and uterine relaxation 

agent (ritodrine). In addition to tissue sampling, an innovative sampling approach 

which involves the utilization and assessment of bath fluids was also performed. This 

method was also aimed at correlating the metabolite released into the surrounding 

fluid with those detected within the myometrial tissues.  

Oxytocin (OT) is one of the most potent uterotonic agents known and its 

effect on uterine contractility is of major pharmacological importance. It was 

therefore employed as the standard uterotonic drug in this study. It is known that 

oxytocin generates inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 

(Schrey et al., 1988) however the extensive clinical use of OT and OT receptor 

antagonists as well as some molecular and cellular mechanisms underlying oxytocin-

induced modulation of uterine contractility are not completely understood (Ku et al., 

1995). Ritodrine (RIT), a ß2-adrenoceptor mimetic, activates adenosine triphosphate 
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activated potassium (KATP) channels and large conductance potassium (BKCa) 

channels in the myometrium via cyclic adenosine monophosphate (cAMP)-

dependent phosphorylation and/or directly via GTP (Andersson et al., 1980; Khan et 

al., 2001). RIT is occasionally used clinically for myometrial relaxation in preterm 

labour (Bulbring and Tomito, 1987; Jeyabalan and Caritis, 2002). A metabolomic 

study therefore will further aid the determination of the activity of RIT on the 

myometrium through identifying the metabolites related to the pathways mentioned 

above. In addition, the presence or absence of the predicted metabolites will provide 

evidence needed to validate the method and will be useful when determining the 

effect of unknown drugs. This method will additionally investigate the presence of 

alternate pathways if any that may be involved in the activity of these drugs on the 

myometrium. As a proof of principle, Shah and colleagues (2009) identified a 

number of proteins (desmoplakin isoform 1, stratifin and thrombospondin 1) as 

potential preterm birth protein biomarkers from cervical vaginal fluids (Shah et al., 

2009).  

 

3.4 Materials and Methods 

3.4.1 Animals 

Female C57BL/6 strain laboratory mice weighing between 19-25 g, obtained from 

the Biological Procedures Unit of the University of Strathclyde, U.K. were used in 

this study. The animals were maintained in a controlled environment and in a 

conditioned room at 25°C, 60% relative humidity under a 12/12h cycle of light and 

dark with free access to food and water. 
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All experiments were carried out in accordance with the Animal Health and 

Welfare (Scotland) Act 2006 and the Public Health Service Policy on Humane Care 

and Use of Laboratory Animals 2002. Mice were euthanized under rising 

concentration of CO2 and exsanguinated before excision of the uterine tissues.  

3.4.2. Contractility Experiments 

Mice in pro-oestrous and oestrous stages were used. Contractility experiments were 

performed on the dissected uteri which were cut into segments of approximately 0.5 - 

0.8 cm in longitudinal length, cleaned of extra connective tissues to provide four 

preparations per mouse. The segments were then weighed and subsequently mounted 

in warmed (37°C) 3 ml organ baths containing normal Krebs-Henseleit physiological 

solution which was composed of; 118.4 NaCl, 25 NaHCO3, 11.1 Glucose, 4.69 KCl, 

2.41 MgSO4, 1.18 KH2PO4, 2.5 CaCl2 (mM) and continuously gassed with carbogen 

(95% O2, 5% CO2). Tissues were loaded with an initial tension of 1 g and 

equilibrated for 30 min before subsequent run of experiments. The differential force 

and frequency of spontaneous contractions in the longitudinal muscle layer were 

recorded through Grass (FTO3) isometric force transducers connected via Quad 

Bridge modules to a PowerLab 4/20 data acquisition system using Chart 3.3 software 

(AD Instruments, UK) which was used to store and analyze acquired data. 

3.4.3 Concentration-Response Studies 

OT (1 nM) was the uterine contractile agent used in this study while RIT (0.1 nM) 

was the uterine contraction inhibitory drug employed. In separate experiments, single 

concentrations of OT and RIT were added to the bath for 10 min following stable 

rhythmic spontaneous contractions. Without washing, the uterine tissues were 
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collected at the peak of each drug’s effect and immediately flash frozen in liquid 

nitrogen. Flash freezing was achieved by rapidly lifting the tissues out of the organ 

bath and cutting the threads tethering the strips to the transducer and tissue holder. 

The tissues were then placed into cryovials, immediately capped and immersed into 

liquid nitrogen. The whole procedure lasted anywhere between 10-20 seconds. Fast 

and efficient flash freezing is important as cells/tissues will continue to respond to 

their perturbed environment until they are rendered physiologically incapable of 

doing so (Lin et al., 2007).  The bath fluids (3 ml) were similarly collected placed 

into pre-weighed vials and flash frozen. All samples were subsequently stored at -

80°C prior to further experiments. A total of 4 animals each for individual 

experiments were employed. All graphs were prepared using Prism Software 

(version 4; GraphPad Software, CA). 

 

3.5 Sampling 

Choice of sampling, metabolite extraction and analytical techniques were chosen 

after careful consideration of the literature and also based on preliminary 

experiments. A minimum of 4 samples were collected to reduce the effect of 

biological variability and to obtain statistically validated data. The threads used in 

mounting the tissues were also collected for analysis.  

3.5.1 Tissue Metabolite Extraction  

Each flash frozen tissue was homogenized using an ULTRA-TURRAX T8 

homogeniser (IKA®- WERKE GmbH & Co., Germany) in 400 µl cold methanol 

(MeOH). Combination of wet homogenization with direct extraction has been 
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reported as one of the best tissue disruption methods for metabolite extraction as it 

gives best metabolite reproducibility and increases the ease and speed of the 

extraction process (Griffin, 2006). The whole procedure was performed in the cold. 

The homogenate was vortexed for 60 s before being centrifuged using a Force 7 

Fisher Scientific UK Limited (Leicestershire, UK) at 13,000 rpm, 5 min for MeOH 

extracts (polar extracts). The supernatant was collected using a micropipette syringe 

and dried in pre-weighed vials in preparation for further NMR and MS 

measurements. Using the same homogenized tissue the process was repeated with 

400 µl cold dichloromethane (DCM) but centrifuged at 13,000 rpm for 10 min to 

give the non-polar extracts. The time periods employed were predetermined from 

preliminary experiments.   

3.5.2 Bath Fluid Metabolite Extraction 

Each fluid sample was freeze dried in a Christ Alpha 2-4 (SciQuip, UK) freeze drier 

and weighed. The dried samples were then reconstituted with 500 µl of cold MeOH 

and vortexed for 1 min. The solution of the mixture was pipetted out and centrifuged 

as previously described. The process was repeated with 600 µl cold DCM on the 

residue obtained after MeOH extraction. The entire extraction procedure was 

performed under cold conditions.  

 

3.6 HPLC-HRFTMS Data Acquisition 

The MeOH extracts were reconstituted with 200 µl of 100 % methanol while the 

DCM extracts were reconstituted in DCM : MeOH at a ratio of 30:70. The 30:70 

ratio were predetermined from preliminary experiments as best suited for dissolving 
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the extracts. All solvents were of high pressure liquid chromatography (HPLC) 

grade. Samples were transferred into autosampler MS vials containing 200 µl inserts 

for HPLC-MS analysis.  HPLC-MS analysis was carried out using a Dionex 

UltiMate® 3000 HPLC system (Thermo Fisher Scientific Inc, Hemel Hempstead, 

UK) employing a C18 column (75.0 x 3.0mm) (HiChrom Limited, UK). The column 

was eluted with a linear gradient of 90% A (0.1% v/v formic acid in water) and 10% 

B (0.1% v/v formic acid in acetonitrile) mobile phases with a flow rate of 0.3 µl/min 

over 0-35 min then 100% B for a further 5-min isocratic elution, and a return to 

starting conditions at 40 min for re-equilibration for the last 5 minutes, using up a 

total of 45 min for the run. MS identification and analysis were carried out using a 

ThermoScientific Exactive (Thermo Fisher Scientific Inc, Hemel Hempstead, UK) 

with a 10 µl injection volume and the UV-MS hyphenated system using both positive 

and negative ion modes of detection with UV detection at 254 nm.  Full scan data 

were collected from 50 to 1500 m/z (mass to charge ratio) with a scan time of 0.1 s. 

Capillary and cone voltages were set at 3.5 kV and 35 V, respectively; desolvation 

and source temperatures at 300°C and 120°C, respectively.   

 

3.7 1H-NMR Data Acquisition 

The dried MeOH extracts were weighed and reconstituted in 200 µl DMSO vortexed 

for 30 seconds and placed in shigemi NMR tubes (5 mm) or capillary NMR inserts 

for 1D 1H-NMR measurements while the DCM extracts were weighed and 

reconstituted in 200 µl CDCl3 and similarly placed in shigemi NMR tubes.  
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Presaturated 1H-NMR experiments were carried out on a JEOL-LA400 FT-

NMR spectrometer system (JEOL Ltd, UK) with an AS400 magnet and measured at 

400 MHz for 1H using a Pulse Field Gradient “Autotune” 40TH5AT/FG broadband 

high sensitivity probe to accept 5 mm tubes. One-dimensional 1H-proton with 

presaturation of the residual water resonance NMR spectra were obtained using the 

following parameters; 32k data points, spectral width of 5998.4 Hz, an acquisition 

time of 2.73 s, a relaxation delay of 3.0 s., and pulse width of 5.47 requiring 3.85 min 

total acquisition time.  

 

3.8 Data Processing and Analysis 

3.8.1 HPLC-HRFTMS Profiles 

The HPLC-HRFTMS metabolic profiles of polar and non-polar OT- and RIT-treated 

tissues and surrounding bath were analysed before and after drug treatment. The 

resulting data were then subjected to online metabolomic analysis (XCMS) for pre-

processing. XCMS allows for the incorporation of novel nonlinear retention time 

alignment, matched filtration, peak detection, and peak matching (Patti et al., 2012). 

After XCMS processing, 17154 and 9891 variables were acquired for polar (OTTP) 

and non-polar oxytocin treated tissues (OTTNP) respectively while 21340 and 16934 

variables were acquired for polar (OTFP) and non-polar oxytocin treated fluids 

(OTFNP) respectively.  For polar (RITTP) and non-polar (RITTNP) ritodrine-treated 

tissues, 14149 and 32051 variables were respectively acquired, while 23260 and 

26770 variables were acquired for polar (RITFP) and non-polar ritodrine-treated 
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fluids (RITFNP) respectively. These numbers included isotopic and adduct ion 

peaks.  

3.8.2 Preprocessing of HPLC-HRFTMS Data 

The raw LC-MS data were first sliced into positive and negative ion modes before 

conversion to mzXML files prior to XCMS processing. With XCMS, peak 

identification in individual samples and peak alignment across samples is performed 

and this promotes comparison of the relative intensity of ions and the calculation of 

deviations in retention time. The peak-matching algorithm in XCMS contains an 

algorithm for peak-matching and this algorithm considers that LC-MS data are 

usually anisotropic in nature (Tautenhahn et al., 2012). XCMS online was then 

employed to filter, detect and match peaks across samples to allow for retention time 

correction and relative ion intensity comparison. The data matrix was automatically 

normalized using the quantile normalization procedure. Statistical determination 

using the t-test was also performed at p < 0.05 for each pairwise comparison of 

control and drug-treated groups, with p < 0.01 considered highly significant. 

Identification of metabolites was performed within XCMS online using METLIN, 

which is a web-based database previously developed by the Scripps Research 

Institute in order to facilitate the identification of metabolites using accurate mass 

data. It includes an annotated list of structural information for known metabolites. 

3.8.3 HPLC-HRFTMS Data Analysis  

The XCMS peak areas were extracted and imported into the soft independent method 

of class analogy (SIMCA) –P (version 12.0, Umetrics AB, Umeå, Sweden) for PCA 

and OPLS-DA analysis.  Statistical analyses based on a pairwise comparison of 
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control and treated groups were also acquired for the different drugs. Differentially 

expressed metabolites with p-values less than 5% and fold change greater than 150% 

were considered statistically significant and used for subsequent analyses. OPLS 

being a regression method was used to find the relationship between two data tables, 

X and Y in this case X is the LC-MS data and Y represents binary vectors (group 

descriptors (control or treated). The OPLS model used was made up of two sets, the 

Y predictive set and the Y orthogonal set. The Y predictive provided information 

about inter-class variation and the Y orthogonal provided information about intra-

class variation otherwise referred to as the uncorrelated variation. The predictive 

variation of Y in X is shown by the predictive components alone and a for a two 

group classification for instance, a single predictive component is required. The 

OPLS-DA method therefore enables an easy understanding and interpretation of the 

model without loss of the power of the model prediction. Prior to application of the 

OPLS-DA model, the data was first converted by scaling in order to eliminate noise. 

This was achieved by subjecting each variable to Pareto scaling (1/√SD [SD= 

standard deviation]) prior to modeling (Eriksson et al., 2006). In SIMCA-P software, 

a default sevenfold cross validation procedure was performed on the OPLS-DA 

model this action prevents model over fitting and creates diagnostic parameters R2Y 

and Q2Y which are used to determine and define the predictability and quality of the 

model. For visualization and interpretation the OPLS-DA score scatter plots, S plots 

and loading plots with confidence intervals were used The S-plot was employed in 

order to visualize the effect of the variables in each model, as it is able to bring 

together the covariance (contribution of magnitude) with correlation (contribution of 

effect and reliability) using scores of the model component. The statistical S plots 
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can therefore be applied in the identification of possible interesting compounds for 

both predictive and orthogonal variation. A plot of the loading vector Cov(tp,X), 

represented as p [1] with its corresponding jack-knifed confidence intervals was used 

to provide additional supporting information about metabolite variability in this 

study. The jack-knifed loading plot was additionally sorted by size in order to 

separate up- and down-regulated metabolites at each end of the plots. 

3.8.4 Bioinformatic Analysis of HPLC-HRFTMS Data  

Bioinformatic analysis was additionally performed using the Ingenuity Pathway 

Analysis (IPA) tool (Ingenuity Systems, Redwood City, CA) for the pathways search 

regulated by the identified metabolites. Some of the selected metabolites were further 

validated by MS/MS analysis. IPA-Metabolomics is a program within IPA that 

extracts rich pathway information from metabolomics data.  Statistical significance 

was calculated using Fischer’s exact test, p<0.05 indicated a statistically significant 

no-random association.  For a given data set, IPA automatically generates the 

pathways that are related to those metabolites. 

3.8.5 NMR Pre-processing and Analysis 

All NMR data sets were pre-processed using Mnova V 8.1. The imported spectra 

were manually phased, apodized at Gaussian = 1.0, and baseline corrected to 

Bernstein polynomial order fit (order 3). The spectra were binned between δ 0.5 – 9 

ppm at bin value of δ 0.04 ppm width such that each bin can be integrated to yield 

vector containing intensity based descriptors of the original spectra. Bins 

representing the residual water and solvent peaks were removed. The total spectra 

area was then normalized to a total value of 100. This yielded a total of 163 and 165 
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contiguous data for the polar and non-polar datasets respectively. The resulting data 

yielded a 2D matrix (n x d). The resulting data matrix was then exported into 

SIMCA-P software package (version13.0, Umetrics AB, Umeå, Sweden).  Mean 

centering was performed before principal component analysis (PCA) and OPLS-DA 

was applied to the datasets.  PCA enabled examination of each data set for potential 

outliers as well as the degree of similarity between the metabolic fingerprints, in an 

unsupervised manner. In this pattern recognition technique, the algorithm calculates 

the highest amount of correlated variation along PC1, with subsequent PCs 

containing correspondingly smaller amounts of variance. For each model built, the 

loading vector for the PC was examined to identify which metabolites contributed to 

these clusters. 

In the biplot, the scores and loadings were expressed via correlation scaling. 

Observations situated near variables expressed a high percentage of those variables 

and a lower percentage of variables relatively distant. The S-line which was also 

used in this study is similar to a statistical total correlation spectroscopy (STOCSY) 

(Cloarec et al., 2005) and is useful for spectroscopy data. It projects both the 

covariance and the correlation structure between X-variables and the predictive 

scores t[1]. The original spectra is observed to be coloured according to the 

correlation loading (p(corr)).  The p(ctr)[1] loading colouring represents the absolute 

value of the correlation loading, and a high p(corr) points to a high reliability and a 

high p(1) points to a high model influence. A colour scale which projects the 

chemical shifts that contributed to the separation between groups was placed beside 

the S line to increase interpretation. 
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3.8.6 1H-NMR Profiles 

Pair-matched 1H-NMR spectra of control versus treated mouse uterine tissues and 

respective bath fluids were presented in figures 3.20 - 3.27. The spectral resolution of 

the one dimensional (1D) spectra and 2D proton correlation spectroscopy combined 

with reported data from the literature (Celik et al., 2004; Griffin et al., 2003; Mazzei 

et al., 2010; Ong et al., 2009; Palama et al., 2010; Reis et al., 2003; Subramanian et 

al., 2008; Vasskog et al., 2012) enabled the identification and assignment of different 

metabolites (Table 3.4) at varying chemical shift ranges. Lipids and amino acids 

dominated each spectrum. In some cases, the 1D 1H-NMR spectra of the uterine 

tissues and bath fluids contained similar metabolites in both the control and treated 

groups and classification was occasionally based on statistically significant 

differences between the relative amounts of the same metabolite. A flow chart 

showing the different steps involved in the assay is shown in figure 3.1. 
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Figure 3.1 Flow chart showing the steps involved in the pharmaco-metabolomic 

analysis. 

 

In Vitro Functional Pharmacological 
Assays. (Drug addition to isolated uterine 
tissue mounted in Krebs-Henseleit fluid). 

 

 

Pharmacological 
Analyses 

Tissue Collection at peak of activity 
(snap frozen in liquid nitrogen) 

 

Bath Fluid Collection at peak of activity (snap 
frozen in liquid nitrogen) 

 

Wet Homogenization Freeze Dried at -80˚C 
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3.9 Results 

3.9.1 Effect of Drugs on Spontaneous Uterine Contractions 

Investigations on uterine contractility demonstrated that oxytocin (1 nM) produced 

phasic and tonic uterine contractions and increased the force and frequency of uterine 

contractions (Fig. 3.2). RIT (0.1 nM) however decreased contractility of 

spontaneously contracting tissues producing obvious decreases in the force and 

frequency of spontaneous uterine contractions (Fig. 3.3).  

Figure 3.2 An example of a representative recording of the effect of oxytocin (OT (1 

nM)) on spontaneously contracting mouse uterine tissues 

 

Figure 3.3 An example of a representative recording of the effect of ritodrine (RIT 

(0.1 nM)) on spontaneously contracting uterine tissues. 
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Figure 3.4 Mean responses (± S.E.M) of the isolated uterus to OT calculated within 

a 5 min time range. Frequency is represented in panel A; the amplitude of uterine 

contractions, in panel B and the area under the curve, in panel C. Spontaneous 

contractions which occurred in the absence of drug were considered as the control 

(0.0). Experiments were performed at 37˚C. * = p<0.05 compared with the control 

(analysed using the t-test). n = 5 animals. 
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Figure 3.5 Mean responses (± S.E.M) of the isolated uterus to RIT calculated within 

a 5 min time range. Frequency is represented in panel A; the amplitude of uterine 

contractions, in panel B and the area under the curve, in panel C. Spontaneous 

contractions which occurred in the absence of drug were considered as the control 

(0.0). Experiments were performed at 37˚C. * = p<0.05; **p<0.01 compared with the 

control (calculated using the t-test). n = 5 animals. 
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3.9.2 Metabolomic Analyses of the Effect of Drugs on the Mouse Uterus 

A summary of the parameters acquired for prediction and separation in the OPLS-

DA models are shown in Table 3.1 and 3.2. The OPLS-DA parameters showed a 

scoring of greater than 0.5 in the MS models (Table 3.1), an indication of a high 

quality model for prediction and separation of the respective groups. The OPLS-DA 

parameters for 1H-NMR data (Table 3.2) showed an R2Y scoring of 1.0 in all models, 

a good indication of a satisfactory predictive model for the matched groups. The 

OPLS-DA score plot showed distinct separations between the control and treated in 

all experimental groups, OTTP and OTTNP, OTFP and OTFNP, RITTP and 

RITTNP, RITFP and RITFNP (Fig. 3.6 and 3.7).  An S-plot, which is described as a 

variation of a scatter plot, was also utilized to explain the influence of the variables 

on the MS data. The S-plot combines covariance (x-axis: p1) and correlation loading 

profiles (y-axis: p(corr)1), for the extraction of putative metabolites (Fig. 3.8 and 

3.9). For this study, predictive and orthogonal S-plots were utilized. The farther 

along the x-axis the greater the contribution of the metabolites to the variance 

between the groups, while the farther along the y-axis the higher the reliability of the 

analytical result. From each plot, differentially significant metabolites were extracted 

using the jack knifed column plots with fitted confidence intervals. Peaks with 

confidence intervals that did not include 0, were selected and prioritized. These 

differentially regulated metabolites combined with those selected by the Ingenuity 

Pathway Analysis (IPA) bioinformatic software, have been highlighted (Table 3.3).  
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Figure 3.6 OPLS-DA scatter score plots of differentially synthesized metabolites 

observed on treatment of the isolated uterus with OT (A-D) as determined by 

HRFTMS. The red circles represent the treated groups while the blue circles 

represent the controls. n = 5 animals 
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Figure 3.7 OPLS-DA scatter score plots of differentially synthesized metabolites 

observed on treatment of the isolated uterus with RIT (A-D) as determined by 

HRFTMS. The red circles represent the treated groups while the blue circles 

represent the controls. n = 5 animals  
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Figure 3.8 S-Plots of differentially synthesized metabolites with OT treatment of the 

isolated uterine tissues (A-B) and the bath fluids (C-D) as determined by HRFTMS. The 

green circles represent all metabolites detected for the particular group. Significantly 

regulated metabolites in the control groups are highlighted in blue shapes while those in the 

treated groups are highlighted in red shapes with corresponding m/z values. OTTP = OT-

treated polar tissues; OTTNP = OT-treated non-polar tissues; OTFP = OT-treated polar bath 

fluids; OTFNP = OT-treated non-polar bath fluids.  

Signal Transduction (PGF1)Phosphatidyl-inositol signalling system;  = 

Ligand-receptor interaction /LipidMetabolism(GABA);  

cAMP biosynthesis;Sphingolipid metabolism;   = Cell Signalling (Arachidonic 

acid);  = Nicotine/Nicotinamide metabolism;  = Glycine, serine and threonine 

metabolism. The key metabolites that were perturbed are listed in Table 3.3. n = 5 animals 
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Figure 3.9 S-Plots of differentially synthesized metabolites with RIT treatment of the 

isolated uterine tissues (A-B) and the surrounding bath fluid (C-D) as determined by 

HRFTMS. The green circles represent all metabolites detected for the particular group. Significantly 

regulated metabolites in the control groups are highlighted in blue shapes while those in the treated 

groups are highlighted in red shapes with corresponding m/z values. RITTP = RIT-treated polar 

tissues; RITTNP = RIT-treated nonpolar tissues; RITFP = RIT-treated polar bath fluids; 

RITFNP = RIT-treated nonpolar bath fluids.Signal Transduction 

(PGF1)Phosphatidyl-inositol signalling system; ▲ = Ligand-receptor 

Interaction/Lipid Metabolism(GABA); cAMP biosynthesis;Sphingolipid 

metabolism;   = Cell Signalling (Arachidonic acid);  = Nicotine/Nicotinamide 

metabolism;  = Glycine, serine and threonine metabolism. The key metabolites that were 

perturbed are listed in Table 3.3. n = 5 animals 

 

 



 

206 
 

Table 3.1A Summary of OPLS-DA Parameters for the MS Data on Tissues 

 

 

Table 3.1B Summary of OPLS-DA Parameters for the MS Data on Fluids 

  

a = Components required for a valid model and prediction; P = predictive component, 

O = orthogonal component; R2Xcum, represents the cumulative fraction of X-

variation explained by all extracted components.  R2Ycum represents the cumulative 

SS of all the y-variables explained by the extracted components; Q2Ycum = the 

cumulative Q2 for all the x-variables and y-variables for the extracted components. 

The values of R2Y and Q2Y approaching 1.0 indicate a perfect model with a 

satisfactory predictive ability (cross-validation) and the value of Q2Ycum ≥ 0.4 is 

considered a reliable model; OBS represents the number of observations. 

 

 

 

 

Group  Tissues 

 No
a
 OBS R

2
X(cum) R

2
Y(cum) Q

2
Y(cum) 

OTTP 1P+8O 12 0.976 1.0 0.536 

OTNP 1P+5O 7 1.000 1.0 1.000 

RITP 1P+7O 11 0.956 1.0 0.144 

RITNP 1P+3O 8 0.975 1.0 0.837 
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Table 3.2A Summary of Parameters for the OPLS-DA NMR Study Models on 

Tissues 

 

 

Table 3.2B Summary of Parameters for the OPLS-DA NMR Study Models on 

Fluids 

 

a = Components required for a valid model and prediction; P = predictive component, 

O = orthogonal component; R2Xcum, represents the cumulative fraction of X-

variation explained by all extracted components.  R2Ycum represents the cumulative 

SS of all the y-variables explained by the extracted components; Q2Ycum = the 

cumulative Q2 for all the x-variables and y-variables for the extracted components. 

The values of R2Y and Q2Y approaching 1.0 indicate a perfect model with a 

satisfactory predictive ability (cross-validation) and the value of Q2Ycum ≥ 0.4 is 

considered a reliable model; OBS represents the number of observations. 
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Table 3.3 Summary of Differentially Regulated Metabolites/Pathways Detected on Treatment of the Isolated Uterus with 

Oxytocin and Ritodrine 
Abbreviations: DAG =diacyl glycerol; PC= phosphatidylcholine; PE= phosphoethanolamine; PS= phosphatidylserine; PG = glyceroposphate; 

TG=triacylglycerol; m/z = mass to charge; Rt = Retention time; FC = fold change; nd = not detected.  A positive FC value indicates a relatively 

higher metabolite concentration in the treated groups, while a negative value is indicative of a relatively lower concentration in the treated groups. 

Metabolic Pathway 

Observed 

Metabolome Adducts m/z Rt 

Fold Change 

Oxytocin Ritodrine 

Tissue Fluid Tissue Fluid 

Phosphatidylinositol 

Signalling 

Myoinositol [M+H-H2O]+ 163.0607 

163.0608 

1.75 

1.75 

nd 

nd 

nd 

1.98 

-13.582 

nd 

nd 

nd 

Nicotine/Nicotinamide 

metabolism 

Niacinamide [M+H]+ 123.0554 

123.0554 

1.80 

1.82 

2.858 

nd 

nd 

nd 

nd 

4.691 

nd 

nd 

Glycine, Serine and 

Threonine metabolism 

Betaine Aldehyde [M+H]+ 102.0915 

102.0914 

2.1 

2.20 

nd 

-1.332 

nd 

3.506 

 

1.103 

nd 

 

3.191 

nd 

 

Pyridine synthesis/ 

Valine, Leucine and 

Isoleucine biosynthesis 

Norleucine [M+H-H2O]+ 340.2593 

340.2593 

7.32 

7.32 

-2.337 

nd 

 

-1.700 

nd 

 

nd 

nd 

 

nd 

-735.82 

Cell Signalling N-methyl 

arachidonyl amine 

[M+Na]+ 340.2593 

340.2593 

7.48 

7.48 

-2.337 

nd 

 

-1.700 

nd 

 

nd 

nd 

 

nd 

-735.82 

Cell Signalling DAG (22:5) 

DAG isomer 

[M+H-2H2O]+ 679.5118 

679.5119 

8.56 

12.09 

-5.989 

nd 

-1.264 

nd 

nd 

nd 

nd 

-24582.825 

Lipid metabolism 2-keto palmitic 

acid 

[M+NH4]+ 288.2531 

288.2531 

17.63 

17.72 

nd 

nd 

-82.668 

nd 

nd 

nd 

nd 

-172.505 

Sphingolipid 

metabolism 

Sphingosine 

Sphingosine 

isomer 

[M+H]+ 300.2897 

300.2897 

19.03 

21.31 

2.213 

nd 

1.678 

nd 

 

nd 

2.525 

nd 

nd 

 

Glycerophospholipid 

metabolism 

PC(18:2(2E, 

4E)/0:0) 

[M+H]+ 520.3403 

520.3403 

19.40 

19.51 
nd 

nd 

-252.938 

nd 
nd 

nd 

nd 
-451.904 
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Table 3.3 continued. Summary of Differentially Regulated Metabolites/Pathways Detected on Oxytocin and Ritodrine 

Treatment of the Isolated Uterus 

. 

Metabolic Pathway Observed 

Metabolome 

Adducts m/z Rt Fold Change 

Oxytocin Ritodrine 

Tissue Fluid Tissue Fluid 

Glycerophospholipid 

metabolism 

PC(O-14:0/2:0) [M+H]+ 496.3401 

496.3400 

20.34 

20.34 

2.261 

nd 

nd 

nd 

nd 

2.108 

nd 

nd 

Glycerophospholipid 

metabolism 
glycerophospho-

N-oleoyl 

ethanolamine 

[M+H]+ 480.3089 

480.3087 

20.96 

21.00 
2.318 

nd 

nd 

nd 

nd 

2.422 

nd 

nd 

Glycerophospholipid 

metabolism 
PC(O-

16:1(11Z)/2:0) 

[M+H]+ 522.3559 

522.3558 

21.71 

21.72 

2.150 

nd 

nd 

nd 

nd 

nd 

nd 

-55.707 

Diacylgylcerol 

biosynthesis 

1-hexadecyl 

lysophosphatidic 

acid 

[M+ACN+H]+ 438.2981 

438.2981 

21.76 

21.78 nd 
2.867 

nd 

-2.749 

3.027 

nd 
 

nd 

nd 
 

Glycerophospholipid 

metabolism 

PE(18:0/0:0) [M+H]+ 482.3243 

482.3244 

24.84 

24.86 
nd 

2.037 

nd 

nd 

2.175 

nd 
nd 

nd 
Glycerophospholipid 

metabolism 

PC(P-15:0/0:0) [M+H]+ 466.3294 

466.3294 

26.01 

26.10 
3.037 

nd 
-1.427 

nd 
nd 

2.880 

nd 

nd 
Diacylgylcerol 

biosynthesis 

1-Octadecyl 

Lysophosphatidic 

acid 

[M+ACN+H]+ 466.3294 

466.3294 

26.01 

26.10 
3.037 

nd 

-1.427 

nd 
nd 

2.880 

nd 

nd 

Steroid biosynthesis dihydroxyvitamin 

D3 

[M+H]+ 545.3850 

545.3851 

26.22 

26.67 
nd 

nd 

-4.637 

nd 

nd 

nd 

nd 

nd 
Lipid Metabolism/Cell 

signalling 

Oleamide [M+H]+ 282.2791 

282.2791 

29.31 

29.54 
2.691 

nd 
2.085 

nd 
nd 

5.242 

nd 

nd 
Catecholamines 

biosynthesis 

N-Adenyl-L-

phenylalanine 

[M+ACN+H]+ 536.1659 

536.1659 

34.52 

35.04 
nd 

nd 

-3.606 

nd 

nd 

nd 

nd 

-15508.47 
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3.9.3 Bioinformatics 

Bioinformatic information was obtained using the IPA system. Putative functions 

and pathways were extracted for oxytocin and ritodrine. 

 

Figure 3.10 Top functions extracted by IPA software that have been perturbed on treatment 

of the isolated uterus with oxytocin. Functions associated with oxytocin- treated tissues and 

fluids are shown in A and B above along the x-axis while the –log (p-value) is indicated on 

the left y-axis. Taller bars are more significant than shorter bars. The yellow line is indicative 

of the cut-off for significance p<0.05 (-log = 1.3). n = 5 animals 
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Figure 3.11 Top canonical pathways for OT extracted by IPA bioinformatics software. 

Pathways associated with OT-treated uterine tissues are shown in A while the bath fluids are 

shown in B.  The pathways are displayed along the x-axis. The stacked bar charts represent 

the overlap of the analysis with the canonical pathways. The green bars represent 

downregulation and the red bars represent upregulation. The yellow line is indicative of the 

cut-off for significance p<0.05. n = 5 animals 
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Figure 3.12 Top functions associated with the effect of RIT on uterine contraction. 

These functions were extracted using the IPA bioinformatics software. Functions 

associated with RIT - treated tissues and fluids are shown in A and B above along the 

x-axis while the –log (p-value) is indicated on the left y-axis. Taller bars are more 

significant than shorter bars. The yellow line is indicative of the cut-off for 

significance p<0.05 (-log = 1.3). n = 5 animals 
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Figure 3.13 Top canonical pathways extracted by IPA bioinformatics software for the effect of RIT 

on uterine contraction are shown above.  Pathways associated with RIT -treated uterine tissues are 

shown in A while the bath fluids are shown in B. The pathways are displayed along the x-axis. The 

stacked bar charts represent the overlap of the analysis with the canonical pathways. The green bars 

represent downregulation and the red bars represent upregulation. The yellow line is indicative of the 

cut-off for significance p<0.05. n = 5 animals 
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Networks were also generated to show the interconnectivity between the derived pathways. 

 

 

 

Figure 3.14 IPA network of top functions and signalling pathways detected on 

analysis of OT- treated uterine tissues. The network displays the interaction and 

interrelationship between the metabolites detected on OT treatment. The 

interconnectivities were then pulled together into specific biological functions and 

pathways. FX = function; CP= canonical pathways. 
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Figure 3.15 IPA network of top functions and signalling pathways detected on 

analysis of bath fluids in which OT - treated uterine tissues were immersed. The 

network displays the interaction and interrelationship between the metabolites 

released into the bath fluid on OT treatment. The interconnectivities were then pulled 

together into specific biological functions and pathways. FX = function; CP= 

canonical pathways. 
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Figure 3.16 IPA network of top functions and signalling pathways detected on 

analysis of RIT- treated uterine tissues. The network displays the interaction and 

interrelationship between the metabolites detected on RIT treatment. The 

interconnectivities were then pulled together into specific biological functions and 

pathways. FX = function; CP= canonical pathways. 
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Figure 3.17 IPA network of top functions and signalling pathways detected on 

analysis of bath fluids in which RIT- treated uterine tissues were immersed. The 

network displays the interaction and interrelationship between the metabolites 

released into the bath fluid on RIT treatment. The interconnectivities were then 

pulled together into specific biological functions and pathways. FX = function; CP= 

canonical pathways. 
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3.9.4 Comparison of 1H-NMR Metabolic Profiles of Uterine Tissues and 

Bath Fluids 

Representative pair matched control versus treated 1H-NMR spectra of mouse uterine 

tissues and respective bath fluids are presented for each data set. The spectral 

resolution of the one dimensional spectra combined with reported data from the 

literature enabled the identification and assignment of 57 different metabolites (Table 

3.4). Biplots which simultaneously displays the relationship among scores and 

loadings (Fig. 3.18), and an S-line which is an analogue of a scatter S plot (Fig. 

3.19), were utilized to explain the influence of the variables on the 1H-NMR data 

derived from the OPLS-DA models. 

 

 

Table 3.4: Chemical Shift Assignment of  Uterine Metabolites 

Assigned Number Metabolite Chemical shift (ppm) 

1  Lipid 0.65-0.7 

2  DAG 0.7-1.0, 1.6-1.7, 2.0-2.1, 2.2 -2.4, 2.75, 

4.22, 5.0-5.33 

3  Isoleucine + leucine 0.82 

4  AEA 0.89, 1.25-1.40, 1.69-1.77, 2.05, 2.19-

2.23, 2.62, 2.79-2.85, 3.40-3.44, 3.72, 

5.30-5.43, 5.88-5.90 

5  Valine  0.89, 0.97, 1.02-1.03, 2.25, 2.32, 3.59 

6  Arachidonic acid 0.90, 2.15, 2.83, 5.36 

7  Hydroxybutyrate 1.24 

8  Lactate 1.30, 4.10- 4.11 

9  Threonine 1.32, 3.57, 4.24 

10  Alanine 1.46, 1.51, 3.76-3.77 

11  Lysine 1.55, 1.83, 3.03 

12  Alanine 1.61 

13  Leucine 1.77 

14  Glutamate 1.88, 2.02-2.04, 2.12, 2.18-2.19,  2.33-

2.35, 2.43, 3.74 

15  GABA 1.89, 2.28-2.33, 3.00-3.01 

16  Acetate 1.90, 1.93 

17  N- Acetylaspartate 2.00, 2.48, 2.67, 4.38, 7.82 

18  N-acetylaspartylglutamate 2.04, 2.51, 2.72, 4.60 
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Chemical Shift Assignment of  Uterine Metabolites continued 

Assigned Number Metabolite Chemical shift (ppm) 

19  Proline 2.06 

20  Glycoprotein 2.08 

21  Glutamine 2.1 – 2.32, 2.43-2.45, 3.75-3.76, 6.81, 

7.52 

22  Acetoacetate 2.22 

23  Pyruvate 2.36 

24  Succinate  2.39, 2.42 

25  Glutamate 2.47 

26  Aspartate 2.65-2.66, 2.80, 3.88-.89 

27  Dimethylamine 2.72 

28  Glucose 3.06, 4.27,4.91 

3.23, 3.38-3.39, 3.42-3.47, 3.51, 3.62-

3.88, 4.63, 5.21-5.30 

29  Histamine 2.98, 3.03-3.04, 3.29-3.31 

30  Creatine 3.02, 3.91, 6.64, 3.12 

31  Tyrosine 3.03 -3.04, 3.19, 3.92, 6.88 – 6.89, 

7.18, 7.50 

32  Amino acids 3.10- 3.90 

33  Phenylalanine 3.10-3.11, 3.27-3.28, 3.97-3.98, 7.20, 

7.32-7.36, 7.42 

34  Histidine 3.11, 3.18, 3.97-3.99, 7.05-7.10, 7.79, 

7.90 

35  Ethanolamine 3.14, 3.81 

36  PE 3.17, 3.21, 3.97-3.98 

37  Choline, Phosphocholine 3.18, 3.50, 4.05, 3.31 

38  PC 3.20-3.21, 3.64, 4.28 

39  Taurine 3.25, 3.42 

40  Myoinositol 3.26, 3.51-3.52, 3.60-3.61, 4.04 - 4.05, 

4.9-5.5 

41  Tryptophan 3.28, 3.47, 7.19, 7.27, 7.30- 7.31, 7.53, 

7.72  

42  GPC 3.31 

43  Betaine 3.35, 3.41 

44  IP3 3.82, 4.11, 4.20, 4.43 

45  Serine 3.84, 3.94, 3.97 

46  Tyrosine 4.03, 6.0-7.5 

47  TGs, Glyceryls 4.12-4.16 

48  Adenosine nucleotide/ATP 4.20 - 4.29, 4.39, 4.61, 4.79, 6.12 

49  Threonine 4.30 – 4.41 

50  Glyceride/nucleotide sugars 4.41-4.52 

51  PGF1 alpha 5.32, 5.76 

52  AMP 5.39 

53  Adenosine 5.92, 6.75, 5.22-8.23, 8.51-8.52,  

54  Uridine 5.93, 7.93 

55  Fumarate 6.55 

56  Adenine 8.00 – 8.44 

57  Unknown amine >9.00 
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Figure 3.18 Biplots of oxytocin- and ritodrine-treated uterine tissues and surrounding bath fluids.  

The polar and non-polar extracts of oxytocin-treated uterine tissues are shown in A and B respectively 

and the surrounding bath fluid extracts are shown in C and D.  Polar and non-polar extracts of 

ritodrine-treated uterine tissues are shown in E and F and the surrounding bath fluids in G and H. The 

biochemically significant metabolites are highlighted in red, the blue squares represent the treated 

groups while the brown circles represent the controls. n= 5 animals 



 

221 
 


Figure 3.19 Differentially regulated metabolites with OT (A) and RIT (B) as determined by 

NMR. A positive p[1] value indicates a relatively higher metabolite concentration in the 

treated groups, while a negative value is indicative of a relatively lower concentration in the 

treated=Signal Transduction (PGF1)=Phosphatidyl-inositol signalling system 

(myoinositol); ▲ = Ligand-receptor Interaction/Lipid Metabolism (GABA/DAG); 

=cAMP biosynthesis  (N-Adenylyl-L-phenylalanine); =Sphingolipid metabolism;   

= Cell Signalling (Arachidonic acid);  = Nicotine/Nicotinamide metabolism;  = Glycine, 

serine and threonine metabolism (betaine). n= 5 animals
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3.9.5 Comparison of 1H-NMR Metabolic Profiles of Oxytocin Treated 

Uterine Tissues and Bath Fluids with Controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 Pair matched 1D 1H-NMR spectra showing polar extracts of control (A) versus 

oxytocin-treated (B) uterine tissues. The numbers indicate identified metabolites in Table 

3.4. 
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Figure 3.21 Pair matched 1D 1H-NMR spectra showing nonpolar extracts of control (A) 

versus oxytocin-treated (B) uterine tissues. The numbers indicate identified metabolites in 

Table 3.4. 
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Figure 3.22 Representative pair matched 1D 1H-NMR spectra showing polar extracts of 

control (A) versus oxytocin-treated (B) bath fluids. The numbers indicate identified 

metabolites in Table 3.4. 
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Figure 3.23 Representative pair matched 1D 1H-NMR spectra showing nonpolar extracts of 

control (A) versus oxytocin-treated (B) bath fluids. The numbers indicate identified 

metabolites in Table 3.4.  
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Figure 3.24 Representative pair matched 1D 1H-NMR spectra showing polar extracts of 

control (A) versus ritodrine-treated (B) tissues. The numbers indicate identified metabolites 

in Table 3.4. 
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Figure 3.25 Representative pair matched 1D 1H-NMR spectra showing nonpolar extracts of 

control (A) versus ritodrine-treated (B) tissue. The numbers indicate identified metabolites in 

Table 3.4.  
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Figure 3.26 Representative pair matched 1D 1H-NMR spectra showing polar extracts of 

control (A) versus ritodrine-treated (B) bath fluids. The numbers indicate identified 

metabolites as listed in Table 3.4.  
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Figure 3.27 Representative pair matched 1D 1H-NMR spectra showing nonpolar extracts of 

control (A) versus ritodrine-treated (B) bath fluids. The numbers indicate identified 

metabolites as listed in Table 3.4. 

 

3.10 Discussion 

It was observed that myoinositol, and diacylglycerol (DAG) were among the 

metabolites detected in the OT-treated myometrium (Tables 3.3, Fig. 3.8A-D). These 

findings correlate with previously documented activities reported on OT-induced 

uterine contraction (Gimpl and Fahrenholz, 2001; Ku et al., 1995; Marc et al., 1986; 

Nakamura et al., 2000; Zingg and Laporte, 2003). Myoinositol is the cyclic alcohol 

derivative of glucose utilized in a number of signalling pathways one of which is the 

phosphatidylinositol signalling pathway (Downes and Macphee, 1990; Loewus and 
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Murthy, 2000) activated by OT in the uterus. In addition, other interesting findings 

were observed, some of which included the detection of nicotinic acid adenine 

dinucleotide phosphate (NADP), gamma amino butyric acid (GABA), metabolites 

involved in pyrimidine and purine biosynthesis and metabolites involved in nitric 

oxide synthesis (Table 3.3).  Some of these metabolites had not been previously 

associated with the action of OT on the uterus.  OT has been associated with the 

inhibition of K+-stimulated release of excitatory amino acids (glutamate, aspartate) in 

the supraoptic nerve via an indirect action on the terminals (Burbach et al., 2006). 

Similarly, OT has been reported to inhibit GABA by suppressing presynaptic GABA 

neurons but these effects have never been reported to occur directly within the 

myometrium. In this study however as shown in Fig. 3.8, GABA was found to have 

been released into the bath fluids upon addition of OT to the isolated uterus. It is well 

established that an increase in calcium (Ca2+) which could result from extracellular 

entry through membrane channels or intracellularly from the sarcoplasmic reticulum 

(SR) (Noble et al., 2009) eventually leads to myometrial contraction. The role of 

NADP as an alternative second messenger and an effective regulator of calcium 

levels in the cytosol (besides the action of inositol triphosphate (IP3) on SR during 

uterine contraction) is emerging (Aley et al., 2010; Guse, 2009; Guse and Lee, 2008; 

Patel et al., 2010). The two-pore channels have been associated with the NADP 

receptor in the endolysosomal system (Galione et al., 2010) and activation of NADP-

sensitive calcium channels produces significant changes in the calcium levels within 

the cytosol (Mandi and Bak, 2008).  NADP component is coupled with the 

neurotransmitter glutamate (Pandey et al., 2009) which was found significantly 

upregulated in this study (Appendix 4). A role for NADP in OT-induced uterine 
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contraction has been shown (Aley et al., 2010) supporting results from this study in 

addition to cyclic ADP-ribose acting on ryanodine receptors (Barata et al., 2004; 

Thompson et al., 2004). Another interesting finding was the downregulation of 

arachidonic acid (AA) in some instances (Fig. 3.8) while a significant increase in 

prostaglandin concentration within the tissue was exhibited in response to OT 

treatment (Fig 3.8 A-D). AA has been associated with OT-induced prostaglandin 

release (Hertelendy et al., 1995; Rauk and Chiao, 2000). Conversely but in 

correlation with our findings, a previous study strongly suggested that the effect of 

OT on the uterus is independent of prostaglandin release (Chan, 1980); but rather an 

outcome of two distinct actions, a uterotonic action on myometrial receptors and a 

prostaglandin-releasing action from endometrial receptors. Though AA is known to 

be the precursor of prostaglandins and as such associated with the connection 

between OT and PG on uterine action (Huszar and Roberts, 1982), AA can itself also 

serve as a second messenger (Piomelli, 1993). AA is liberated either directly or 

indirectly by different phospholipases (Dennis, 1983), some of which are Ca2+ 

dependent and others Ca2+ independent. The uterus develops spontaneous oscillatory 

contractions under appropriate conditions. In this study, OT was added to 

spontaneously contracting tissues and since AA modulates these spontaneous 

contractions by action on some ion channels (Bae et al., 1999), this may be partly 

responsible for the observed decreased concentration of AA with the observed 

increase in PGE1. However, there might be other sites of PGE synthesis besides AA 

metabolism.  These observations were similarly supported by the results from the 1H-

NMR data (Fig. 3.19).  Another interesting finding was the downregulation of N-

arachidonyl amine (NAE) or anandamide (AEA) (Table 3.3) on OT treatment. There 
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has been no previous association of AEA with OT activity on the uterus. AEA 

activates cannabinoid receptors which have been recently found expressed in 

reproductive tissues  (Battista et al., 2008; Brighton et al., 2009; Habayeb et al., 

2004; Marczylo et al., 2010; Park et al., 2003). Binding of AEA to its receptors has 

been associated with the reduction and increase of intracellular cAMP levels, 

regulation of ion channels and nitric oxide generation (Asala et al., 2013). AEA has 

been reported to cause both stimulatory and inhibitory effects on uterine contractility 

(Brighton et al., 2009; Dmitrieva and Berkley, 2002). The relationship between AEA 

and OT activities is yet to be investigated but bionformatic analysis revealed an 

association of AEA and lipid metabolism during OT treatment. AEA was found to be 

increased in tissue analysis and decreased in the fluid analysis on OT treatment in 

this study. Sphingosine and kynurenic acid were also found associated with OT 

activity.  

Metabolites generated from the action of RIT on spontaneous uterine 

contraction were listed in Table 3.3. In the presence of RIT, downregulation of PGF1 

with increased concentration of ARA in the bath fluid was exhibited (Fig. 3.9A-D).  

cAMP was not specifically identified in this study however, the bionformatic 

analysis suggested the involvement of cAMP mediated signalling (Figure 3.17). 

Prostaglandins interact with specific receptors on plasma membranes to regulate 

myometrial activity (Asboth et al., 1997; Chiossi et al., 2012; Vane and Williams, 

1973). A significant decrease in the concentration of myoinositol was also observed 

suggesting a reduction in the phosphatidylinositol signalling pathway in the presence 

of RIT, which supports recent studies linking cAMP signalling with 

phosphatidylinositol (Breuiller-Fouche et al., 1991; Buxton, 2004). Increased 
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concentration of NADP, and a decreased concentration of AEA were also exhibited 

on RIT treatment (Table 3.3). These are new findings in connection with the uterine 

relaxant activity of RIT and possibly ß2-adrenoceptor activation in the myometrium. 

It has however been suggested that S-nitrosylation and activation of NADP synthesis 

could subside membrane limited elevations in Ca2+ and constitute the cGMP-

independent NO-mediated activation of KCa channels  (Charpigny et al., 2003) and 

may contribute to the seemingly dual role of NADP in the myometrium. In addition, 

GABA was found to be associated with RIT activity. Recent evidence has implicated 

a strong association of GABA receptors with lipid signalling and lipid rafts have 

been suggested to provide a platform for signal transduction (Becher et al., 2004; 

Bowery et al., 2002) and also play crucial roles in calcium signalling within the 

uterus (Noble et al., 2006). As such, interference with the cholesterol or lipid content 

of the myometrial plasma membrane has been observed to cause a profound effect on 

both Ca2+ and force of contraction. The spontaneous contractions and Ca2+ transients 

associated with the myometrial longitudinal muscle, from rats and humans were 

greatly augmented upon cholesterol extraction and raft disruption (Bowery et al., 

2002). Lipid rafts can also rapidly recruit other signalling complexes into functional 

assemblies when an appropriate cell stimulus is applied (Brown and London, 1998; 

Simons and Toomre, 2000). There is strong evidence for the association of a 

significant fraction (30% - 40%) of the GABABR with lipid raft domains (Becher et 

al., 2001) and the presence of both the receptor and the G proteins in lipid rafts may 

indicate a possible functional role for the receptor raft association.  

Lipids, amino acids, choline-containing compounds, creatine, inositols and 

lactate dominated the NMR spectra obtained in this study. In some cases, the 1D   
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1H-NMR spectra of the uterine tissues and bath fluids mostly shared the same 

metabolites in both the control and treated groups. Glucose was significantly present 

in the fluids however increased levels were observed in some of the treated groups. 

On examination of the 1H-NMR spectra of polar RIT- treated tissues (Fig. 3.24) and 

bath fluids (Fig. 3.26) lactate, leucine, acetate, GABA and glutamate were 

consistently present while the spectra of the nonpolar tissue (Fig. 3.25) and fluid 

(Fig. 3.27) extracts displayed the presence of HB, leucine, lactate, acetate, GABA 

and adenosine.  

These findings on OT and RIT activity correlated with the OPLS-DA score 

plots and biplots on both the MS and NMR data which showed separations between 

OT-treated and RIT-treated tissues and control (Fig. 3.6, 3.7 and 3.18).  

 

3.11 Conclusion 

The detection of phosphatidylinositol and DAG pathways in connection with the 

activity of OT on the uterus as well as the detection of AMP, adenosine and 

components involved in the cAMP pathway in connection with the effect of RIT on 

the uterus validates the sensitivity of this method in the detection of metabolites 

associated with drug function. The discovery of the involvement of other metabolites 

such as sphingosine and AEA with the activity of OT and the association of GABA 

and AEA with the activity of RIT provides a knowledge-based hypothesis for further 

research. This new technique involving the utilization of pharmacology and 

metabolomics has therefore proven effective in the utilization of finger and footprints 

of myometrial tissue in the determination of the possible mechanism(s) of activity of 
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OT and RIT, as such, a useful tool in drug discovery for the rapid assessment of 

novel drug mechanisms of action.  
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CHAPTER FOUR   

ELUCIDATION OF THE MECHANISM OF ACTION OF THE EXTRACTS 

OF F. EXASPERATA ON UTERINE CONTRACTION USING 

METABOLOMIC TECHNIQUES 
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4.1 INTRODUCTION 

Development of novel drugs from natural products as well as determination of the 

mechanism of activity has become increasingly difficult in recent years due to the 

high cost and extended time period required (Yuliana et al., 2011b). Also, as a 

natural product (NP) extract is made up of a complex mixture of compounds, the 

interactions of the different compounds could disguise the activity of compounds of 

interest or create false-positive results. Due to these difficulties the drug discovery 

process from plants were almost abandoned (Dickson and Gagnon, 2004; 

McChesney et al., 2007). Some pharmaceutical companies (such as Pfizer) no longer 

screen NPs while others, such as Merck and Novartis, have placed emphasis on 

microbial NPs rather than plant NPs (Ortholand and Ganesan, 2004), which is also 

the trend today in  most NP research centres. Between 1981 and 2002, 877 novel 

drugs were reported to have been developed and of these 6% were NP, 27% were NP 

derivatives and 16% were synthetically developed from an NP model  (Newman et 

al., 2003a). This therefore suggests that NPs still remain good sources of novel leads 

for drugs and has fuelled a renewed interest in drug discovery from NP. The ‘silver 

bullet’ approach to drug discovery is perceived to be the best approach where single 

compounds with a particular biological activity (single target–single compound 

paradigm) are tested at the molecular level (e.g. receptor binding inhibition or 

enzyme screening)  (Verpoorte et al., 2005). This approach has yielded some potent 

drugs such as the statins which are used in the reduction of cholesterol levels and the 

drug huperzine A which is used in the management of Alzheimer’s disease (Li et al., 

2004). However, it is not regarded as the best approach in NP screening programmes 

among some researchers due to the effects of synergism and pro-drugs in an extract 
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which could give misleading results  (Verpoorte et al., 2005). In order to improve on 

NP screening approach, a more holistic approach (a philosophy adopted by some 

traditional medicine practices such as Traditional Chinese Medicine (TCM) and 

Ayurveda, is being developed (Ulrich-Merzenich et al., 2007; Verpoorte et al.,  

2005; Wang et al., 2005). In the holistic approach, whole herbal preparation (which 

is the crude complex mixture compounds) is taken to represent one active entity but 

may target multiple targets in organisms (Li et al., 2004; Ulrich-Merzenich et al., 

2007). The system’s response is observed using different 

physiological/pharmacological analytical tools which may include classic 

physiological observations (e.g. blood pressure, analgesic activity, sedative) and/or 

modern molecular observations (gene expression, proteome, metabolome). This is 

performed in order to ascertain the effect of the NP extract on the organism and has 

been termed ‘systems biology approach’  (Verpoorte et al., 2005). Among these 

analytical tools are the ‘omics’ methods of which metabolomics, a relatively new 

member, is regarded as being the most helpful in understanding systems biology, as 

it extracts genotypic information  (Sumner et al., 2003). It is therefore considered a 

valuable tool and can be used to obtain information required in the holistic approach 

and particularly in the study of medicinal plants, creating new exciting opportunities 

for drug discovery from NP. Of the many challenges, deciphering the interaction 

between metabolites present in extracts has remained a significant challenge.  Since 

extracts consist of mixtures of many compounds elaborate purification procedures 

are often required to isolate new pure compounds which can be extremely time 

consuming  (Yuliana et al., 2011a). 
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4.2 Metabolomics in Systems Biology 

Metabolomics is aimed at the broad study and investigation of metabolites (the 

metabolome), within an organism, at a precise time and condition  (Colquhoun, 

2007; Hall, 2006; Mendes et al., 2005; Ulrich-Merzenich et al., 2007; Verpoorte et 

al., 2007). A metabolome (which refers to a group of metabolites in a cell), as 

discussed in the preceding chapter is the outcome of several biochemical processes in 

cells and as such represents a fingerprint of biochemical network within individual 

cells. It is also a consequence of the exchange and communication that occurs within 

the organism’s immediate environment and contributes in several signal transduction 

cascades. Therefore, the determination of all the metabolites, as well as the 

understanding the role played in cellular systems, is a major focus of current 

research. New methods have been designed and developed in this area which can be 

used in the determination of the metabolome, enabling a more accurate 

understanding of their functions  (Saghatelian and Cravatt, 2005b) and for an 

increased understanding of the processes at the point of interaction between the 

proteome and the metabolome  (Saghatelian and Cravatt, 2005a; Saghatelian and 

Cravatt, 2005b).  

Limitations associated with the use of transcriptomics and proteomics profiles 

(such as the changes in the transcriptome or proteome) have been criticized because 

they seldom connect to biochemical phenotypes or sometimes the translated protein 

may not be an active enzyme  (Nobeli and Thornton, 2006; Rochfort, 2005; Sumner 

et al., 2003). Therefore, among the ‘omics’ technologies, metabolomics is often 

considered the most functional and reliable approach (Sumner et al., 2003).  
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The techniques used in metabolomics for identification and quantification 

have been comprehensively reviewed  (Bhalla et al., 2005; Fiehn, 2002; Kell, 2004; 

Sumner et al., 2003; Van der Greef and Smilde, 2005; Verpoorte et al., 2008). Many 

reliable, robust and reproducible analytical methods with better selectivity and 

resolution have been developed which are able to quantitate multiple targets and 

provide an overview of compound classes  (Fiehn, 2002).  NMR provides high 

reproducibility though it’s not as sensitive as MS  (Colquhoun, 2007; Verpoorte et 

al., 2007). NMR offers the advantage of rapid but simple sample preparation and 

measurement time, less automatization, advanced data analysis methods and the 

chance of structure determination of known or unknown compounds in a complex 

mixture using the innovative two-dimensional (2D) NMR methods   (Colquhoun, 

2007; Verpoorte et al., 2007).  

High dimensional data are usually obtained from metabolomics investigations 

and these call for multivariate data analysis (MVDA) methods which are often based 

on the classification of samples into different groups (e.g. treatment, genotype), both 

by supervised (e.g. discriminant function analysis, artificial neural networks) or 

unsupervised type data analysis method, e.g. principal component analysis (PCA), 

and hierarchical cluster analysis (HCA)  (Nobeli and Thornton, 2006). MVDA can 

also be employed in the creation of a regression model between two data blocks 

often referred to as X and Y. In metabolomics-based NP studies, X may represent 

signals arising from different metabolites within plant extracts sampled at consistent 

time intervals, and Y the responses (e.g. product quality, bioactivity, and yield). The 

model created is then used to predict Y from X and can be applied to new 
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observations. The most common MVDA method for this modelling is the partial 

least square (PLS) method and its extended versions  (Wold et al., 2001).  

Increased development in the holistic approach might help increase 

understanding of the mode of action of herbal or natural products and lead to the 

possible determination of their pharmacological activity. Additionally, measurement 

of the effect of a complex extract, either in vitro or in vivo, may assist in the 

identification of compounds correlated with activity. The holistic approach may also 

provide new or unanticipated mechanism(s) of action and targets  (Verpoorte et al., 

2005). 

 

4.3 Metabolomics in the Determination of Mode of Action of Herbal 

Medicines 

Wang et al. (2005) studied the effect of three traditional Chinese medicines on 

insulin resistant transgenic mice by applying a 1H-NMR and supervised MVDA 

method to measure metabolites in their urine (Wang et al., 2005). The LC-MS 

measurement combined with MVDA was also applied to three TCM preparations to 

discover which was the most effective TCM with the lowest toxicity  (Wang et al., 

2005). 

The use of metabolomic profiling to study the mode of action of active 

natural products recently emerged in antimicrobial activity analysis. As an example, 

in one study, HPLC/DAD/ESI-MS application followed by PCA confirmed that 

dihydrocucurbitacin F-25-O-acetate was the main component having an 

antimicrobial activity in Hemsleya pengxianensis. The possible antibacterial mode of 
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action on Staphylococcus aureus CCTCC AB9105 was predicted by comparing the 

metabolite profile of S. aureus treated by the plant extract and commercial 

antibacterials with a known mode of action  (Biao-Yi et al., 2008). 

The use of metabolomics to prove the efficacy of herbal medicines has also 

been reported. The anti-ageing effects of the total flavone content of the Chinese 

herb Herba Epimedii was investigated using 1H NMR analysis as the analytical 

platform and PCA MVDA. Ten metabolites were identified as ageing markers in the 

rat urine profile (Wu et al., 2008). Elsewhere, the study of Epimedium brevicornum 

Maxim, used for toning the kidney and bone strengthening was performed. The 

plasma metabolites of rats were analysed using UPLC-MS and PCA MVDA and an 

increase in the levels of three metabolites were found  (Li et al., 2007). The 

mechanism of action of the TCM preparation known as Xindi soft capsules used in 

the treatment of haematological disorders, was studied using UPLC-MS combined 

with quadrupole time of- flight tandem mass spectrometry (UPLC-QTOFMS) 

followed by PCA and PLS-DA analysis. Results of the study identified some 

potential biomarkers such as cholic acid, phenylalanine and kynurenic acid (Zhao et 

al., 2008).  

 

4.4 Aim of Current Study 

Based on these reports it would therefore seem possible that metabolomics coupled 

with pharmacology could get us closer to mapping the pathways underlying the 

activity of NPs whether as a whole extract or purified compounds. This current study 

couples pharmacology with metabolomic methods described in the previous chapter 
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(chapter 3) in the determination of the mechanism of action of the extracts of the 

leaves of F. exasperata on uterine function. 

 

4.5 Materials and Methods 

Animals, contractility experiments, sampling, extraction, metabolomic measurements 

and analysis, pharmacological and statistical analysis are as previously described 

(Chapter 3). 

 

4.6 Pharmacological Studies 

Single concentrations of E1 (800 µg/ml), Fr. 14Ea (200 µg/ml), compound 8 (Fr. 4-

31Ea 200 µg/ml), Fr. 6.17Ea (200 µg/ml), Fr. 28Ea (200 µg/ml) were added to the 

bath for 10 min following stable rhythmic spontaneous contractions.  

 

4.7 HR-FTLCMS Results 

The OPLSDA scatter plots showed distinct separations between the control (blue 

circles) and treated (red circles) groups in all cases. Significantly regulated 

metabolites were also highlighted and mapped by the S plots in all analysis groups. A 

summary of all the metabolites and pathways detected are listed (Table 4.6). 
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4.7.1 HPLC-HRFTMS of E1 

Multivariate analysis of HRFTMS experiments on E1 using the OPLSDA plots 

showed clear separations between the control and treated groups (Fig. 4.1 and 4.3). 

Several metabolites were detected via HRFTMS analysis to have been perturbed on 

treatment of the uterine tissues with E1 (Table 4.1). These metabolites ranged from 

amino acids (aa), to endocannabinoids, catecholamines, purine nucleosides, inositols, 

carbohydrates, and lipids.  Some secondary plant metabolites were also identified 

such as pheophorbide a, and pyropheophorbide a (Table 4.1). An increase in 

cysteinyldopamine, adenosine, phosphatidylserine, phosphatidyl-ethanolamine, and 

tyrosine was detected on analysis of E1-treated uterine tissues (Table 4.1, Fig. 4.2 A, 

Fig. 4.4 A). Phenylalanine and aminobutyric acid were however decreased within the 

tissues (Table 4.1). These results were similarly detected in the bath fluids analysed 

but in addition myoinositol and phosphatidylinositol were detected to have been 

decreased (Table 4.1, Fig. 4.2 B, Fig. 4.4 B).  Similar results were obtained with the 

polar and non-polar groups however it would appear that more metabolites were 

detected in the non-polar groups (Fig. 4.4 A and B). A summary of the major 

pathways detected are shown in figure 4.5. 

Other fractions of E1 were further subjected to metabolomic analysis. 
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Figure 4.1 OPLSDA score plots (A and B) of polar E1 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for E1-treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n= 4 animals 
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Figure 4.2 OPLSDA S plots of polar E1 treated groups.  Panel A shows the S plot for E1-

treated uterine tissues while panel B shows the S plot generated for those associated with the 

bath fluids. All metabolites detected are shown in green circles. Significantly regulated 

metabolites of the control groups are presented in blue shapes while those of the treated 

groups are presented in red shapes with their corresponding m/z values.  = cAMP 

Metabolism; = endocannabinoid metabolism; = DAG/Lipid Metabolism;  = 

catecholamine synthesis;  = MI Biosynthesis. Metabolites and corresponding m/z and 

pathways are listed in Table 4.1. n= 4 animals 
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Figure 4.3 OPLSDA score plots (A and B) of non-polar E1 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for E1-treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids.. n= 4 animals 



 

248 
 

 

Figure 4.4 OPLSDA S plots of polar E1 treated groups.  Panel A shows the S plot for E1-

treated uterine tissues while panel B shows the S plot generated for those associated with the 

bath fluids. All metabolites detected are shown in green circles. Significantly regulated 

metabolites of the control groups are presented in blue shapes while those of the treated 

groups are presented in red shapes with their corresponding m/z values.  = cAMP 

Metabolism; = endocannabinoid metabolism; = DAG/Lipid Metabolism;  = 

catecholamine synthesis;  = MI Biosynthesis. Metabolites and corresponding m/z and 

pathways are listed in Table 4.1. n= 4 animals 
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Table 4.1 Pathways and Metabolites detected by HRFTMS on Treatment of the Uterus with E1 

FC= Fold change; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine monophosphate; MI= myoinositol; 

DAG = Diacylglycerol; PS = Phosphatidylserine; PI= Phosphatidylinositol; PA = Phosphatidic acid; PE = Phosphatidyethanolamine; SM = 

Sphingomyelin; NA = Nucleic Acid; UDP-L-Ara4O = Uridine 5'-diphospho -beta-L-threo-pentapyranos-4-ulose; aa =Amino acid; Rt = retention time; 

m/z = mass to charge ratio; nd = not detected 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

 unknown  182.9852 0.16 1.961 -1.764 

 unknown  121.9744 1.21 nd -2.3850 

 unknown  142.0298 1.29 nd 160.666 

aa metabolism D-Proline [M+H]+ 116.0707 1.32 -2.059 nd 

NA metabolism Betaine aldehyde [M+CH3OH+H]+ 134.1174 1.32 -3.639 nd 

Dopamine synthesis 5-S-CDPM [M+2Na]2+ 159.0308 1.36 7.794 432.165 

 unknown  158.0385 1.37 288.700 nd 

cAMP Metabolism 8-Azaadenosine [M+2Na]2+ 157.0353 1.41 687.71 25042.330 

aa metabolism L-cysteine [M+H]+ 162.0584 1.41 -2.796 nd 

 unknown  128.5137 1.47 nd 58.253 

 unknown  219.9724 1.51 nd 80.774 

MI Biosynthesis MI signalling [M+Na]+ 203.0527 1.57 nd -1.508 

Cell/GABA signalling Methylaminobutyrate [M+H]+ 118.0863 1.60 -2.015 nd 

Catecholamine Synthesis Methylamino-alanine [M+H]+ 119.0816 1.64 -102.2 nd 

NA metabolism UDP-L-Ara4O [M+3H]3+ 179.0171 1.66 nd 2595.863 
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Table 4.1 Continued. Pathways and Metabolites detected by HRFTMS on Treatment of the Uterus with E1 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

 unknown  210.1159 1.77 8.393 nd 

Gluconeogenesis 2-Deoxy-D-Ribose [M+H]+ 135.0652 1.78 nd 24.415 

aa Metabolism  L-Methionine [M+H]+ 150.0585 1.78 2.453 nd 

 unknown  159.0278 1.78 47.89 nd 

Catecholamine 

Synthesis DL-Tyrosine [M+H]+ 
182.0813 1.78 -2.415 nd 

 unknown  138.0568 1.8 nd 26.674 

TCA Cycle 4-Fluoro-L-threonine [M+H]+ 138.0567 1.81 18.32 nd 

Secondary 

metabolite 

9,12-hexadecadienoic 

acid [M+H+Na]2+ 
138.1025 1.82 29.078 nd 

Leucine 

Metabolism L-Leucine [M+H]+ 
132.1019 1.83 -3.593 nd 

 unknown  133.1051 1.83 -0.072 nd 

Catecholamine 

Synthesis Tyramine [M+H-H2O]+ 
120.0808 2.29 -3.417 nd 

Catecholamine 

Synthesis D-Phenylalanine [M+H]+ 
166.0863 2.29 -3.259 nd 

 unknown  167.0895 2.29 -3.305 nd 

 unknown  156.9907 3.00 nd 825.775 

Leucine 

Metabolism 

L-isoleucyl--decanoyl-

sn-Glycerol [M+H]+ 
229.1546 3.32 4.393 nd 

TCA Cycle Succinylacetone [M+H]+ 159.0653 3.42 nd 30.613 

Energy 

Production 

7-methylguanosine 

phosphate [M+H+Na]2+ 
201.0392 3.60 nd -23.722 

Catecholamine 

Synthesis Glycyl-Phenylalanine [M+H-H2O]+ 
205.0971 3.62 -2.056 nd 

Lipid Metabolism Dodecatetraenoic acid [M+H]+ 225.1484 5.71 nd 27.603 
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Table 4.1 continued. Pathways and Metabolites detected by HRFTMS on Treatment of the Uterus with E1 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

 unknown  309.1267 7.28 -5.973 nd 

Cell/GABA signalling 2-Phenylbutyric acid [M+CH3OH+H]+ 197.1171 7.5 nd 2740.432 

Endocannabinoid Signalling Oleoyl ethanolamide (OEA) [M+CH3OH+H]+ 304.2999 19.65 nd -8.596 

 unknown  305.3031 19.65 nd -8.791 

Lipid Metabolism/Cell Signalling SM(d18:1/16:0) [M+H]+ 703.5757 23.81 991.92 nd 

Lipid Metabolism/Cell Signalling Cholesteryl ester [M+CH3OH+H]+ 703.6046 25.16 366.35 nd 

Lipid Metabolism/Cell Signalling Cholesteryl ester [M+CH3OH+H]+ 703.6032 25.51 302.12 nd 

 unknown  625.2665 28.00 nd 1198.768 

Lipid Metabolism/Cell Signalling Cholesteryl ester [M+CH3OH+H]+ 703.6041 28.37 237.76 nd 

Lipid Metabolism/Cell Signalling SM(d18:2/24:0) [M+H]+ 813.6849 29.11 nd -3.684 

Secondary Metabolite Pheophorbide b [M+CH3OH+H]+ 639.2819 29.12 nd 2528.316 

 unknown  640.2847 29.12 nd 2645.829 

Secondary Metabolite Pheophorbide a  593.2766 29.43 nd 869.783 

Secondary Metabolite Pheophorbide b [M+CH3OH+H]+ 639.2828 30.55 nd 1025.141 

Secondary Metabolite Pyropheophorbide a [M+H]+ 535.2709 30.67 nd 737.261 

 unknown  639.3186 30.67 nd 496.263 

Secondary Metabolite Pyropheophorbide a [M+H]+ 535.2709 30.89 nd 97.818 

Secondary Metabolite Evasterioside C [M+H-H2O]+ 653.2995 31.59 nd 859.989 

Secondary Metabolite Evasterioside B [M+H-H2O]+ 667.3137 32.35 nd 18417.31 

 unknown  919.5499 32.58 29.809 nd 

MI Biosynthesis/signalling PI(18:4/22:4) [M+CH3OH+H]+ 939.5609 32.65 1383.9 nd 

MI Biosynthesis/signalling PI(P-18:0/18:1) [M+H-H2O]+ 813.5684 32.67 nd -107.481 

 unknown  621.3078 33.01 nd 1937.269 
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Table 4.1 continued. Pathways and Metabolites detected by HRFTMS on Treatment of the Uterus with E1 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Endo-Cannabinoid 

Signalling PS(22:2/0:0) [M+CH3OH+H]+ 
622.311 33.01 nd 903.833 

 unknown  918.5824 33.12 1907.1 nd 

Endo-cannabinoid 

Signaling PE(22:4/22:6) [M+CH3OH+H]+ 
903.5636 34.21 129.36 nd 

 unknown  918.5828 34.74 66.987 nd 

MI 

Biosynthesis/signalling PI(20:4/22:6)[U]          [M+CH3OH+H]+ 
917.5797 35.58 26.046 nd 

Endo-cannabinoid 

Signaling PE(22:4/22:6) [M+CH3OH+H]+ 
903.5645 36.22 165.16 nd 

Endo-cannabinoid 

Signaling PE(22:4/22:6) [M+CH3OH+H]+ 
903.5646 36.67 162.94 nd 

 unknown  969.5147 37.66 -882.2 nd 

Cell signalling 5-Phenylvaleric acid [M+H]+ 179.1065 39.65 -36.16 nd 

Cell/GABA signalling 

Aminohydroxybutyric 

acid [M+H-H2O]+ 
102.0551 41.56 nd -74.968 
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Figure 4.5 Predicted significantly regulated pathways of E1 on uterine contraction. 

The red circles represent upregulated pathways and the blue circles represent 

downregulated pathways. The gradient blue and red circles represent possibly up- 

and downregulated pathways. cAMP = cyclic adenosine monophosphate; DAG = 

diacylglycerol; GABA = gamma aminobutyric acid.  
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4.7.2 HR-FTLCMS of F14 

OPLSDA multivariate analysis of HR-FTLCMS experiments on F14 showed distinct 

separations between the control and treated groups of both the polar (Fig. 4.6 A and 

B) and non-polar groups (Fig. 4.8 A and B). Several metabolites were detected via 

HR-FTLCMS analysis to have been perturbed on treatment of the uterine tissues 

with F14 (Table 4.2). The spectra were dominated by amino acids and lipids.  Some 

secondary plant metabolites were also identified such as pheophytin a, and 

triglycerides (Table 4.2). From the S plots generated, cAMP, DAG and dopamine 

signalling were upregulated while MI and endocannaboinoid signalling were 

downregulated in the F14 treated tissues (Fig. 4.7 and Fig. 4.9) These findings were 

similarly observed in the bath fluids but DAG was observed to be dominant (Fig. 4.7 

B and 4.9 B). Additionally, an increase in cysteinyldopamine, adenosine, nicotinic 

acid, phosphatidic acid, diacylglycerol, histidinol, glycerol phosphate and 

phosphatidyl serine were detected on analysis of F14-treated uterine tissues (Table 

4.2). Betaine aldehyde, choline and phosphatidylcholine were however decreased 

within the tissues (Table 4.2). These results were similarly detected in the bath fluids 

(Table 4.2).  Similar results were obtained with the polar and non-polar groups 

however it would appear that more metabolites were detected in the non-polar groups 

(Fig. 4.9 A and B). The IPA bioinformatic analysis showed lipid metabolism, cell 

signalling, nucleic and amino acid metabolism as high-level functional categories 

involved in F14-treatment of uterine tissues (Fig. 4.10 a and b). Canonical pathways 

generated by IPA bioinformatics showed myo-inositol, GABA, IP3 and serotonin to 

have been upregulated and detected in the tissues (Fig. 4.10a) and CDP-DAG and 
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catecholamine synthesis to have been additionally upregulated in the bath fluids (Fig. 

4.10b).  

 

Figure 4.6 OPLSDA score plots (A and B) of polar F14 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F14-treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n = 4 animals 



 

256 
 

 

Figure 4.7 OPLSDA S plots of polar F14 treated groups.  Panel A shows the S plot for F14-treated 

uterine tissues while panel B shows the S plot generated for those associated with the bath fluids. 

All metabolites detected are shown in green circles. Significantly regulated metabolites of the control 

groups are presented in blue shapes while those of the treated groups are presented in red shapes with 

their corresponding m/z values.  = cAMP signalling; = endocannabinoid signalling;  = 

DAG signalling;  = catecholamine synthesis;  = MI biosynthesis/signalling;  = 

dopamine metabolism. n = 4 animals 
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Figure 4.8 OPLSDA score plots (A and B) of non-polar F14 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F14-treated uterine tissues while panel B shows the score plot generated for bath 

fluids in which the treated tissues were immersed. n = 4 animals 
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Figure 4.9 OPLSDA S plots of non-polar F14 treated groups.  Panel A = S plot for F14-treated 

uterine tissues while panel B shows S plot generated for those associated with the bath fluids. All 

metabolites detected are represented by the green circles. Metabolites that were significantly regulated 

in the control groups are presented in blue shapes while those of the treated groups are presented in 

red shapes with corresponding m/z values.  = cAMP signalling; = endocannabinoid 

signalling;  = DAG signalling;  = catecholamine synthesis;  = aa metabolism;  = MI 

biosynthesis/signalling;  = dopamine metabolism. n = 4 animals 
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Table 4.2 Pathways and Metabolites detected by HRFTMS on Effect of F14 on Uterine Contractility 

FC= fold change; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine monophosphate; MI= myoinositol; DAG = 

diacylglycerol; PS = phosphatidylserine; PI= phosphatidylinositol; PA = phosphatidic acid; PE = phosphatidylethanolamine; SM = sphingomyelin; NA = nucleic acid; 

UDP-L-Ara4O = uridine 5'-diphospho -beta-L-threo-pentapyranos-4-ulose; TG= triacylglycerol; PC= phosphatidylcholine; aa =Amino acid; Rt =Retention time; m/z 

= mass to charge ratio; nd = not detected 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

 NA Metabolism Betaine aldehyde [M+CH3OH+H]+ 134.1174 1.33 -2.9544 nd 

  unknown   116.9771 1.33 nd 374.4446 

Choline 

Metabolism Choline [M+H]+ 
104.1071 1.37 1.9532 nd 

Amino sugar and 

nucleotide sugar 

metabolism UDP-L-Ara4O [M+3H]3+ 

179.0171 1.45 nd 54743.18 

Serotonin 

biosynthesis 5-S-CDPM [M+2Na]2+ 
159.0307 1.46 133.6072 nd 

cAMP 

Metabolism 8-Azaadenosine [M+2Na]2+ 
157.0353 1.48 5438.0291 1434.018 

Gluconeogenesis 

and Glycolysis 

3-Dehydro-L-

gulonate [M+H-2H2O]+ 
159.0305 1.69 nd 1637.055 

GABA  Signalling 

2,3-dihydroxy-3-

methylbutyric acid [M+Na]+ 
157.0473 1.77 nd 104186.8 

  Dimethyl sulfoxide [M+ACN+Na]+ 142.0298 1.77 nd 172.0802 

  unknown   137.0018 1.77 -6.3764  

  unknown   141.9587 1.77 nd 681.5441 
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Table 4.2 continued. Pathways and Metabolites detected by HRFTMS on Effect of F14 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Gluconeogenesis and 

Glycolysis Methyl nicotinate [M+H-H2O]+ 
120.0445 1.86 162.6332 nd 

  unknown   158.9861 2.29 nd 2889.017 

  unknown   159.0252 2.66 nd 1030.808 

  unknown   158.9614 2.77 nd 735.8927 

  unknown   156.9907 4.21 nd 1353.117 

Catecholamine 

Biosynthesis L-Tyrosine [M+2H+Na]3+ 
110.0201 4.55 nd 2.1354 

  unknown   102.0339 8.97 nd 3.4336 

  unknown   304.2999 19.62 nd -314.307 

Endocannabinoid 

Signalling PC(O-14:0/2:0)  [M+H]+ 
496.3401 21.41 -2.6099 nd 

  unknown   332.3312 22.29 nd -3133 

MI 

Biosynthesis/Signalling PA(17:1/22:2) [M+ACN+H]+ 
782.5700 28.83 3.8447 nd 

DAG signalling DAG(20:5/22:3/0:0) [M+ACN+H]+ 734.5702 28.85 24.5178 nd 

DAG signalling DAG(20:5/22:3) [M+ACN+H]+ 734.5701 29.69 5.4107 nd 

DAG signalling DAG(22:3/22:6/0:0) [M+ACN+H]+ 760.5865 29.69 2.9383 nd 

DAG synthesis SM(d18:1/16:0) [M+H]+ 703.5755 30.08 7.6167 nd 
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Table 4.2 continued. Pathways and Metabolites detected by HRFTMS on Effect of F14 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

DAG signalling DAG(22:3/22:6/0:0) [M+ACN+H]+ 760.5855 30.12 5.2189 -8.2758 

Endocannabinoid 

signalling PC(16:0/20:4) [M+H]+ 
782.5699 30.12 3.6909 nd 

Pentose 

phosphate and 

Purine 

metabolism L-Histidinol [M+H-H2O]+ 

124.0869 30.34 3.7838 73.1934 

DAG synthesis TG(17:1/17:2/18:0) [M+ACN+H]+ 898.7865 30.54 -51.2965 nd 

DAG synthesis TG(18:2/20:2/20:2) [M+H-2H2O]+ 899.7902 31.13 -35.4867 nd 

Secondary 

Metabolite Pheophytin a [M+H]+ 
871.5743 32.27 2366.645 nd 

  unknown   900.7936 32.38 -52.3959 nd 

DAG synthesis TG(16:0/17:1) [M+ACN+H]+ 872.7707 34.19 2.3563 16.5108 

DAG synthesis TG(18:2/20:2/20:2) [M+H-2H2O]+ 899.7898 34.28 nd 11.6516 

DAG synthesis TG(18:2/18:3/20:0) [M+H-2H2O]+ 873.7744 34.29 nd 8.9541 

DAG synthesis TG(17:1/17:2/18:0) [M+ACN+H]+ 898.7865 34.29 nd 11.1758 

DAG synthesis TG(17:2/17:2/18:0) [M+ACN+H]+ 896.7696 34.46 9.3149 nd 

  unknown   914.7810 34.51 7.157 nd 

  unknown   663.4551 34.62 nd -45.7102 
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Table 4.2 continued. Pathways and Metabolites detected by HRFTMS on Effect of F14 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

MI Biosynthesis PA(O-16:0/20:5) [M+H]+ 681.4843 34.62 nd -44.9568 

  unknown   680.4811 34.62 nd -66.4065 

      685.4361 34.62 nd -1265.54 

MI Biosynthesis PG(O-18:0/22:6) [M+ACN+Na]+ 872.5779 35.97 16106.02 nd 

  unknown   900.7931 36.10 -43.1712 nd 

MI Biosynthesis PA(O-16:0/20:5) [M+H]+ 681.4836 36.56 553.4892 nd 

Endocannabinoid 

Signalling PS(O-18:0/18:3) [M+H-2H2O]+ 
736.5261 36.58 1201.437 nd 

      735.5226 36.63 838.1367 nd 

  unknown   940.7818 36.69 nd 2067.523 

  unknown   663.4542 36.70 409.0791 nd 

Endocannabinoid 

Signalling PS(P-16:0/12:0)  [M+H]+ 
664.4574 36.70 769.8695 nd 

Endocannabinoid 

Signalling PS(22:1/22:6)  [M+H-H2O]+ 
872.5774 36.70 7348.963 nd 

  unknown   1534.0203 36.70 2.9681 nd 

  unknown   1344.9327 36.79 19320.42 nd 

DAG synthesis TG(17:2/17:2/18:1) [M+ACN+H]+ 894.7551 37.11 10.2863 nd 

Inositol 

Phosphate 

synthesis PI(O-16:0/20:1) [M+Na]+ 

873.5806 37.14 1625.086 nd 
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Table 4.2 continued. Pathways and Metabolites detected by HRFTMS on Effect of F14 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

DAG synthesis TG(18:2/18:3/20:0) [M+H-2H2O]+ 873.7746 37.15 nd 21.5008 

  unknown   680.4809 37.30 63.2369 nd 

  unknown   940.7813 37.41 nd 2067.523 

  unknown   874.7779 37.51 nd 8.5346 

  unknown   192.9764 37.77 nd -39.6321 

DAG synthesis TG(17:1/17:2/18:0) [M+ACN+H]+ 898.7869 37.79 nd 4073.58 

      179.0608 37.93 nd -148.5 

DAG synthesis TG(16:0/17:1) [M+ACN+H]+ 872.7725 38.09 nd 61371.03 

  unknown   182.9853 38.20 5.0843 nd 

Secondary 

Metabolite Pheophytin a [M+H]+ 
871.5757 38.32 nd 10662.89 

  unknown   900.7936 39.04 nd 2.8927 

  unknown   208.0392 39.28 nd 14.4786 

  unknown   122.5471 44.58 2.8541 3.8539 
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Figure 4.10a Bar charts displaying top functions (A) and canonical pathways (B) extracted 

by IPA software for F14 treated uterine tissues. The high level functional categories 

associated with F14- treated tissues are displayed along the x-axis in A above while high 

level canonical pathways are shown in B. The y-axis displays the -(log) significance.  Taller 

bars in A are more significant than the shorter bars and functions are listed from most 

significant to least.  The orange horizontal line in A and B denotes the cut-off for 

significance (p-value of 0.05). 
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Figure 4.10b IPA-generated bar charts displaying top functions (C) and canonical pathways 

(D) for bath fluids in which the F14 treated uterine tissues were immersed. Significantly 

associated functional categories of F14- treated fluids are displayed along the x-axis in C 

above while significant canonical pathways are shown in the x-axis of D above. The y-axis 

in C displays the -(log) significance while the left y-axis in D displays the percentage 

change.  Taller bars in C are more significant than the shorter bars. Functions in C have been 

listed from most significant to least significant; the orange horizontal line in C and D denotes 

the cut-off for significance (p-value of 0.05). 
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4.7.3 HPLC-HRFTMS of F4-31 

HR-FTLCMS experiments were analysed using the multivariate analysis and the 

bioinformatics software IPA. Multivariate OPLSDA plots showed distinct 

separations between the control (blue circles) and treated (red circles) groups (Fig. 

4.11 and Fig. 4.13). Multivariate S-plots were also generated which represented 

every metabolite detected within the groups compared and also showed significantly 

regulated metabolites in the control (highlighted in blue) and treated groups 

(highlighted in red) (Fig. 4.12 and 4.14). The different pathways associated with the 

significantly regulated metabolites are presented in different shapes (Fig. 4.12 and 

Fig. 4.14). cAMP, catecholamine and endocannabinoid signalling were upregulated 

(Fig. 4.12 and Fig. 4.14) while MI signalling was downregulated (Fig. 4.12 and 

4.14). Other detected metabolites are listed in Table 4.3. These metabolites ranged 

from amino acids to inositols, and phospholipids (Table 4.3). An increase in 

threonine and adenosine were observed in the tissues and fluids (Table 4.3) while a 

decrease in GABA, glutamate, tyrosine, methionine, threonine and phenylalanine 

were detected in the tissues (Table 4.3). Additional metabolites were detected in the 

fluids and these included an increase in nicotinic acid, UDP-L-Ara4O, 

cysteinyldopamine, and ceramide while MI, sphingosine, phosphatidylinositol and 

phosphatidic acid were observed in the bath fluids to have been decreased (Table 

4.3). Some secondary plant metabolites were also identified in the process, these 

included hexadecadienoic acid, furaneol-4-glucoside, pheophorbide a, pheophorbide 

b, pyropheophorbide-a and vinaginsenosdie (Table 4.3). The IPA bioinformatics 

software showed lipid metabolism, small molecule chemistry, nucleic acid 

metabolism and cell signalling as top functions associated with F4-31 (Fig. 4.15a and 
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Fig. 4.15b). Canonical pathways generated by IPA displayed an upregulation of 

nicotinic acid, eicosanoids, CDP-DAG, 5-HT, GABA and MI pathways (Fig. 4.15a 

and b). 

 

Figure 4.11 OPLSDA score plots (A and B) of polar F4-31 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F4-31 treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n = 4 animals 
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Figure 4.12 OPLSDA S plots of polar F4-31 treated groups.  Panel A shows the S plot for 

F4-31-treated uterine tissues while panel B shows the S plot generated for those associated 

with the bath fluids. All metabolites detected are shown in green circles. Significantly 

regulated metabolites of the control groups are presented in blue shapes while those of the 

treated groups are presented in red shapes with corresponding m/z values.  = cAMP 

signalling; = endocannabinoid signalling;  = DAG signalling;  = catecholamine 

synthesis;  = MI biosynthesis/signalling;  = dopamine metabolism. n = 4 animals 
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Figure 4.13 OPLSDA score plots (A and B) of non-polar F4-31 treated groups.  Blue 

circles represent control groups while red circles represent treated groups. Panel A shows the 

score plot for F4-31 treated uterine tissues while panel B shows the score plot generated for 

bath fluids in which the treated tissues were immersed. n = 4 animals 
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Figure 4.14 OPLSDA S plots of non-polar F4-31 treated groups.  Panel A shows the S plot 

for F4-31-treated uterine tissues while panel B shows the S plot generated for those 

associated with the bath fluids. All metabolites detected are shown in green circles. 

Significantly regulated metabolites of the control groups are presented in blue shapes while 

those of the treated groups are presented in red shapes with corresponding m/z values.  = 

cAMP signalling; = endocannabinoid signalling;  = DAG signalling;  = catecholamine 

synthesis;  = MI biosynthesis/signalling;  = dopamine metabolism. n = 4 animals
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Table 4.3 Pathways and Metabolites detected by HPLC-HRFTMS on Effect of F4-31 on Uterine Contractility 

FC= fold change; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine monophosphate; MI= myoinositol; 

DAG = diacylglycerol; PS = phosphatidylserine; PI= phosphatidylinositol; PA = phosphatidic acid; PE = phosphatidylethanolamine; SM = 

sphingomyelin; NA = nucleic acid; UDP-L-Ara4O = Uridine 5'-diphospho -beta-L-threo-pentapyranos-4-ulose; CER= ceramide; PC = 

phosphatidylcholine; Rt = retention time; m/z = mass to charge ratio; nd = not detected 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Secondary 

Metabolite 

Kaempferol 3,7-di-

O-sulphate [M+2H]2+ 
223.9883 0.24 nd 2.4210221 

  unknown   200.9725 0.99 -12.3654 nd 

Gluconeogenesis Glycolaldehyde [M+H]+ 102.0549 1.04 nd 2.938571 

Gluconeogenesis Lactaldehyde [M+ACN+H]+ 116.0707 1.32 -2.3778 nd 

Lipid 

Metabolism/ Cell 

Signalling Caproic acid [M+NH4]+ 

134.1174 1.32 -2.4534 nd 

Sphingosine 

Metabolism Methyl nicotinate [M+H]+ 
138.0551 1.32 nd 27.117456 

  unknown   181.0126 1.33 nd 1018.1743 

GABA Receptor 

Signalling GABA [M+H]+ 
118.0863 1.37 -1.9603 nd 

aa and nucleotide 

sugar metabolism UDP-L-Ara4O [M+3H]3+ 
179.0169 1.37 nd 37416.1 

GABA Receptor 

Signalling Glutamate [M+H]+ 
148.0606 1.37 -1.6216 nd 

  unknown   121.9744 1.38 nd -3.8105 

 

 



 

272 
 

Table 4.3 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F4-31 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   102.9988 1.39 nd 253.39797 

 aa metabolism L-cysteine [M+H]+ 162.0584 1.41 -2.9115 nd 

cAMP synthesis 8-Azaadenosine [M+2Na]2+ 157.0353 1.42 498.8266 1393.8791 

  unknown   128.5137 1.48 nd 52.435029 

  unknown   219.9725 1.49 nd 62.637065 

Catecholamine 

Synthesis L-Tyrosine [M+2H+Na]3+ 
110.0201 1.56 nd -1.9912 

MI 

Biosynthesis/Signalling MI [M+Na]+ 
203.0526 1.68 nd -1.498 

Amino and nucleotide 

sugar metabolism UDP-L-Ara4O [M+3H]3+ 
179.0171 1.72 nd -4010.3903 

  unknown   158.0384 1.77 nd 1317.5852 

Catecholamine 

Synthesis/ Cell 

Signalling CDPM [M+2Na]2+ 

159.0308 1.78 nd 315.95094 

Phospholipid 

Synthesis Methionine [M+H]+ 
150.0585 1.79 -2.3909 nd 

Catecholamine 

Synthesis L-Tyrosine [M+H]+ 
182.0813 1.79 -2.3937 nd 

TCA Cycle 

4-Fluoro-L-

threonine [M+H]+ 
138.0567 1.81 14.975425 nd 

Secondary Metabolite 

9,12-

hexadecadienoic 

acid [M+H+Na]2+ 

138.1025 1.82 23.444361 nd 
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Table 4.3 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F4-31 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Protein 

Synthesis/Cell 

Signalling L-Leucine [M+H]+ 

132.1019 1.83 -3.5026 nd 

  unknown   133.1051 1.84 -4.0141 nd 

Protein 

Synthesis/Cell 

Signalling Glycyl-Isoleucine [M+H]+ 

189.1234 1.84 -7.8112 nd 

Secondary 

Metabolite Furaneol 4-glucoside [M+H+Na]2+ 
157.0483 1.95 nd 20702.771 

  unknown   158.0029 2.05 nd 305.1943 

Catecholamine 

Metabolism Tyramine [M+H-H2O]+ 
120.0808 2.29 -3.4054 nd 

Catecholamine 

Synthesis D-Phenylalanine [M+H]+ 
166.0864 2.29 -3.2755 nd 

aa metabolism 

4-

Guanidinobutanamide [M+Na]+ 
167.0895 2.30 -3.3457 nd 

Glutamate 

Metabolism L-isoleucyl-L-proline [M+H]+ 
229.1546 3.31 -5.5293 nd 

  unknown   156.9907 3.35 nd 499.9947 

Catecholamine 

Synthesis L-Tyrosine [M+2H+Na]3+ 
110.0201 3.66 1.4794 nd 

  unknown   197.1172 6.34 nd -11.7734 

  unknown   309.1267 7.26 -10.4258 nd 
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Table 4.3 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F4-31 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

GABA Receptor 

Signalling 

3-Phenylbutyric 

acid [M+CH3OH+H]+ 
197.1172 7.56 nd 1283.3689 

Endocannabinoid 

Metabolism 

Oleoyl 

ethanolamide [M+H-2H2O]+ 
304.2999 19.71 -24.8789 -1.2906 

  unknown   305.3031 19.71 -26.3138 nd 

  unknown   306.3061 19.71 -28.7571 nd 

  unknown   332.3312 22.54 1.6238737 -1.5618 

  unknown   597.2714 26.27 nd 6970.0291 

Secondary metabolite Pheophorbide a [M+CH3OH+H]+ 625.3027 27.36 nd 464.1722 

  unknown   625.2664 28.09 nd 1010.5702 

MI 

Biosynthesis/Signalling PC(16:0/18:1) [M+H]+ 
760.5859 29.12 nd 2.837 

MI 

Biosynthesis/Signalling PC(16:0/20:1) [M+H]+ 
788.6172 29.12 nd -7.4079 

Sphingosine 

Metabolism SM(d18:1/24:1) [M+H]+ 
813.6849 29.12 nd -9.2151 

  unknown   814.6884 29.12 nd -9.4795 

  unknown   640.2849 29.18 nd 3050.0209 

Secondary Metabolite Pheophorbide a [M+H]+ 593.2765 29.36 nd 1271.3816 

  unknown   1069.5331 30.81 nd 6.7649 

  unknown   1070.5363 30.81 nd 6.6622 
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Table 4.3 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F4-31 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Secondary Metabolites Pyropheophorbide a [M+H]+ 535.2707 30.81 69.6248 2868.9572 

  unknown   536.2736 30.81 nd 3416.0911 

  unknown   537.2767 30.81 nd 3154.8818 

Secondary Metabolites Pyropheophorbide a [M+H]+ 535.2709 30.92 nd 133.3165 

Sphingosine 

Metabolism Cer d18:1/22:0) [M+3H]3+ 
705.7237 31.73 nd 51.6002 

MI 

Biosynthesis/Signalling  PA(22:0/22:2) [M+H]+ 
813.6388 32.58 nd -69.4274 

  unknown   814.6423 32.59 nd -61.7095 

Sphingosine 

Metabolism Cer(d18:1/20:0) [M+2H+Na]3+ 
727.7058 32.59 nd 57.4416 

Lipid Metabolism/ 

Cell Signalling TG(16:0/16:0/16:0) [M+ACN+H]+ 
848.7709 33.41 nd 2.5155 

MI 

Biosynthesis/Signalling PI(O-16:0/20:2) [M+H-2H2O]+ 
813.5683 34.29 nd -120.9246 

MI 

Biosynthesis/Signalling Glycerophosphocholine [M+H]+ 
814.5718 35.93 nd -152.0414 

MI 

Biosynthesis/Signalling  PA(22:0/22:2) [M+H]+ 
813.6391 36.06 nd -109.6111 

  unknown   706.7274 36.64 nd 40.1577 

Secondary Metabolite Vinaginsenoside R3 [M+H]+ 931.5591 37.66 -88.9506 nd 

Secondary Metabolite Vinaginsenoside R4 [M+K]+ 969.5147 37.66 -1685.5944 nd 
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Table 4.3 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F4-31 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Secondary 

Metabolite 

Vinaginsenoside 

R4 [M+K]+ 
969.5147 37.66 -1685.5944 nd 

  unknown   190.9795 37.88 3.0024 nd 

  unknown   241.9845 37.98 -14.0817 nd 

  unknown   241.9849 38.84 -75.5218 nd 

Tyrosinase 

Inhibitor Nonanedioic acid [M+H-H2O]+ 
171.1021 40.16 nd -4.0766 

  unknown   200.9724 43.77 nd 8.0858 

  unknown   182.9852 44.09 nd 1.3304 
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Figure 4.15a Bar charts displaying top functions (A) and canonical pathways (B) extracted 

by IPA software for F4-31 treated uterine tissues. The high level functional categories 

associated with F4-31- treated tissues are displayed along the x-axis in A above while high 

level canonical pathways are shown in B above. The y-axis displays the -(log) 

significance.  Taller bars in A are more significant than the shorter bars. Functions are listed 

from most significant to least and the orange horizontal line in A and B denotes the cutoff for 

significance (p-value of 0.05). 
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Figure 4.15b IPA-generated bar charts displaying top functions (C) and canonical pathways 

(D) for bath fluids in which the F14 treated uterine tissues were immersed. Significantly 

associated functional categories of F14- treated fluids are displayed along the x axis in C 

above while significant canonical pathways are shown in the x-axis of D above. The y-axis 

in C displays the -(log) significance while the left y-axis in D displays the percentage 

change.  Taller bars in C are more significant than the shorter bars. Functions in C have been 

listed from most significant to least significant; the orange horizontal line in C and D denotes 

the cutoff for significance (p-value of 0.05). 
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4.7.4. HPLC-HRFTMS of F6.17 

HRFTMS experiments were analysed using the multivariate analysis and the 

bioinformatics software IPA. Multivariate OPLSDA plots showed distinct 

separations between the control (blue circles) and treated (red circles) groups (Fig. 

4.16 and Fig. 4.18). Multivariate S-plots were also generated which represented 

every metabolite detected within the groups compared. Significantly regulated 

metabolites and pathways were also displayed as blue shapes in the control and red 

shapes in the treated (Fig. 4.17 and Fig. 4.19). cAMP, endocannabinoid and 

catecholamine signalling were upregulated while MI, and endocannabinoids 

signalling were downregulated control group was downregulated (Fig. 4.17 and Fig. 

4.19). Other detected metabolites are listed in Table 4.4. These metabolites ranged 

from amino acids to lipids (Table 4.4). An increase in adenosine, cysteinyl 

dopamine, phosphatidyl ethanolamine, glycerolphosphate, phosphatidyl serine, 

triglyceride were observed in the tissues and fluids while a decrease in MI, 

noradrenaline, tyrosine, and phosphatidylinositol were observed (Table 4.4). Some 

secondary plant metabolites were also identified in the process, these included 

herbetene, pheophorbide a, and pyropheophorbide a (Table 4.4). The IPA 

bioinformatic software showed cell signalling, lipid metabolism, small molecule 

biochemistry, nucleic and amino acid metabolism as high level functions associated 

with F6.17 while myoinositol signalling CDP-DAG and serotonin pathways were 

observed to be associated with the effect of F6.17 on uterine contractility (Fig. 4.20 a 

and b). 
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Figure 4.16 OPLSDA score plots (A and B) of polar F6.17 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F6.17 treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n = 4 animals 
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Figure 4.17 OPLSDA S plots of polar F6.17 treated groups.  Panel A shows the S plot for 

F6.17-treated uterine tissues while panel B shows the S plot generated for those associated 

with the bath fluids. The green circles represent all metabolites detected in the analysis. 

Significantly regulated metabolites of the control groups are presented in blue shapes while 

those of the treated groups are presented in red shapes with their corresponding m/z values. 

 = cAMP signalling; = endocannabinoid signalling;  = aa signalling;  = DAG 

signalling;  = catecholamine synthesis;  = MI biosynthesis/signalling. n = 4 animals 
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Figure 4.18 OPLSDA score plots (A and B) of non-polar F6.17 treated groups.  Blue 

circles represent control groups while red circles represent treated groups. Panel A shows the 

score plot for F6.17 treated uterine tissues while panel B shows the score plot generated for 

those associated with the bath fluids. n = 4 animals 

 



 

283 
 

 

 

 

Figure 4.19 OPLSDA S plots of non-polar F6.17 treated groups.  Panel A shows the S plot 

for F6.17-treated uterine tissues while panel B shows the S plot generated for those 

associated with the bath fluids. All metabolites detected are shown in green circles. 

Significantly regulated metabolites of the control groups are presented in blue shapes while 

those of the treated groups are presented in red shapes with corresponding m/z values.  = 

cAMP signalling; = endocannabinoid signalling;  = DAG signalling;  = 

catecholamine synthesis;  = MI biosynthesis/signalling. n = 4 animals
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Table 4.4 Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

FC= fold change; aa = amino acid; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine 

monophosphate; MI= myoinositol; DAG = diacylglycerol; PS = phosphatidylserine; PI= phosphatidylinositol; PA = phosphatidic acid; PE 

= phosphatidylethanolamine; SM = sphingomyelin; NA = nucleic acid; UDP-L-Ara4O = uridine 5'-diphospho -beta-L-threo-

pentapyranos-4-ulose; PG= glycerophosphate; TG= triacylglycerol; Rt= Retention time; m/z = mass to charge ratio; nd = not detected 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   122.5472 0.09 30.4936 nd 

  unknown   122.5472 1.09 nd -1.7316 

aa Metabolism Taurine [M+Na]+ 148.0041 1.32 -4.9836 nd 

  unknown   120.0767 1.34 -36.7203 nd 

Energy production Lactaldehyde [M+ACN+H]+ 116.0707 1.35 -5.9186 nd 

  unknown   116.9771 1.37 nd 465.0968 

  L-Prolinamide [M+H]+ 115.087 1.38 nd 3.5970 

  Aminobenzoate [M+H]+ 138.055 1.38 99.8340 nd 

aa Metabolism/ Serotonin 

Signalling Cysteine [M+NH4]+ 139.0536 1.39 nd 130.6774 

  unknown   158.0384 1.40 nd 138.7658 

aa Metabolism Betaine aldehyde [M+CH3OH+H]+ 134.1174 1.41 -5.4066 nd 

  unknown   139.0214 1.50 199.4688 nd 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

TCA Cycle/ GABA 

Signalling Succinate [M+H+Na]2+ 
120.5276 1.57 100.2912 nd 

cAMP metabolism 8-Azaadenosine [M+2Na]2+ 157.0352 1.60 11433.3826 9785.7196 

Dopamine synthesis 5-S-CDPM [M+2Na]2+ 159.0306 1.60 805.3107 nd 

  unknown   158.0381 1.65 355.7425 8426.7705 

MI 

Biosynthesis/signalling  MI [M+Na]+ 
203.0527 1.69 nd -1.3952 

NA Metabolism  UDP-L-Ara4O [M+3H]3+ 179.0170 1.72 nd 14787.6064 

DAG 

Metabolism/Glycerolipid 

Metabolism 

Acylglycerone 

phosphate [M+H-H2O]+ 

180.9898 1.76 nd 1462.5095 

NA Metabolism Dihydropteridine [M+Na]+ 157.0483 1.76 nd 14878.8020 

  unknown   141.9587 1.77 nd 1039.7553 

aa Metabolism/ 

Serotonin Signalling Cysteine [M+NH4]+ 
139.0536 1.77 34.3804 nd 

Dopamine Metabolism 5-S-CDPM [M+2Na]2+ 159.0304 1.78 nd 3601.7490 

  unknown   137.0018 1.83 -14.1527 nd 

Dopamine Metabolism 5-S-CDPM [M+2Na]2+ 159.0309 1.85 nd 19.4752 

Leucine Metabolism L-Leucine [M+H]+ 132.1019 1.88 -2.5470 nd 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   158.0029 1.89 nd 2288.3669 

  unknown   156.9909 1.93 3939.8379 nd 

  unknown   158.9613 1.96 182.4889 805.9703 

  unknown   158.9618 2.25 nd 1383.2920 

NA 

Metabolism/NADP 

Metabolism 

2-Chloro-3-

oxoadipate [M+H-2H2O]+ 

158.9861 2.29 nd 2261.6683 

Lipid Metabolism/ 

Cell Signalling Succinic acid [M+K]+ 
156.9905 2.32 690.0647 nd 

Adrenergic 

signalling Methylnoradrenaline [M+H-H2O]+ 
166.0864 2.46 -3.1303 nd 

  8-Azaadenosine [M+2Na]2+ 157.0353 2.48 nd 29.1782 

  unknown   156.9907 2.68 nd 10534.9220 

aa Metabolism Betaine aldehyde [M+H]+ 102.0914 3.37 nd -7.9259 

Secondary 

Metabolite 

1,13-Dihydroxy-

herbertene [M+H]+ 
235.1691 5.01 nd 254.0582 

  unknown   122.5472 5.77 2.6587 nd 

  unknown   102.0339 6.90 nd -1.6618 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Catecholamine 

Synthesis L-Tyrosine [M+2H+Na]3+ 
110.0201 9.85 nd -1.7568 

  unknown   122.5472 11.38 nd -1.3957 

  unknown   305.303 19.62 77480.8832 nd 

Endocannabinoid 

Signalling PC(O-14:0/2:0) [M+H]+ 
496.3401 21.36 -2.8513 nd 

Endocannabinoid 

Signalling 

N- arachidonoyl 

amine [M+NH4]+ 
504.3241 23.38 nd 7.3176 

Lipid Metabolism/ 

Endocannabinoid 

synthesis PE(21:0/0:0)  [M+H]+ 

524.3715 26.46 1.9740 nd 

Lipid Metabolism/ 

Cell Signalling PC(16:0/18:1(9Z)) [M+H]+ 
760.5856 29.23 nd 83.2337 

  Pheophorbide a [M+H]+ 593.2765 29.70 nd 21905.4735 

  PG(20:5/0:0) [M+ACN+Na]+ 594.2794 29.70 nd 46467.7011 

Secondary 

metabolite Beberine [M+H]+ 
595.2824 29.70 nd 4.8995 

Secondary 

metabolite Pheophorbide a  [M+H]+ 
593.2765 30.29 2.9054 nd 

Glycerophospholipid 

metabolism PG(20:5/0:0) [M+ACN+Na]+ 
594.2796 30.29 2.9022 nd 

Secondary 

metabolite Pheophorbide a [M+H]+ 
593.2766 30.40 nd 2.7199 

  unknown   608.2954 30.49 nd 232.5424 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Secondary metabolite 

Pyropheophorbide 

a [M+H]+ 
535.2708 31.16 nd 3361.4904 

Secondary metabolite Resiniferatoxin [M+CH3OH+H]+ 661.3029 31.38 nd 5.0646 

Endocannabinoid 

Signalling PC(20:4/22:6) [M+CH3OH+H]+ 
886.5932 31.50 nd -4.2569 

Lipid Metabolism/ 

Cell Signalling TG(17:1/17:2/18:0) [M+ACN+H]+ 
898.7866 31.80 1038.9446 7.7292 

MI signalling PI(17:1/22:2) [M+H-H2O]+ 885.5895 31.92 nd -5.4249 

  unknown   675.3183 32.06 nd 4.9225 

  unknown   607.2925 32.26 nd 3650.4381 

  unknown   608.2955 32.26 nd 5756.5133 

  unknown  607.2921 32.28 9117.3047 nd 

MI 

Biosynthesis/Signalling PI(17:1/22:2) [M+H-H2O]+ 
885.5897 32.42 nd -6.7596 

  unknown   880.7611 32.46 nd -145.6427 

Lipid Metabolism/ 

Cell Signalling TG(17:2/17:2/17:2)  [M+ACN+H]+ 
878.7276 32.50 nd 15.8852 

Lipid Metabolism/ 

Cell Signalling TG(17:2/17:2/20:3) [M+H]+ 
877.7265 32.52 nd 9.5732 

GABA Signalling Linalyl isobutyrate [M+H+Na]2+ 124.0869 32.79 3.8062 62.9969 

  unknown   621.3078 32.87 96001.1760 nd 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   874.7778 33.12 nd 6.0879 

Lipid 

Metabolism/ Cell 

Signalling PS(22:2/0:0) [M+2Na-H]+ 

622.3110 33.18 nd 3361.4851 

  unknown   621.3077 33.28 nd 1553.4127 

Lipid Metabolism TG(18:2/18:3/20:0) [M+H-2H2O]+ 873.7746 33.49 nd 7.2787 

  unknown   682.4880 34.03 nd 140.8014 

  unknown   680.4809 34.06 236.5634 26.9456 

Secondary 

metabolite Pheophorbide a [M+H-H2O]+ 
549.2866 34.10 nd 628.2744 

Lipid 

Metabolism/ Cell 

Signalling PA(O-16:0/20:5) [M+H]+ 

681.4845 34.14 nd 257.5960 

  unknown   735.5234 34.14 nd 195.3836 

Lipid Metabolism TG(17:1/17:2/18:0) [M+ACN+H]+ 898.7865 34.28 759.7382 3.3984 

  unknown   663.4545 34.30 73.4568 100.5055 

Lipid 

Metabolism/ Cell 

Signalling 

Lipid A -

disaccharide-1-P [M+NH4]+ 

1342.9266 34.34 15718.3668 nd 

Lipid 

Metabolism/ Cell 

Signalling 

Lipid A -

disaccharide-1-P [M+NH4]+ 

1343.9297 34.34 6290.3069 nd 

  PS(P-16:0/12:0) [M+H]+ 664.4581 34.41 nd 31.1625 

  unknown   680.4803 34.54 17.5514 nd 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   900.7939 34.60 nd 3.4810 

  unknown   888.7661 34.82 6.6627 nd 

  unknown   900.7931 34.96 nd 5.1916 

Lipid 

Metabolism/ Cell 

Signalling TG(16:0/17:1(9Z)/17:1(9Z)) [M+ACN+H]+ 

872.7714 35.46 124.3982 nd 

  unknown   906.7762 35.54 nd -31.4020 

Lipid 

Metabolism/ Cell 

Signalling TG(17:2/17:2/18:0) [M+ACN+H]+ 

896.7709 35.60 nd 11644.6557 

Lipid 

Metabolism/ Cell 

Signalling TG(18:3/20:2/20:2) [M+H-2H2O]+ 

897.7743 35.60 nd 584.8636 

Lipid 

Metabolism/ Cell 

Signalling TG(18:2/18:3/20:0) [M+H-2H2O]+ 

873.7743 35.83 nd 9.7240 

Lipid 

Metabolism/ Cell 

Signalling TG(16:0/17:1(9Z)/17:1(9Z)) [M+ACN+H]+ 

872.7708 35.89 nd 7.0803 

  unknown   932.7922 35.89 nd -20.3652 

  unknown   907.7796 36.36 nd -32.9128 

Lipid 

Metabolism TG(16:0/17:1(9Z)/17:1(9Z)) [M+ACN+H]+ 
872.7717 36.63 86.9237 nd 

Lipid 

Metabolism TG(18:2/20:2/20:2) [M+H-H2O]+ 
899.7901 36.71 2442.5931 nd 
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Table 4.4 Continued. Pathways and Metabolites detected by HRFTMS on Effect of F6.17 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown   1733.4662 36.78 nd 22.7211 

Lipid 

Metabolism/ Cell 

Signalling TG(17:1/17:2/18:0)  [M+ACN+H]+ 

899.7899 36.81 nd 2.2150 

  unknown   900.7938 37.21 51.2180 nd 

  unknown   997.7766 37.27 813.1830 nd 

  unknown   900.7934 37.60 42.1432 nd 

  unknown   296.9708 37.64 nd 1.7011 

Catecholamine 

Synthesis  L-Tyrosine [M+2H+Na]3+ 
110.0201 37.73 nd -2.2789 

  unknown   208.0394 37.87 7.2853 nd 

  unknown   167.0129 37.88 5.9285 nd 

  unknown   141.1136 37.90 25.0014 1.7879 

  unknown   122.5472 37.93 12.8460 nd 

Lipid 

Metabolism/ Cell 

Signalling 

4Z,7-octadienoic 

acid [M+H]+ 

141.0912 37.98 nd 3.9567 

Tyrosine 

Metabolism Succinylacetone [M+H-H2O]+ 
141.0546 38.15 nd 328.6351 

  unknown [M+H-2H2O]+ 182.9853 38.26 7.4940 nd 

Catecholamine 

Synthesis L-Tyrosine [M+2H+Na]3+ 
110.0201 38.49 4.0729 nd 

aa Metabolism Betaine aldehyde [M+H]+ 102.0913 44.08 nd -12.0518 
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Figure 4.20a Bar charts displaying top functions (A) and canonical pathways (B) extracted 

by IPA software for F6.17 treated uterine tissues. The high level functional categories 

associated with F6.17- treated tissues are displayed along the x-axis in A while high level 

canonical pathways are shown in B. The y-axis displays the -(log) significance.  Taller bars 

in A are more significant than the shorter bars and are listed from most significant to least. 

The orange horizontal line in A and B denotes the cut-off for significance (p-value of 0.05). 
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Figure 4.20b IPA-generated bar charts displaying top functions (C) and canonical 

pathways (D) for bath fluids in which the F6.17 treated uterine tissues were immersed. 

Significantly associated functional categories of F6.17- treated fluids are displayed along the 

x-axis in C above while significant canonical pathways are shown in the x-axis of D above. 

The y-axis in C displays the -(log) significance while the left y-axis in D displays the 

percentage change.  Taller bars in C are more significant than the shorter bars and are listed 

from most to least significant; the orange horizontal line in C and D denotes the cut-off for 

significance (p-value of 0.05). 
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4.7.5 HPLC-HRFTMS of F28 

OPLSDA multivariate analysis of HR-FTLCMS experiments on F28 showed distinct 

separations between the control and treated groups of both the polar (Fig. 4.21) and 

non-polar groups (Fig. 4.23). From the S plots generated, cAMP, and catecholamine 

signalling were upregulated while MI and DAG signalling were downregulated in the 

F28 treated tissues (Fig. 4.22 A and Fig. 4.24 A).  These findings were similarly 

observed in the bath fluids (Fig. 4.22 B and 4.24 B). Several metabolites were 

detected via HRFTMS analysis to have been perturbed on treatment of the uterine 

tissues with F28 (Table 4.5). Some secondary plant metabolites were also identified 

such as coumestrol 3-o-glucoside, Furaneol-4-glucoside, 3-(Acetylthio-)2-

methylfuran (Table 4.5). Additionally, an increase in nicotinamide, adenosine, 

adenine, and cysteinyl dopamine, were detected on analysis of F28-treatment while 

MI and phosphatidyl ethanolamine were decreased (Table 4.5). The IPA 

bioinformatic analysis showed lipid metabolism, cell signalling, nucleic and amino 

acid metabolism and small molecule biochemistry as high-level functional categories 

associated with F28-treatment of uterine tissues (Fig. 4.25 a and b). Canonical 

pathways generated by IPA bioinformatics showed myo-inositol, GABA, IP3, MI and 

serotonin to have been upregulated (Fig.4.25 a and b). 



 

295 
 

 

Figure 4.21 OPLSDA score plots (A and B) of polar F28 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F28 treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n = 4 animals 
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Figure 4.22 OPLSDA S plots of polar F28 treated groups.  Panel A shows the S plot for 

F28-treated uterine tissues while panel B shows the S plot generated for those associated 

with the bath fluids. All metabolites detected are shown in green circles. Significantly 

regulated metabolites of the control groups are presented in blue shapes while those of the 

treated groups are presented in red shapes with corresponding m/z values.  = cAMP 

signalling; = endocannabinoid signalling;  = DAG signalling;  = catecholamine 

synthesis;  = MI biosynthesis/signalling. n = 4 animals 
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Figure 4.23 OPLSDA score plots (A and B) of non-polar F28 treated groups.  Blue circles 

represent control groups while red circles represent treated groups. Panel A shows the score 

plot for F28 treated uterine tissues while panel B shows the score plot generated for those 

associated with the bath fluids. n = 4 animals 
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Figure 4.24 OPLSDA S plots of non-polar F28 treated groups.  Panel A shows the S plot 

for F28-treated uterine tissues while panel B shows the S plot generated for those associated 

with the bath fluids. All metabolites detected are shown in green circles. Significantly 

regulated metabolites of the control groups are presented in blue shapes while those of the 

treated groups are presented in red shapes with corresponding m/z values.  = cAMP 

signalling; = endocannabinoid signalling;  = DAG signalling;  = catecholamine 

synthesis;  = MI biosynthesis/signalling. n = 4 animals 
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Table 4.5 Pathways and Metabolites detected by HRFTMS on Effect of F28 on Uterine Contractility 

FC= fold change; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine monophosphate; MI= myoinositol; 

DAG = diacylglycerol; PS = phosphatidylserine; PI= phosphatidylinositol; PA = phosphatidic acid; PE = phosphatidylethanolamine; SM = 

sphingomyelin; NA = nucleic acid; UDP-L-Ara4O = uridine 5'-diphospho -beta-L-threo-pentapyranos-4-ulose; PG= glycerophosphate; CER = 

ceramide; TG = triacylglycerol; Rt =Retention time; m/z = mass to charge ratio; aa = amino acid; nd = not detected 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

MI 

Biosynthesis/Signalling MI [M+Na]+ 
203.0526 1.21 nd -2.0978 

Dopamine Metabolism 5-S-CDPM [M+2Na]2+ 159.0307 1.35 131.9353 nd 

cAMP Metabolism 8-Azaadenosine [M+2Na]2+ 157.0353 1.40 nd 21394.7338 

Catecholamine 

Metabolism 5-S-CDPM [M+2Na]2+ 
159.0308 1.41 nd 255.3661 

aa metabolism L-Cysteine [M+NH4]+ 139.0536 1.41 nd 135.7910 

  unknown   138.0568 1.42 nd 128.7474 

DAG Metabolism/Cell 

Signalling 

Nicotinamide N-

oxide [M+H]+ 
139.0503 1.44 37.8491 nd 

cAMP Metabolism 

2,8-

Dihydroxyadenine [M+H]+ 
168.0518 1.45 209.7970 nd 

Lipid Metabolism Creatinine [M+H]+ 114.0663 1.47 27.4254 nd 

aa Metabolism L-Proline [M+H]+ 116.0707 1.48 3.0362 nd 

Secondary metabolite 

3-(Acetylthio)-2-

methylfuran [M+H-H2O]+ 
139.0214 1.51 nd 279.1276 
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Table 4.5 Pathways and Metabolites detected by HRFTMS on Effect of F28 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

DAG Metabolism/Cell 

Signalling UDP-L-Ara4O [M+3H]3+ 
179.0171 1.56 nd 19685.8142 

  unknown   122.5472 1.64 nd -6.2191 

MI 

Biosynthesis/Signalling MI [M+Na]+ 
203.0530 1.65 nd -2.9784 

  unknown   181.0120 1.69 nd 2199.4096 

cAMP Metabolism 8-Azaadenosine [M+2Na]2+ 157.0350 1.70 15703.2665 11304.1783 

Secondary Metabolites 

Furaneol 4-

glucoside   
157.0483 1.76 nd 132125.6893 

DAG Metabolism/Cell 

Signalling 

Nicotinamide N-

oxide [M+H]+ 
139.0503 1.77 40.2363 nd 

  unknown   141.9587 1.78 nd 507.8939 

Dopamine Metabolism 5-S-CDPM [M+2Na]2+ 159.0304 1.88 689.3141 3844.5666 

  unknown   158.0029 1.89 nd 1993.9714 

  unknown   158.9641 1.91 nd 1564.0228 

  unknown   122.5472 1.97 3.1059 3.7939 

  unknown   156.9910 2.23 nd 16882.2743 

  unknown   158.9618 2.25 nd 1850.0061 

  

2-Chloro-3-

oxoadipate [M+H-2H2O]+ 
158.9861 2.29 nd 2894.1997 
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Table 4.5 Pathways and Metabolites detected by HRFTMS on Effect of F28 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

Secondary 

Metabolite 

Coumestrol 3-O-

glucoside [M+2Na+H]3+ 
159.0252 2.49 nd 1431.6192 

aa metabolism 

4-Fluoro-L-

threonine [M+H-H2O]+ 
120.0461 2.51 nd 637.6850 

  unknown   156.9910 2.68 nd 6520.9585 

  unknown   156.9907 3.14 nd 1544.8049 

  unknown   122.5472 3.53 2.7385 nd 

Leucine 

Metabolism Leucine [M+H-H2O]+ 
114.0914 3.67 37.7390 nd 

  unknown   156.9907 3.76 nd 1468.9710 

  unknown   156.9907 4.51 nd 825.6455 

  unknown   156.9910 5.28 nd 1670.9034 

  unknown   122.5472 7.35 4.4897 nd 

DAG 

Metabolism/Cell 

Signalling TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7713 29.58 nd 5.3276 

DAG 

Metabolism/Cell 

Signalling TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7713 32.73 -8.6456 5.0730 

  unknown   900.7929 33.32 -6.3575 nd 
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Table 4.5 Pathways and Metabolites detected by HRFTMS on Effect of F28 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

DAG 

Metabolism/Cell 

Signalling 

 

TG(18:2/18:3/20:0) [M+H-2H2O]+ 

873.7740 34.11 nd -39.9441 

DAG 

Metabolism/Cell 

Signalling 

 

TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7709 34.22 -6.9353 6.0068 

  unknown   914.7799 34.57 14.8475 nd 

  unknown   680.4811 35.47 nd 4.2257 

  unknown   1343.9300 35.54 229.2043 56.7479 

DAG 

Metabolism/Cell 

Signalling TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7708 35.58 -7.8883 5.2553 

  unknown   680.4805 35.64 95.1138 22.5529 

  unknown   663.4542 35.66 82.4886 22.9148 

  unknown   735.5229 35.70 nd 8.2292 

MI Biosynthesis PS(P-16:0/12:0) [M+H]+ 664.4576 35.95 nd 29.5071 

Lipid 

Metabolism/Cell 

Signalling 

 Lipid A -

disaccharide [M+NH4]+ 

1342.9270 35.95 nd 58.6173 

  unknown   900.7930 35.99 -5.7075 nd 

MI Biosynthesis PA(O-16:0/20:5) [M+H]+ 681.4841 36.04 nd 21.9442 

DAG 

Metabolism/Cell 

Signalling TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7715 36.34 -5.2972 nd 
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Table 4.5 Pathways and Metabolites detected by HRFTMS on Effect of F28 on Uterine Contractility 

Pathway Metabolome Adduct m/z Rt FC-Tissues FC-Fluids 

  unknown  nd 900.7933 36.90 -4.0451 nd 

DAG 

Metabolism/Cell 

Signalling TG(16:0/17:1/17:1) [M+ACN+H]+ 

872.7714 37.06 -4.6421 nd 

Endocannabinoid 

Metabolism PE(22:4/22:6) [M+ACN+Na]+ 
903.5636 37.34 -312.8630 nd 

Lipid 

Metabolism/Cell 

Signalling Cer(d18:1/20:0) [M+3H]3+ 

913.7694 37.60 44.6479 nd 

GABA Signalling 

2,4-diaminobutyric 

acid [M+H]+ 
119.0816 38.84 nd -163.3174 

GABA Signalling 

2,4-diaminobutyric 

acid [M+H]+ 
119.0816 39.83 nd -224.6762 
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Figure 4.25a Bar charts displaying top functions (A) and canonical pathways (B) extracted 

by IPA software for F28 treated uterine tissues. The high level functional categories 

associated with F28- treated tissues are displayed along the x in A above while high level 

canonical pathways are shown in B above. The y-axis displays the -(log) significance.  Taller 

bars in A are more significant than the shorter bars. Functions in A are listed from most 

significant to least. The orange horizontal line in A and B denotes the cut-off for significance 

(p-value of 0.05). 
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Figure 4.25b IPA-generated bar charts displaying top functions (C) and canonical 

pathways (D) for bath fluids in which the F28 treated uterine tissues were immersed. 

Significantly associated functional categories of F28- treated fluids are displayed along the 

x- axis in C above while significant canonical pathways are shown in the x-axis of D above. 

The y-axis in C displays the -(log) significance while the left y-axis in D displays the 

percentage change.  Taller bars in C are more significant than the shorter bars. Functions in 

C have been listed from most significant to least significant; the orange horizontal line in C 

and D denotes the cut-off for significance (p-value of 0.05). 
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Table 4.6 Summary of Pathways and Metabolites detected by HR-FTLCMS on Effect of Fractions of F. exasperata on Uterine Contractility  

FC= Fold change; GABA = gamma aminobutyric acid; CDPM= cysteinyl dopamine; cAMP= cyclic adenosine monophosphate; MI= myoinositol; DAG = 

Diacylglycerol; PS = Phosphatidylserine; PI= Phosphatidylinositol; PA = Phosphatidic acid; PE = Phosphatidylethanolamine; TG = Triacylglycerol; m/z = mass to charge 

ratio; Rt = Retention time; nd = not detected 
Pathway 

  
Metabolome 

  
Adduct 

  
m/z 

  
Rt 

  
FC-E1 FC-F14 FC-F4_31 FC-F6_17 FC-F28 

Tissues Fluids Tissues Fluid Tissues Fluids Tissues Fluids Tissues Fluids 
GABA Receptor Signalling GABA [M+H]+ 118.0863  1.36  nd  nd  nd  nd 1.365 -1.9603  nd  nd  nd  nd 

Dopamine Synthesis 5-S-CDPM [M+2Na]2+ 159.0308 1.36 7.794 432.165  nd  nd  nd  nd  nd  nd  nd  nd 

159.0308 1.46  nd  nd 133.6072  nd  nd  nd  nd  nd  nd  nd 

GABA Receptor Signalling Glutamate  [M+H]+ 148.0606 1.37  nd  nd  nd  nd -1.6216  nd  nd  nd  nd  nd 

cAMP Metabolism 8-Azaadenosine [M+2Na]2+ 157.0353 1.41 687.711 25042.326  nd  nd  nd  nd 11433.3826 9785.7196  nd 21394.7338 

157.0353 1.48  nd  nd 5438.029 1434.018 498.8266 1393.879  nd  nd  nd  nd 

MI Biosynthesis MI [M+Na]+ 

  

203.0527 1.57  nd -1.508  nd  nd  nd -1.498  nd -1.3952  nd  nd 

203.0530 1.65  nd  nd  nd  nd  nd  nd  nd  nd  nd -2.9784 

GABA signalling 4-

Methylaminobutyrate 

[M+H]+ 118.0863 1.60 -2.015  nd  nd  nd  nd  nd  nd  nd  nd  nd 

Catecholamine Synthesis D-Phenylalanine [M+H]+ 166.0863 2.29 -3.259  nd  nd  nd  nd  nd  nd  nd  nd  nd 

Catecholamine Synthesis L-Tyrosine [M+2H+Na]3+ 110.0201 3.66    nd  nd  nd 1.47941  nd  nd  nd  nd  nd 

110.0201 4.55 1.960 -2.027 2.1354  nd  nd  nd  nd -1.7568  nd  nd 

Endocannabinoid Metabolism Oleoylethanolamide [M+H-2H2O]+ 304.2999 19.71  nd  nd  nd  nd -24.8789 -1.2906  nd    nd  nd 

DAG 

Metabolism/Endocannabinoid 

Signalling 

N- arachidonoyl 

amine 

[M+NH4]+ 504.3241 23.38  nd  nd  nd  nd  nd  nd  nd 7.3176  nd  nd 

Lipid metabolism PA(17:1/22:2) [M+ACN+H]+ 782.5700 28.83  nd  nd 3.8447  nd  nd  nd  nd  nd  nd  nd 

DAG signalling DAG(20:5/22:3/0:0) [M+ACN+H]+ 734.5702 28.85  nd  nd 24.5178  nd  nd  nd  nd  nd  nd  nd 

Sphingosine Metabolism PS(21:0/22:4) [M+H]+ 904.6039 32.06 1973.397  nd  nd  nd  nd  nd  nd  nd  nd  nd 

MI Bosynthesis PI(17:1/22:2) [M+H-H2O]+ 885.5897 32.42  nd  nd  nd  nd  nd  nd  nd -6.7596  nd  nd 

MI Biosynthesis PI(P-18:0/18:1) [M+H]+ 813.5684 32.67  nd -107.481  nd  nd  nd  nd  nd  nd  nd  nd 

MI Biosynthesis PI(O-16:0/20:2) [M+H-2H2O]+ 813.5683 34.29  nd  nd  nd  nd  nd -120.925  nd  nd  nd  nd 

Endocannabinoid Metabolism PE(22:4/22:6) [M+ACN+Na]+ 903.5636 
903.5636 

34.21 129.360  nd  nd  nd  nd  nd  nd  nd  nd  nd 

37.34  nd  nd  nd  nd  nd  nd  nd  nd -312.8630  nd 
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4.8 1H-NMR Results 

Table 4.7 Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = 

myoinositol; PC = phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; AA = 

arachidonic acid; AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal 

regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

DAG Signalling DAG 0.72 nd nd -0.0815 -0.0815 nd -0.1308 nd nd nd -0.116 

DAG Signalling DAG 0.76 nd nd nd -0.1022 nd -0.1731 nd nd nd -0.1526 

DAG Signalling DAG 0.80 nd -0.1371 -0.1658 -0.1375 nd -0.2088 nd nd -0.1327 -0.2046 

Endocannabinoid  AEA 0.88 nd nd nd -0.1579 0.078 nd nd 0.0258 -0.0511 nd 

Prostanoid Signalling AA 0.92 nd nd -0.0343 -0.122 nd nd nd nd -0.0382 nd 

Prostanoid Signalling AA 0.96 nd nd -0.0367 -0.0809 nd nd -0.0368 -0.0482 -0.0387 nd 

Prostanoid Signalling AA 1.00 nd nd -0.031 -0.1172 nd nd -0.0378 -0.0658 -0.0332 nd 

Prostanoid Signalling AA 1.04 nd nd -0.0329 -0.1316 -0.0907 nd -0.0361 -0.0658 -0.0332 nd 

Prostanoid Signalling AA 1.08 nd nd -0.0417 -0.1295 -0.0862 -0.0183 -0.0367 nd -0.038 -0.125 

Endocannabinoid 

Signalling AEA 1.24 
nd nd nd nd nd 

-0.0469 
nd 

0.0421 -0.0743 -0.2319 

Endocannabinoid 

Signalling AEA 1.28 
nd nd 

0.3912 -0.2555 
nd nd nd 

0.0343 0.3334 
nd 
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Table 4.7 Continued. Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa AA = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC 

= phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; AEA = anandamide; U = unknown; DAG = 

diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

Endocannabinoid 

Signalling 
AEA 

1.36 
nd nd 0.1159 -0.1326 nd nd nd nd -0.0278 nd 

DAG Signalling DAG 1.60 nd 0.0244 nd nd nd nd nd -0.3338 nd nd 

DAG Signalling DAG 1.64 nd   nd nd nd nd nd -0.1475 nd nd 

DAG Signalling DAG 1.68 nd 0.0254 nd nd nd nd nd nd nd 0.2822 

Endocannabinoid 

Signalling AEA 1.72 
nd nd nd nd nd nd nd 

0.0786 
nd 

0.2316 

Endocannabinoid 

Signalling AEA 1.76 
nd nd nd nd nd nd nd 

0.1103 
nd nd 

Endocannabinoid 

Signalling AEA 1.80 0.015 
nd nd nd nd nd 

0.0535 0.0971 
nd nd 

GABA Signalling Glutamate 1.88 nd 0.0236 nd nd nd nd nd 0.0819 nd nd 

ERK½ signalling NAA 2.00 nd 0.0375 nd nd -0.1297 nd nd 0.1327 0.1137 nd 

Glutamate Signalling NAG 2.04 nd nd nd nd -0.1373 nd nd 0.0839 0.1575 nd 

GABA/Glutamate 

metabolism Glutamine 2.12 
nd nd nd nd nd nd 

0.0959 0.1067 0.0875 
nd 



 

309 
 

Table 4.7 Continued. Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = 

phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; AEA = anandamide; U = unknown; DAG = 

diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

Glutamate Signalling Glutamate 2.44 nd nd nd nd nd nd nd nd nd nd 

ERK½ signalling NAA 2.48 nd nd nd nd nd nd 0.0312 nd 0.029 nd 

ERK½ signalling Aspartate 2.64 nd nd 0.1222 0.0403 0.2028 nd nd 0.1027 nd 0.3735 

ERK½ signalling Aspartate 2.68 0.0259 nd 0.0803 nd 0.1535 nd 0.0792 nd nd 0.1428 

GABA Signalling 

N-

acetylaspartylglutamate 2.72 
0.0397 0.1096 0.0821 nd nd 

0.0552 
nd nd nd 

0.1011 

ERK½ signalling Aspartate 2.80 0.0404 nd nd nd nd nd nd -0.0553 0.062 nd 

Endocannabinoid 

Signalling AEA 2.84 
0.0309 nd nd nd nd nd nd 

-0.0874 0.0549 
nd 

GABA Signalling GABA 3.00 nd nd nd nd nd 0.0699 nd -0.1127 nd nd 

Catecholamine 

Synthesis Tyrosine 3.04 
nd -0.2807 nd -0.2773 nd 

-0.3466 
nd 

-0.2621 
nd 

-0.2871 

Endocannabinoid 

Signalling AEA 3.40 
nd -0.1024 0.2413 nd nd 

-0.1451 
nd 

-0.1539 
nd 

-0.1446 

Endocannabinoid 

Signalling AEA 3.44 
nd -0.1316 nd 0.3187 nd 

-0.1849 0.3265 
nd nd 

-0.129 
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Table 4.7 Continued. Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = 

phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; AEA = anandamide; U = unknown; DAG = 

diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

Catecholamine 

Synthesis PHE 3.96 
nd nd -0.03 -0.0341 nd nd -0.0546 -0.0616 -0.0426 nd 

Endocannabinoid 

Signalling PC 4.04 
nd nd 

-0.0436 
nd nd nd nd nd nd nd 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.24 

nd -0.0915 -0.1796 -0.107 nd -0.1075 -0.1922 -0.115 nd -0.0833 

NA Metabolism ATP 4.28 nd -0.21 -0.2413 -0.2047 -0.3187 -0.2665 -0.2531 -0.1326 -0.2162 -0.1936 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.32 

0.4685 nd -0.2134 nd -0.246 -0.0358 -0.2249 nd 0.0789 nd 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.36 

0.293 nd -0.2043 nd nd nd -0.2186 -0.067 0.057 0.202 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.40 

nd nd -0.2042 nd nd 0.0764 -0.218 -0.0636 0.0364 nd 
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Table 4.7 Continued. A summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = 

phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandin F1; PHE = phenylalanine; PE= phosphatidylethanolamine; AEA = anandamide; U = unknown; DAG = 

diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

DAG Signalling DAG 5.08 0.0575 nd -0.0223 nd nd -0.0189 nd -0.038 nd nd 

DAG Signalling DAG 5.12 0.0597 nd nd nd nd nd nd -0.038 nd nd 

DAG Signalling DAG 5.16 0.0492 nd -0.0088 nd nd nd nd -0.0369 nd nd 

cAMP synthesis/NA 

Metabolism Adenosine 5.20 
0.0414 nd nd nd nd nd nd -0.0334 0.0302 nd 

cAMP synthesis/NA 

Metabolism Adenosine 5.24 
0.0387 nd -0.0075 nd nd nd nd -0.029 nd nd 

MI Signalling MI 5.28 nd nd -0.0127 nd nd nd -0.0158 -0.0227 nd nd 

Endocannabinoid 

Signalling AEA 5.32 
nd nd nd nd nd nd nd -0.0157 nd nd 

Endocannabinoid 

Signalling AEA 5.36 
nd nd nd nd nd -0.02 nd nd 0.1111 nd 

cAMP Signalling AMP 5.40 0.0553 nd nd nd 0.054 nd nd nd 0.1165 nd 

Endocannabinoid 

Signalling AEA 5.44 
0.0377 nd nd nd 0.0361 nd nd nd 0.0871 nd 

cAMP Signalling Adenosine 5.48 0.0277 nd nd nd 0.0233 nd nd nd 0.0568 nd 
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Table 4.7 Continued. Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = 

phosphatidylcholine; PS= phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; AEA = anandamide; U = unknown; DAG = 

diacylglycerol; ATP = adenosinetriphosphate; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; nd = not detected 

 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

Endocannabinoid 

Signalling AEA 5.88 
nd nd -0.0083 nd nd -0.0378 nd nd nd nd 

cAMP Signalling Adenosine 5.92 nd nd nd nd 0.0393 nd nd nd nd nd 

Catecholamine 

Synthesis Tyrosine 6.00 
nd nd nd nd 0.0201 nd 0.0309 nd nd nd 

Catecholamine 

Synthesis Tyrosine 6.16 
nd nd -0.0081 nd nd nd nd nd nd nd 

Catecholamine 

Synthesis Tyrosine 7.00 
nd nd -0.0074 nd nd nd nd nd nd nd 

Catecholamine 

synthesis PHE 7.24 
-0.0229 nd -0.0101 nd nd nd nd 0.107 nd nd 

Catecholamine 

Synthesis PHE 7.32 
nd nd nd nd nd nd nd 0.0983 nd nd 

Serotonin Signalling Tryptophan 7.72 -0.0177 nd nd nd nd nd nd nd nd nd 

GABA Signalling GABA 
2.28 nd nd 0.0417 

nd nd 
nd nd -0.058 0.0536 nd 
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Table 4.7 Continued. Summarised table showing significant metabolites and pathways detected by 1H-NMR analysis to be involved in the 

action of Ficus fractions on uterine contraction. 

Pathway 

  

Metabolome 

  

Shift 

(ppm) 

  

E1 

  

F14 

  

F4-31 

  

F6.17 

  

F28 

  

p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids p[1]Tissues p[1]Fluids 

Glutamine Signalling Glutamine 2.44 nd 0.0468 nd nd nd 0.0429 0.0508 nd 0.037 nd 

MI Signalling MI 4.96 nd nd -0.0371 nd nd nd -0.0384 nd nd nd 

MI Signalling DAG 5.00 0.06 nd -0.0312 nd nd nd -0.0316 nd nd nd 

NA Metabolism ATP 4.60 -0.1466 nd -0.1584 nd -0.1844 0.0301 -0.1668 nd -0.1413 nd 

NA Metabolism ATP 4.64 -0.1711 nd -0.1515 0.0292 -0.2034 nd -0.1609 nd -0.1361 nd 

MI Signalling MI 4.92 -0.1802 0.0197 -0.0479 nd nd nd -0.0492 nd -0.0429 -0.2113 

MI Signalling MI 3.60 nd nd 0.064   nd -0.2344 nd -0.2436 -0.0345 nd 

Endocannabinoid 

Signalling Serine 3.84 
nd nd nd nd nd nd nd -0.0631 nd nd 

DAG Signalling DAG 5.04 0.0524 nd -0.0258 nd nd -0.0509 nd -0.0412 nd nd 

cAMP synthesis/NA 

Metabolism Adenosine 5.56 
0.0236 nd -0.0053 nd 0.0181 nd nd nd nd nd 

Prostanoid Signalling PGF1 5.76 nd -0.0644 -0.0785 nd nd -0.0826 0.0691 nd nd nd 

Prostanoid Signalling PGF1 5.80 nd nd -0.0335 nd nd nd nd nd nd nd 

Glutamate Signalling Glutamate 2.16 nd nd nd nd 0.0313 nd nd -0.032 nd nd 

cAMP synthesis/NA 

Metabolism Adenosine 
5.52 0.0271 nd nd nd nd nd nd nd nd nd 

Catecholamine 

Synthesis 
Tyrosine 3.92 nd nd -0.022 nd nd nd -0.0328 -0.0665 nd nd 

DAG Signalling DAG 2.20 0.0272 nd nd nd 0.0403 nd nd -0.038 nd nd 



 

314 
 

4.8.1 1H-NMR Multivariate Analysis of the fractions of F. exasperata 

The 1H-NMR data obtained for the fractions tested on uterine contractility were 

subjected to multivariate analysis. Clear separations between the control and treated 

groups were observed in the OPLSDA score plots of all fractions tested (Fig. 4.26, 

4.28, 4.30, 4.32, 4.34, 4.36, 4.38, 4.40, 4.42, and 4.44). Several metabolites were 

detected and the significant metabolites are listed in Table 4.7.  

From the analysis of E1-treated groups, cAMP, DAG and endocannabinoid 

signalling were detected in the treated groups while MI and nucleic acid signalling 

were detected in the control groups (Fig. 4.27 and 4.29). Anandamide (AEA), DAG, 

and adenosine were significantly upregulated in the uterine tissues, this was similarly 

detected in the bath fluids but in addition gluatamate, N-acetylaspartate and MI were 

also upregulated (Table 4.7). Some metabolites were also detected to have been 

downregulated in the tissues, these included phenylalanine, tryptophan, 

adenosinetriphosphate (ATP) and MI, while metabolites found to have been 

downregulated in the bath fluids in which the uterine tissues were immersed included 

tyrosine, ATP, and threonine.  

For F14 groups, endocannabinoid signalling was detected in both control and 

treated groups (Fig. 4.31 and 4.33). In addition, GABA signalling was detected in the 

treated groups while MI and catecholamine signalling in the control (Fig. 4.31 and 

4.33). Other specific metabolites detected by NMR in the F14 treated groups 

included AEA, aspartate, and GABA which were upregulated in the tissues; aspartate 

was similarly detected to have been upregulated in the bath fluids. In addition, DAG, 

AA, phenylalanine, phosphatidylcholine, threonine, tyrosine and prostaglandin F1 

were detected to have been downregulated in the tissues these were similarly 
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observed in the bath fluids but in addition, adenosine and MI were also 

downregulated (Table 4.7). 

For F4-31 groups, endocannabinoids signalling was also found in both 

control and treated groups (Fig. 4.35 and Fig. 4.37). GABA signalling was detected 

in the control while catecholamine and cAMP signalling were detected in the treated 

groups (Fig. 4.35 and Fig. 4.37). Other metabolites detected included adenosine, 

glutamate, DAG, adenosine monophosphate, AEA, and aspartate which were 

upregulated in the tissues while glutamine, ATP and GABA were detected as 

upregulated in the bath fluids. ATP and AA were observed to have been 

downregulated in the tissues and in the bath fluids and in addition MI, DAG, 

prostaglandin F1, AEA, threonine, were downregulated in the bath fluids (Table 4.7). 

For F6.17 groups, RhoA, nucleic acid, cAMP and nucleic acid signalling 

were detected in the control tissues (Fig. 4.39 and 4.41) while MI, RhoA and cAMP 

were detected in the control fluids (Fig. 4.39 and 4.41 ). Endocannabinoid and DAG 

signalling where detected in the treated tissues and bath fluids (Fig. 4.39 and Fig. 

4.41). Glutamine and tyrosine were detected to have been upregulated in the uterine 

tissues while AEA, glutamate, aspartate, glutamine and phenylalanine were 

upregulated in the bath fluids (Table 4.7). AA, AEA, MI, DAG, ATP were detected 

to have been downregulated in the uterine tissues, these were similarly observed in 

the bath fluids but in addition GABA, tyrosine, phenylalanine and threonine were 

downregulated (Table 4.7). 

For F28 groups, nucleic acid, GABA, endocannabinoids and DAG signalling 

were detected in the control tissues while cAMP and also DAG signalling were 



 

316 
 

detected in the control group of bath fluids (Fig. 4.43 and Fig. 4.45). For the F28 

treated tissues cAMP, endocannabinoids and GABA signalling were detected while 

both GABA and endocannabinoids signalling were detected in the treated bath fluids 

(Fig. 4.43 and Fig. 4.45). Aspartate, glutamate, glutamine, adenosine, AEA and 

GABA were upregulated in the F28-treated uterine tissues while DAG, AEA and 

threonine were upregulated in the bath fluids (Table 4.7). DAG, AEA, AA, 

phenylalanine, ATP and MI were detected to have been downregulated in the tissues 

and these similarly occurred in the bath fluids in which the F28 treated uterine 

tissues were immersed (Table 4.7). 

Some intriguing observations were detected where one metabolite was 

upregulated in the tissues but downregulated in the bath fluids or vice versa. For E1 

some of those metabolites included DAG, which was upregulated in the tissues at 

5.08, 5.12 and 5.16 ppm and in the bath fluids at 1.60 ppm but also downregulated in 

the bath fluids at 0.80 ppm (Table 4.7), other metabolites were AEA which was 

downregulated in the bath fluids at 3.40 and 3.44 pm but upregulated in the tissues at 

1.80 ppm and 2.84 ppm; MI which was upregulated in the fluids but downregulated 

in the tissues at 4.92 ppm (Table 4.7). For F14, AEA was downregulated in the bath 

fluids but upregulated in the tissues at 1.80 ppm (Table 4.7). For F4-31, these 

included ATP which was downregulated in the tissues  but upregulated in the tissues 

at 4.60 ppm  and AEA which was upregulated in uterine tissues at 0.88 ppm and but 

downregulated in the bath fluids at 1.24 ppm (Table 4.7). It should be noted 

however, that at 4.28 ppm ATP was downregulated in both the tissues and bath fluids 

(Table 4.7). For F6.17, these included tyrosine which was upregulated in the tissues 

at 6.00 ppm and downregulated in the bath fluids at 3.04 ppm (Table 4.7). For F28, 
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AEA was found to have been upregulated in tissues at 1.28 ppm and 1.72 ppm in the 

tissues and bath fluids respectively but downregulated in the tissues at 0.88 and 1.36 

ppm in the tissues and at 1.24 and at 1.24 ppm in the bath fluids (Table 4.7).  
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Figure 4.26 OPLSDA scatter plots showing 1H-NMR analysis of polar E1 treated uterine 

tissues (A) and those associated with the bath fluids. (B). The blue circles represent the 

control groups while the red circles represent the treated groups. n = 4 animals. 
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Figure 4.27 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the polar E1-treated groups. Plot of NMR data for tissues are in A while plots for 

those associated with the bath fluids are in B. The blue columns represent the control groups 

and the red columns represent the treated groups. Significant metabolites have been 

highlighted and represented according to the corresponding pathways.  = cAMP signalling; 

 = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = aa 

metabolism/signalling;  = NA metabolism;   = MI biosynthesis/signalling. These 

pathways were found to be strongly correlated with the action of E1. n= 4 animals. 
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Figure 4.28 OPLSDA scatter plots showing 1H-NMR analysis of non-polar E1 treated 

uterine tissues (A) and those associated with the bath fluids (B). The blue circles represent 

the control groups while the red circles represent the treated groups. Successful separation 

was achieved between both groups. n = 4 animals. 
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Figure 4.29 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the non-polar E1-treated groups. Plot of NMR data for tissues are in A while plots 

for those associated with the bath fluids are in B. The blue columns represent the control 

groups and the red columns represent the treated groups. Significant metabolites have been 

highlighted and represented according to the corresponding pathways.  = cAMP 

Metabolism;  = endocannabinoid metabolism;  = DAG signalling/lipid metabolism;  = 

NA metabolism;  = GABA signalling;   = MI biosynthesis/signalling;  = serotonin 

signalling. These pathways were found to be strongly correlated with the action of E1. n= 4 

animals. 
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Figure 4.30 OPLSDA score plots showing 1H-NMR analysis of polar F14 treated uterine 

tissues (A) and those associated with the bath fluids (B). The blue circles represent the 

control groups while the red circles represent the treated groups. Successful separation was 

achieved between both groups. n = 4 animals. 
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Figure 4.31 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the polar F14-treated groups. Plot of NMR data for tissues are in A while plots for 

those associated with the bath fluids are in B. The blue columns represent the control groups 

and the red columns represent the treated groups. Significant metabolites have been 

highlighted and represented according to the corresponding pathways.  = cAMP signalling; 

 = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F14. n= 4 animals. 
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Figure 4.32 OPLSDA score plots showing 1H-NMR analysis of non-polar F14 treated uterine tissues 

(A) and those associated with the bath fluids (B). The blue circles represent the control groups 

while the red circles represent the treated groups. Successful separation was achieved between both 

groups. n = 4 animals. 
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Figure 4.33 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the non-polar F14-treated groups. Plot of NMR data for tissues are in A while 

plots for those associated with the bath fluids are in B.  The blue columns represent the 

control groups and the red columns represent the treated groups. Significant metabolites have 

been highlighted and represented according to the corresponding pathways.  = cAMP 

signalling;  = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F14. n= 4 animals. 
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Figure 4.34 OPLSDA score plots showing 1H-NMR analysis of polar F4-31 treated uterine tissues 

(A) and those associated with the bath fluids (B). The blue circles represent the control groups 

while the red circles represent the treated groups. Successful separation was achieved between both 

groups. n = 4 animals. 



 

327 
 

 

Figure 4.35 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the polar F4-31-treated groups. Plot of NMR data for tissues are in A while plots 

for those associated with the bath fluids are in B.  The blue columns represent the control 

groups and the red columns represent the treated groups. Significant metabolites have been 

highlighted and represented according to the corresponding pathways.  = cAMP signalling; 

 = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F4-31. n= 4 animals. 
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Figure 4.36 OPLSDA score plots showing 1H-NMR analysis of non-polar F4-31 treated uterine 

tissues (A) and those associated with the bath fluids (B). The blue circles represent the control 

groups while the red circles represent the treated groups. Successful separation was achieved between 

both groups. n = 4 animals. 



 

329 
 

 

Figure 4.37 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the non-polar F4-31-treated groups. The plot of NMR data for tissues are in A 

while the plot for those associated with the bath fluids are in B.   The blue columns represent 

the control groups and the red columns represent the treated groups. Significant metabolites 

have been highlighted and represented according to the corresponding pathways.  = cAMP 

signalling;  = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = catecholamine signalling;  = GABA 

signalling. These pathways were found to be strongly correlated with the action of F4-31. n= 

4 animals. 
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Figure 4.38 OPLSDA score plots showing 1H-NMR analysis of polar F6.17 treated uterine tissues (A) 

and bath fluids (B). The blue circles represent the control groups while the red circles represent the 

treated groups. Successful separation was achieved between both groups. n = 4 animals. 
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Figure 4.39 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the polar F6.17-treated groups. The plot of NMR data for tissues are in A while 

the plot for those associated with the bath fluids are in B. The blue columns represent the 

control groups and the red columns represent the treated groups. Significant metabolites have 

been highlighted and represented according to the corresponding pathways.  = cAMP 

signalling;  = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F6.17 on uterine contractility. n= 4 animals. 
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Figure 4.40 OPLSDA score plots showing 1H-NMR analysis of non-polar F6.17 treated 

uterine tissues (A) and those associated with the bath fluids (B). The blue circles represent 

the control groups while the red circles represent the treated groups. Successful separation 

was achieved between both groups. n = 4 animals. 
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Figure 4.41 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the non-polar F6.17 treated groups. The plot of NMR data for tissues are in A 

while the plot for those associated with the bath fluids are in B. The blue columns represent 

the control groups and the red columns represent the treated groups. Significant metabolites 

have been highlighted and represented according to the corresponding pathways.  = cAMP 

signalling;  = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F6.17 on uterine contractility. n= 4 animals. 
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Figure 4.42 OPLSDA score plots showing 1H-NMR analysis of polar F28 treated uterine 

tissues (A) and bath fluids in which the uterine tissues were immersed (B). The blue circles 

represent the control groups while the red circles represent the treated groups. Successful 

separation was achieved between both groups. n = 4 animals.  
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Figure 4.43 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the polar F28-treated groups. The plot of NMR data for tissues are in A while the 

plot for those associated with the bath fluids are in B. The blue columns represent the control 

groups and the red columns represent the treated groups. Significant metabolites have been 

highlighted and represented according to the corresponding pathways.  = cAMP signalling; 

 = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. n= 4 animals. 
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Figure 4.44 OPLSDA score plots showing 1H-NMR analysis of non-polar F28 treated 

uterine tissues (A) and those associated with the bath fluids (B). The blue circles represent 

the control groups while the red circles represent the treated groups. Successful separation 

was achieved between both groups. n = 4 animals.  
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Figure 4.45 Correlation coefficient plots showing the distribution of metabolites in the NMR 

spectra of the non-polar F28-treated groups. The plot of NMR data for tissues are in A while 

the plot for those associated with the bath fluids are in B. The blue columns represent the 

control groups and the red columns represent the treated groups. Significant metabolites have 

been highlighted and represented according to the corresponding pathways.  = cAMP 

signalling;  = endocannabinoid signalling;  = DAG signalling/lipid metabolism;  = NA 

metabolism;   = MI biosynthesis/signalling;  = RhoA signalling;  = catecholamine 

signalling;  = GABA signalling. These pathways were found to be strongly correlated with 

the action of F28. n= 4 animals. 
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Figure 4.46 Typical 1H-NMR spectra showing polar extracts of uterine tissues (A-E) 

and bath fluids in which the uterine tissues were immersed (A1-E1) that have been 

treated with fractions of F. exasperata E1; F14; F4-31; F6.17; F28 (across from top 

to bottom). The superimposed spectra show the control (blue peaks) and treated (red 

peaks) groups 
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Figure 4.47 Typical 1H-NMR spectra showing non-polar extracts of uterine tissues (A-E) and bath 

fluids in which the uterine tissues were immersed (A1-E1) that have been treated with fractions of F. 

exasperata E1; F14; F4-31; F6.17; F28 (across from top to bottom). The superimposed spectra show 

the control (blue peaks) and treated (red peaks) groups. 
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Table 4.8a Summary of the Proposed Mechanism(s) of Action of crude extract E1 of Ficus exasperata leaves 

Determined from Metabolomic Analysis 

GABA = gamma aminobutyric acid; cAMP = cyclic adenosine monophosphate; MI = myoinositol; DAG = diacylglycerol; ERK = extracellular signal 

regulated kinase; RhoA = Ras homolog gene family member A; nd = not detected; ꜛ = increase; ꜜ = decrease 

Extract/ Fraction Uterine Smooth Muscle 

Activity 

MS Metabolomic Pathways NMR Metabolomic Pathways 

E1 (crude extract) Inhibition Uterine Tissues Bath Fluids Uterine Tissues Bath Fluids 

cAMP signallingꜛ 

 

cAMP 

signallingꜛ 

cAMP signallingꜛ 

 

nd 

nd MI signallingꜛ MI signallingꜛ nd 

GABA signallingꜛ nd nd nd 

Catecholamine 

Synthesisꜜ 

nd Catecholamine 

Synthesisꜜ 

Catecholamine 

Synthesisꜜ 

Endocannabinoid 

Signallingꜛ 

Endocannabinoid 

Signallingꜛ 

Endocannabinoid 

Signallingꜛ 

Endocannabinoid 

Signallingꜜ 

Dopamine 

Signallingꜛ 

Dopamine 

Signallingꜛ 

nd nd 

nd nd DAG Signallingꜛ DAG Signallingꜛ 

nd nd nd Glutamate 

Signallingꜛ 

nd nd RhoA Signallingꜜ RhoA Signallingꜛ 
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Table 4.8b Summary of the Proposed Mechanism(s) of Action of F14 of Ficus exasperata leaves 

Determined from Metabolomic Analysis 

GABA = gamma aminobutyric acid; cAMP = cyclic adenosine monophosphate; MI = myoinositol; DAG = diacylglycerol; ERK = 

extracellular signal regulated kinase; RhoA = Ras homolog gene family member A; nd = not detected; ꜛ = increase; ꜜ = decrease 

 

Extract/ 

Fraction 

Active 

Compound (s) 

Uterine Smooth 

Muscle Activity 

MS Metabolomic Pathways NMR Metabolomic Pathways 

   Uterine Tissues Bath Fluids Uterine Tissues Bath Fluids 

F14 Dilinolein and 

fatty acid series 

Inhibition/Contraction cAMP 

signallingꜛ 

 

cAMP 

signallingꜛ 

nd nd 

   nd GABA 

signallingꜛ 

GABA 

signallingꜛ 

GABA 

signallingꜛ 

   nd Catecholamine 

synthesisꜛ 

Catecholamine 

synthesisꜜ 

nd 

   nd nd Prostanoid 

signallingꜜ 

Prostanoid 

signallingꜜ 

   nd DAG 

Signallingꜜ 

DAG 

Signallingꜜ 

DAG 

Signallingꜜ 

   Endocannabinoid 

signallingꜜ 

Endocannabinoid 

signallingꜛ 

Endocannabinoid 

signallingꜜ 

Endocannabinoid 

signallingꜛ 

   MI signallingꜛ nd MI signallingꜜ MI signallingꜛ 

   nd nd ERK1/2 

signallingꜛ 

ERK1/2 

signallingꜛ 
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Table 4.8c Summary of the Proposed Mechanism(s) of Action of F4-31 of Ficus exasperata leaves 

Determined from Metabolomic Analysis 

GABA = gamma aminobutyric acid; cAMP = cyclic adenosine monophosphate; MI = myoinositol; DAG = diacylglycerol; ERK = 

extracellular signal regulated kinase; RhoA = Ras homolog gene family member A; nd = not detected; ꜛ = increase; ꜜ = decrease 

 

Extract/ 

Fraction 

Active 

Compound (s) 

Uterine Smooth 

Muscle Activity 

MS Metabolomic Pathways NMR Metabolomic Pathways 

   Uterine Tissues Bath Fluids Uterine Tissues Bath Fluids 

F4-31 Pyropheophorbide 

a 

Inhibition nd Sphingosine 

signallingꜛ 

nd nd 

GABA 

signallingꜜ 

nd nd GABA 

signallingꜛ 

cAMP 

signallingꜛ 

cAMP 

signallingꜛ 

nd nd 

Catecholamine 

Synthesisꜜ 

Catecholamine 

Synthesisꜜ 

nd Catecholamine 

Synthesisꜜ 

Glutamate 

Metabolismꜜ 

nd nd nd 

Endocannabinoid 

Signallingꜜ 

Endocannabinoid 

Signallingꜜ 

Endocannabinoid 

Signallingꜜ 

Endocannabinoid 

Signallingꜜ 

nd MI signallingꜜ nd MI signallingꜜ 

nd nd nd DAG Signallingꜜ 

nd nd Glutamate 

Signallingꜛ 

Glutamate 

Signallingꜛ 

nd nd ERK1/2 

Signallingꜜ 

nd 

nd nd RhoA 

Signallingꜜ 

RhoA 

Signallingꜜ 
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Table 4.8d. Summary of the Proposed Mechanism(s) of Action of F6.17 of Ficus exasperata leaves 

Determined from Metabolomic Analysis 

GABA = gamma aminobutyric acid; cAMP = cyclic adenosine monophosphate; MI = myoinositol; DAG = diacylglycerol; ERK = extracellular signal 

regulated kinase; RhoA = Ras homolog gene family member A; nd = not detected; ꜛ = increase; ꜜ = decrease 

 

Extract/ 

Fraction 

Active 

Compound (s) 

Uterine Smooth 

Muscle Activity 

MS Metabolomic Pathways NMR Metabolomic Pathways 

F6-17 Pheophytin a 

series 

Inhibition/Contraction Uterine Tissues Bath Fluids Uterine Tissues Bath Fluids 

cAMP signallingꜛ cAMP signallingꜛ nd cAMP signallingꜛ 

Dopamine 

signallingꜛ 

nd nd nd 

 MI signallingꜜ MI signallingꜜ nd 

Catecholamine 

Synthesisꜜ 

Catecholamine 

Synthesisꜜ 

Catecholamine 

Synthesisꜜ 

Catecholamine 

Synthesisꜜ 

nd Endocannabinoid 

Signallingꜛ 

Endocannabinoid 

Signallingꜛ 

Endocannabinoid 

Signallingꜛꜜ 

nd nd RhoA 

Signallingꜛꜜ 

RhoA Signallingꜜ 

Prostanoid 

Signallingꜜ 

Prostanoid 

Signallingꜜ 

Prostanoid 

Signallingꜜ 

Prostanoid 

Signallingꜜ 

nd nd nd nd 

nd nd DAG Signallingꜜ DAG Signallingꜜ 

nd nd nd GABA signallingꜜ 

nd nd ERK1/2 

Signallingꜛ 

ERK1/2 Signallingꜛ 

nd nd Glutamate 

Signallingꜛ 

Glutamate Signallingꜛ 
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Table 4.8e Summary of the Proposed Mechanism(s) of Action of F28 of Ficus exasperata leaves 

Determined from Metabolomic Analysis 

GABA = gamma aminobutyric acid; cAMP = cyclic adenosine monophosphate; MI = myoinositol; DAG = diacylglycerol; ERK 

= extracellular signal regulated kinase; RhoA = Ras homolog gene family member A; nd = not detected; ꜛ = increase; ꜜ = 

decrease 

Extract/ 

Fraction 

Active 

Compound (s) 

Uterine 

Smooth Muscle 

Activity 

MS Metabolomic Pathways NMR Metabolomic Pathways 

F28 Flavonoid series Inhibition Uterine Tissues Bath Fluids Uterine Tissues Bath Fluids 

nd MI signallingꜜ MI signallingꜜ nd 

Dopamine 

signallingꜛ 

Dopamine 

signallingꜛ 

nd nd 

cAMP 

signallingꜛ 

cAMP 

signallingꜛ 

 

cAMP 

signallingꜛ 

 

nd 

nd nd nd DAG 

Signallingꜜ 

nd nd Endocannabinoid 

Signallingꜜꜛ 

nd 

nd nd RhoA 

Signallingꜜ 

nd 

nd nd ERK1/2 

Signallingꜛ 

ERK1/2 

Signallingꜛ 

nd nd GABA 

signallingꜛ 

nd 
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4.9 DISCUSSION 

During our pharmacological screening, the leaf extract which showed greater 

inhibition of uterine contractility was E1. It was therefore selected for metabolomic 

analysis. Observation of metabolic changes using MS and NMR revealed the 

possibility of the interaction of several pathways responsible for the observed 

activity.  

The observed discrepancies in some instances of the same metabolite are not 

surprising as this might result from the presence of different interacting 

phytochemical constituents present in E1. The MS analysis also enabled the 

detection of several phytochemical compounds which had been previously identified 

and isolated, these include the pheophytin-a and -b series, fatty acids and flavonoids 

(Table 4.1). A comprehensive list of significant metabolites detected by the NMR 

analysis is shown in appendix 3. 

 

4.9.1 Metabolomic Analysis of Extract and Fractions 

An increase in cAMP pathway was detected by both MS and NMR to have played a 

role in the effects of E1, F14, F4-31, F6.17 and F28 on uterine contraction. Increase 

in myometrial cAMP concentration often results in inhibition of uterine contraction. 

The complete mechanism by which this is achieved appears to be somewhat still 

unknown (Nohara et al., 1996). Several mechanisms of cAMP –induced relaxation 

has been proposed. Increase cAMP has been reported to activate Na+/Ca2+ pump and 

promote intracellular storage of Ca2+  (Scheid et al., 1979). Recent studies have also 

suggested that cAMP blocks signal transmission from Ras to Raf-1 by interaction 
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with protein kinase A this prevents mitogen activated protein kinase (MAPK) 

activation  (Hordijk et al., 1994; Sevetson et al., 1993). An inhibition of PI turnover 

has also been suggested  (Sanborn, 1995). 

Myoinositol (MI) signalling was also detected to play a role in the effect of 

all fractions and extracts tested but it was increased in some and decreased in others. 

For instance MI signalling was detected to have been increased upon E1 and F14 

treatment of uterine tissues while it was observed to have been decreased upon F4-

31, F6.17 and F28 treatment. MI is an isomer of cyclohexane hexol in eukaryotic 

cells and a precursor of the inositol phospholipids. In addition to the popular function 

of diacylglycerol (DAG) production as well as IP3 which both act as second 

messengers resulting in an increase in Ca2+ in the cytosol (Berridge and Irvine, 1984; 

Berridge and Irvine, 1989; Downes, 1989), there are several other inositol 

phospholipid pathways some of which include the complex metabolism of IP3  

(Majerus et al., 1988), the metabolism of inositol polyphosphates (Cosgrove and 

Irving, 1980), the novel inositol phospholipid pathway initiated by 

phosphatidylinositol 3-kinase which might be regulated by tyrosine kinases  

(Whitman et al., 1988), and the synthesis of phosphatidylinositols (PtdIns) glycans  

(Low, 1989).  The metabolism of inositol phosphate has been described as being 

extremely complex  (Berridge and Irvine, 1989). Summarily, the metabolism of 

inositol results in the generation of several inositol phosphates the commonly known 

include  IP3, inositol 1,3,4,5 phosphate (IP4), inositol-5-phosphate, inositol 3, 4, 5, 6, 

tetrakisphosphate and inositol-6-phosphate which have different biologic functions  

(Downes and Macphee, 1990). IP4 has also been implicated in Ca2+ signalling (Irvine 

and Moor, 1987; Irvine et al., 1988). Some studies have shown that IP4 may exert 
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both facilitatory and inhibitory feedback on calcium signalling as it inhibits IP3 

receptors at certain concentrations (Hermosura et al., 2000). IP4 has been reported to 

also inhibit IP3 metabolism through IP3 5-phosphatase thus facilitating the activation 

of store operated Ca2+ current (ICRAC). IP4 receptors are located on the nuclear 

membranes, activation of which results in calcium uptake and inhibition of IP3. It has 

also been proposed that IP4 calcium uptake might be mediated through the 

stimulation of calcium pumps  (Koppler et al., 1993). From the foregoing, it would 

seem that MI generates several functional metabolites besides IP3 which may play a 

role in smooth muscle relaxation through inhibition of IP3 or calcium uptake. The 

exact MI metabolite responsible for the uterine inhibitory effect observed with E1 

and F14 is unknown at the moment and further studies would be required to 

elucidate the specific MI pathway or the relationship between MI and the observed 

E1 effect however it is proposed that in F4-31, F6.17 and F28 a decrease in IP3 

contributed to the pharmacological effect seen. 

An increase in GABA signalling was observed across E1 and fractions except 

for F6.17 where a decrease was observed. GABA and receptor binding sites of 

GABA have been shown to occur in the uterus of the rat and rabbit  (Erdo, 1984). 

GABA has been shown to activate GABAB to elicit excitatory responses in the rabbit 

uterus  (Riesz and Erdo, 1985) while activation of GABAA receptors in the uterus 

promotes inhibition of uterine contractility and has been proposed to play a role in 

the modulation of uterine contractility (Erdo, 1984; Erdo et al., 1989; Riesz and 

Erdo, 1985). It has also been suggested that the density of the GABA receptor type 

present in an organ may determine the response observed (and it seems that the 

prevailing hormonal environment (such as occurs during pregnancy or during the 
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oestrous cycle) may determine the type and density of receptors present in the uterus  

(Erdo et al., 1989; Follesa et al., 1998; Westerling et al., 1991). 

Catecholamines (adrenaline and noradrenaline) have been reported to 

contribute in the regulation of myometrial contraction via interaction with the β- and 

α- adrenergic recptors present in the uterus  (Marshall, 1981). The myometrial 

inhibitory effect observed upon activation of the β-adrenergic receptors occur 

through the upregulation of adenylyl cyclase  (Wray, 1993) while myometrial 

stimulation is observed upon activation of α-adrenergic receptors through 

upregulation of the Gαq/11 protein and phospholipase C stimulation  (Breuiller-

Fouche et al., 1991; Limon-Boulez et al., 1997). However in this study, 

catecholamine synthesis was found to have been decreased upon treatment of the 

uterus with the extract and fractions. It may therefore be that catecholamines do not 

play any significant role in the effects of F. exasperata on uterine contraction 

however their role in the regulation of spontaneous uterine contraction had to be 

decreased or inhibited in order for the effect of the fractions of Ficus to be observed. 

The endogenous cannabinoids were also found to be perturbed upon 

treatment of the uterus by Ficus fractions. Endocannabinoids were increased on E1 

and F6.17 treatment while a decrease was observed in the tissues and an increase 

observed in the bath fluids upon treatment with F14, a decrease was observed upon 

treatment of uterine tissues with F4-31 and a simultaneous increase and decrease 

were observed in the uterine tissues of F28. These endocannabinoids belong to a 

class of fatty amides. N-Acylethanolamines (NAEs) are ethanolamides of long chain 

fatty acids and exist in various organisms including animals and plants (Hansen et 

al., 2000; Schmid et al., 1990). Of these, anandamide (AEA) or N-
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arachidonoylethanolamide has attracted special interest because of its marked 

biological activities ('ananda' means inner bliss and tranquility in Sanskrit). NAEs are 

currently considered to be a class of endogenous lipid mediators (Di Marzo and De 

Petrocellis, 2012; Maccarrone et al., 2010). Upon its identification in 1992 from 

porcine brain  (Devane et al., 1992), AEA has so far been the most extensively 

characterized NAE, which functions as an endogenous ligand of cannabinoid 

receptors and transient receptor potential vanilloid 1 channels and actually exerts a 

variety of central and peripheral activities through these receptors  (Pacher et al., 

2006). Like the pharmacologically active compounds in marijuana or cannabis 

(from Cannabis sativa), its effects is exerted through binding to and activating 

specific cannabinoid receptors (CBR) and along with 2-arachidonoyl-glycerol AEA 

they have been termed endogenous cannabinoids or 'endocannabinoid' (Brown et al., 

2013). Both cannabinoid receptors CB1 and CB2 are membrane-bound G-protein 

coupled receptors (Vogel et al., 1993). CB1 is mainly found in the central nervous 

system (Herkenham et al., 1991) and in organs such as the heart, uterus, testis and 

small intestine, while the CB2 receptor is found primarily in the spleen and other 

cells associated with immunochemical functions, as well as some peripheral cells  

(Munro et al., 1993). More recently some CB and non-CB ligands have been 

reported to also bind G-protein 55 (GPR55) (Lauckner et al., 2008; Pertwee, 2007; 

Ryberg et al., 2007).  This suggests that the latter protein might act as a novel “type-

3 (CB3)” cannabinoid receptor  (Moriconi et al., 2010). Endocannabinoids have been 

demonstrated in the uterus with one of the highest levels detected in the mouse uterus 

(Schmid et al., 1997). A role has also been implicated in the regulation of the female 

reproductive cycle. Cannabinoid receptors have also been reported in the uterus 
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(Paria et al., 1995). There have been a couple of investigations into the effects of 

endocannabinoids on uterine contractions and there also appear to be contradictory 

reports on the effect of endocannabinoids on uterine contractility. Dennedy et al. 

(2004) reported a relaxant effect of AEA on uterine contractility and demonstrated 

that this relaxant effect may be linked to a reduction in uterine prostaglandin 

synthesis (Dennedy et al., 2004). In contrast, an increase in the force of spontaneous 

uterine contraction was reported for the endocannabinoids (Dmitrieva and Berkley, 

2002), which was purportedly due partly to a cannabinoid-induced production of 

PGE2 and PGF2α resulting in a decrease in the intracellular concentration of cAMP  

(Asala et al., 2013). Similarly, some seemingly contradictory reports on the 

mechanisms of action of endocannabinoids exist. Some researchers report on a direct 

regulation of uterine contraction via binding with CB1 and CB2 receptors that 

preferentially couple to inhibitory Gαi/o proteins to inhibit adenylate cyclase activity, 

and consequently reduce intracellular cAMP levels  (Howlett and Mukhopadhyay, 

2000), while yet some researchers report on an observed increase in cAMP levels 

following CB1 activation  (Busch et al., 2004), suggesting a possible coupling to Gαs 

of the G protein receptors. Other signalling events, including increased activity of  

MAPK, inhibition of voltage-gated Ca2+ channels, activation of K+ channels, and 

nitric oxide (NO) generation, have also been suggested to follow CB receptor 

subtypes activation under different conditions  (Asala et al., 2013). It may seem 

therefore that binding of endocannabinoids to their receptors can result in 

activation/regulation of a number of signal transduction pathways which are 

dependent on the agonist involved and the factors in place upon binding. For instance 

binding to their receptor can result in activation of pathways outlined in Table 4.9. 
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Briefly, binding can result in inhibition of Ca2+ channels; inhibition of adenylyl 

cyclase and corresponding decrease of cAMP-dependent protein kinase which leads 

to decreased phosphorylation of the K+ channels and regulation of ionic currents; 

activation of focal adhesion kinase and activation of MAPK cascades  (Pertwee, 

2005), which includes extracellular signal-regulated kinases (ERK) p38 MAPK 

cascades  (Derkinderen et al., 2001; Gertsch et al., 2004), as well as the stimulation 

of other intracellular pathways such as the phosphatidylinositol 3-kinase (PI3K)/Akt 

(also known as Protein Kinase B (PKB)) pathway through CB2  (Molina-Holgado et 

al., 2002). It is a serine/threonine-specific protein kinase that plays a key role in 

multiple cellular processes such as glucose metabolism, apoptosis, cell proliferation, 

transcription and cell migration (Staal et al., 1977).  Different subtypes of Akt exist 

but Akt1 is involved in the PI3K/AKT/mTOR pathway and other signalling pathways 

(Chen et al., 2005). Activation of GPR55, (“CB3” cannabinoid receptor), has been 

linked to: an increase in intracellular Ca2+ increase (Lauckner et al., 2008); activation 

of the small GTPase proteins RhoA, Rac, and Cdc42  (Henstridge et al., 2009; 

Ryberg et al., 2007); and ERK phosphorylation  (Oka et al., 2009; Oka et al., 2007). 

It has also been observed that muscarinic and glutamate receptors have allosteric 

sites for AEA binding (Lanzafame et al., 2004). It can therefore be seen that 

endocannabinoids exert a highly complex network of interactions (Lopez-Moreno et 

al., 2008) which may probably be extended to its role in modulating uterine 

contractions. 

Dopamine was also detected to contribute to the effects of Ficus fractions on 

uterine contractions. It was observed to have been increased on E1, F6.17 and F28 

treatment. Dopamine has been reported to inhibit uterine contractions in the         
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non-pregnant uterus via action on adrenergic receptors (Estan et al., 1988; Czerski et 

al., 2005). However at early and term pregnancy, dopamine has been reported to 

stimulate myometrial contractility (Lal and Sharma, 1983; Sizov, 1992; Urban et al., 

1982). Dopamine can oftentimes exert different and opposing effects on organs or 

tissues and this observation has been associated with the species involved as well as 

the receptors present since dopamine is known to act on both dopaminergic and 

adrenergic receptors (Czerski et al., 2005). Endogenous dopamine has been 

previously detected in the uterus  (Arkinstall and Jones, 1985). Interestingly in this 

study, while catecholamine synthesis was detected to be decreased, dopamine 

signalling was detected as being increased. It was also observed that in each case 

where dopamine was increased endocannabinoids signalling was also increased 

simultaneously. It is therefore possible that the increased dopamine detected in this 

study is a product of the AEA pathway. N-arachidonyldopamine (NADA) has been 

detected as an endogenous component of certain mammalian tissues (Sagar et al., 

2004). NADA binds to the CB1 receptor and transient receptor potential vanilloid 

type 1 (TRPV1) channels and regulates calcium mobilization (Bisogno et al., 2000; 

Huang et al., 2002). Biosynthesis is believed to occur mainly by conjugation of 

dopamine with arachidonic acid, catalysed by a fatty acid amide hydrolase (not via 

the CoA ester), although there are suggestions that some might be derived from 

arachidonoyltyrosine  (Hu et al., 2009; Hu et al., 2004). Studies have shown the 

inhibition of T-type Ca2+ channels by NADA (Ross et al., 2009) and 

sarcoendoplasmic reticulum calcium transport ATPase (SERCA) uncoupling 

(Mahmmoud and Gaster, 2012). Unfortunately, it would appear that not many studies 

have been done on the relationship between NADA and uterine contractility. 
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RhoA signalling was also detected in this study. An increase in rhoA 

signalling was detected in uterine tissues treated by E1 but a decrease was observed 

in the bath fluids. A decrease was detected on treatment with F4-31 and F6.17. The 

role of the small G protein rhoA (a member of the Rho subfamily of the Ras 

superfamily of monomeric GTPases) in the regulation of myometrial contractility has 

recently received considerable attention. It has been suggested to be involved in 

agonist-induced Ca2+-sensitization by acting downstream on receptor occupancy  

(Otto et al., 1996) as it has been shown to increase myosin light chain (MLC) 

phosphorylation at a constant Ca2+ concentration  (Noda et al., 1995). Inactivation of 

rhoA therefore would inhibit Ca2+-sensitization. An effector molecule rho-associated 

kinase (ROK) appears to play a role in the Ca2+-sensitising effects of rhoA activation 

(Uehata et al., 1997). ROK inhibits the activity of myosin phosphatase (Amano et 

al., 1996; Kimura et al., 1996) through the inhibition of myosin binding subunits 

(Tahara et al., 2002). Activation of certain receptors in the myometrium results in the 

translocation of rhoA from the cytoplasm to the cell membranes as was reported to 

occur with muscarinic receptors (Taggart et al., 1999). RhoA and ROK have been 

shown to be involved in oxytocin-induced myometrial contractility (Tahara et al., 

2002). Caveolins have also been shown to regulate the activities of rhoA and 

probably ROK (Taggart et al., 1999). Thus a reduction in rhoA would result in the 

inhibition of myometrial contractility.  

 Extracellular signal-related kinases (ERK) signalling was detected in this 

study to have been increased on F14, F6.17 and F28 treatment of uterine smooth 

muscle but a decrease was observed with F4-31. The involvement of the ERK 

pathway has been proposed to play a role in the regulation of agonist-induced smooth 
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muscle contraction, activation of which has been shown to stimulate contraction  

(Adam et al., 1995; Childs et al., 1992; Dessy et al., 1998; Watts, 1996; Xiao and 

Zhang, 2002). ERK also seems to be involved in spontaneous uterine contractility (Li 

et al., 2003). However, it has been proposed that the ERK pathway may not affect 

Ca2+ channels directly (Xiao and Zhang, 2002). ERK pathway has been shown to be 

involved in OT-induced uterine contraction (Nohara et al., 1996) as well as 

prostaglandin F2α – induced uterine contraction  (Ohmichi et al., 1997) and has been 

proposed to exert its effect by phosphorylation of caldesmon (CAD)  (Adam et al., 

1995). 

 The idea of cross talk between signalling pathways is currently being 

investigated by several scientists particularly G-proteins and their second messenger 

pathways. For instance stimulation of the CB1 cannabinoid receptor has been shown 

to lead to an increase in dopamine turnover  (Romero et al., 1995; Szabo et al., 1999) 

while the stimulation of D2 receptors leads to an increase in the endocannbinoid AEA  

(Giuffrida et al., 1999). Activation of either CB1 or D2 receptors results in the 

inhibition of adenylyl cyclase, however simultaneous stimulation of both receptors 

appears to lead to the accumulation and increase in cAMP, and ERK receptor 

activation (Kearn et al., 2005) suggesting the presence of associated signalling 

pathways regulated when both receptors are activated by agonists  (Glass and Felder, 

1997; Kearn et al., 2005). Increase in cAMP has also been reported to induce an 

increase in cGMP-dependent protein kinase which further potentiates relaxation of 

smooth muscles  (Kotlikoff and Kamm, 1996) and inhibit the rhoA signalling 

pathway  (Sah et al., 2000; Somlyo and Somlyo, 2000). 
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A summary of the fractions tested and corresponding pharmacological effect and 

metabolomic analysis are listed in table 4.8.  

 

4.9.2 The Phospholipids and their involvement in this Study 

There was considerable involvement of the phospholipids, phosphatidylserine (PS), 

phosphatidylcholine (PC), phoshatidylethanolamine (PE) and phosphatidylinositol 

(PI) in this study. This is not entirely surprising as they are known to play roles in the 

regulation of the signal transduction pathways. Phospholipids serve as a 

reservoir/precursor for signalling molecules, such as AA, phosphatidate, DAG and 

IP3 (Vance and Vance, 2009). The synthesis of phospholipids is based on the 

phosphatidic acid (PA) backbone while DAG is used in the subsequent biosynthetic 

pathways for PC and PE and is also the precursor to the main storage form of energy, 

triacylglycerol  (Vance, 2008). Structures are shown in fig. 4.48. 

PS and PE, also called aminophospholipids, are metabolically related and are 

present in cell membranes with PC being the most abundant (20% of the total 

phospholipids) and followed closely by PE (which accounts for approximately 15% 

of total phospholipids)  (Vance, 2008). The majority of phospholipids are 

synthesized in the endoplasmic reticulum (ER) while the mitochondria provide a 

minor contribution  (Vance, 2008).  
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When X = H (phosphatidic acid); == -CH2-CH2-N(CH3)3 (PC); == -CH2-CH2-NH3 (PE); = -CH2-

CH(OH)-CH2OH (phosphatidylglycerol). 

When X=                         

             (Phosphatidylserine)         (Phosphatidylinositol) 

Figure 4.48 Structure of Phospholipids showing the different functional groups. 

 

4.9.2.1 Physiological Role of Phosphatidylserine  

Several important physiological processes initiate a redistribution of PS from the 

inner, to the outer, surface of the plasma membrane of mammalian cells. Several 

intracellular processes also make use of PS  (Johnson et al., 2000; Munnix et al., 

2003; van Genderen et al., 2008). One primary function of PS is as the precursor of 

   

Fatty acyl 
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PE through decarboxylation via the mitochondrial enzyme PS decarboxylase. The 

anionic nature of PS is responsible for most of its intracellular functions (Vance and 

Tasseva, 2013). This is confirmed because some key signalling proteins, such as the 

tyrosine kinase Src, and the Ras and Rho family of GTPases which contain 

positively-charged motifs, bind to PS resulting in membrane targeting and activation 

of these proteins  (Lemmon, 2008). PS also modifies the catalytic activity of several 

key signalling proteins that contain C2 domains (Lemmon, 2008). Thus, although PS 

represents a quantitatively minor phospholipid in mammalian cells, the presence of 

PS is required for many fundamental cellular processes.  

4.9.2.2 Phosphatidylethnaolamine (PE) and Ananadamide (AEA) 

PE is a precursor for the synthesis of AEA (anandamide) or N-arachidonylamine 

(NAE), the ligand for cannabinoid receptors (Jin et al., 2007).  In mammalian cells 

this protein dominates regulation of cholesterol homeostasis, and the protein 

processing is regulated by the level of cholesterol, not PE, in the ER  (Brown et al., 

2000).  In addition to its structural role in membranes, PE serves multiple important 

cellular functions that were until recently unrecognized. An association of PE with 

uterine contraction was observed by Phoenix and Wray in 1994 (Phoenix and Wray, 

1994). This association suggests a PE-specific phospholipase C signalling pathway in 

the uterus as it is possible that phosphoethnaolamine is being released from 

membrane PE as a source of DAG, as such might also suggest a role for the 

involvement of PE and calcium signalling with the effect of Ficus fractions on 

uterine contraction. 
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4.9.2.3 Physiological Role of Phosphatidylcholine (PC) 

Phosphatidylcholine (PC) once called lecithin is the major phospholipid component 

of mammalian cell membranes, accounting for over 50% of cell membrane 

phospholipids and more than 30% of total cellular lipid content. PCs are actually a 

diverse group of related species (Ekroos et al., 2003; van Meer et al., 2008). In 

addition to its function as a membrane constituent, PC may have a role in signalling 

via the generation of DAG, especially in the nucleus. The plasmalogen form of PC 

may also have a signalling function, as thrombin treatment of endothelial cells 

activates a selective hydrolysis (phospholipase A2) of molecular species containing 

AA in the sn-2 position, releasing this fatty acid for eicosanoid production  (Bills et 

al., 1977; Lapetina et al., 1981; McKean et al., 1981). Other studies also support the 

involvement of PC with AA synthesis and release (Chien et al., 1984; Grillone et al., 

1988; Price et al., 1989). PC is the biosynthetic precursor 

of sphingomyelin  (Voelker and Kennedy, 1982) and as such must have some 

influence on the many metabolic pathways that constitute the sphingomyelin cycle. It 

is also a precursor for phosphatidic acid (Lassegue et al., 1993), lysoPC and platelet-

activating factor (Stremler et al., 1989), and of PS  (Juneja et al., 1989) each with 

important signalling functions. PC synthesis is also observed when 3-deaza-

adenosine, an inhibitor of the transmethylation pathway, is administered to rats  

(Pritchard et al., 1982). Cyclic AMP also stimulates phospholipid methyltransferase. 

A study showed that stimulation of ß-adrenergic receptors activated phospholipid 

methyltransferase facilitating the coupling of ß-receptor-adenylate cyclase (Hirata et 

al., 1979). Thus cAMP promotes inhibition of the synthesis of PC  (Marin-Cao et al., 

1983) and both cAMP and PC were found to be some of the dominant metabolites 
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mediating the action of Ficus fractions on the uterus. Interestingly, a crosstalk 

between PC appears to occur with different pathways this includes synthesis of PE 

and consequently AEA, as well as the indirect inhibition of cAMP. 

4.9.2.4 Physiological Role of Phosphatidylinositol (PI) 

Phosphatidylinositol (PI) is an acidic (anionic) phospholipid that in essence consists 

of a phosphatidic acid backbone, linked via the phosphate group to inositol  (Barlow 

et al., 2010). In most organisms, the stereochemical form of the latter is myo-D-

inositol  (Parthasarathy and Eisenberg, 1986). PI is present in all tissues and cell 

types. There is usually less of it than of PC, PE and PS  (Barlow et al., 2010). PI is 

formed biosynthetically from the precursor cytidine diphosphate 

diacylglycerol (CDP-DAG) by reaction with inositol, and catalysed by the enzyme 

CDP-DAG inositol phosphatidyltransferase (PI synthase) (Lykidis et al., 1997). The 

enzyme is also located mainly in the ER, and PI is then delivered to other membranes 

either by vesicular transport or via the use of specific transfer proteins  (Christie and 

Han, 2010). In animal tissues, PI is the primary source of the AA required for 

biosynthesis of eicosanoids and also the main source of DAG that serve as a 

signalling molecule  (Berridge and Irvine, 1984). 2-Arachidonoyl-glycerol, an 

endogenous cannabinoid receptor ligand, may also be a product of PI catabolism  

(Boss and Im, 2012).  

Generally, phosphoinositides have a central and general function in the fields 

of cell signalling and regulation. They are able to achieve signalling effects directly 

by binding to cytosolic proteins or specific cytosolic domains of membrane proteins 

via their polar head groups, thereby triggering downstream signalling cascades. In 

this way, they can regulate the function of innumerable proteins integral to 
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membranes, for example by relocating a protein from one area of the cell to another, 

usually from the cytosol to the inner leaflet of the plasma membrane, or they can 

attract cytoskeletal and signalling components to the membrane. Amongst the 

proteins that bind to phosphoinositides in this way are phospholipases, protein 

kinases, regulators of membrane trafficking, and cytoskeletal, scaffold and ion 

channel proteins  (Vicinanza et al., 2008). It is therefore not surprising that PI has 

functional and probably regulatory roles in the action of Ficus fractions on the uterus 

and is also linked to the MI signalling observed. 

Table 4.9 Signal Transduction Pathways in the Uterus Activated by 

Endocannabinoids on Binding to Different Receptors 

RECEPTOR SIGNAL 

TRANSDUCTION 

PHYSIOLOGICAL 

EFFECT 

CB1 and CB2 •Decrease in adenylate 

cyclase; 

 

•Increase focal adhesion 

kinase (FAK) and mitogen-

activated protein kinase 

(MAPK); 

 

•Increase extracellular 

signal regulated kinases 

(ERK), p38 through 

CB1,and PI3K/Akt through 

CB2; 

 

•Increase  K+ channels; 

 

•Decrease Ca2+ channels 

 

Uterine contraction; 

 

Uterine contraction; 

 

 

 

Uterine contraction; 

 

 

Uterine relaxation; 

 

Uterine relaxation 
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Table 4.9 continued.  Signal Transduction Pathways in the Uterus Activated by    

Endocannabinoids on Binding to Different Receptors 

RECEPTOR SIGNAL 

TRANSDUCTION 

PHYSIOLOGICAL 

EFFECT 

GPR55 (G protein coupled 

receptor 55) 

•Increase Intracellular 

[Ca2+]; 

 

•Increase RhoA, Rac, and 

Cdc42; 

 

•Increase ERK 

phosphorylation 

Uterine contraction; 

 

Uterine contraction; 

 

Uterine contraction 

 

 

 

TRPV1 (transient receptor 

potential vanilloid 1) 

•Increase Intracellular 

[Ca2+]; 

 

•Increase Caspases; 

 

•Increase Cytochrome c 

release; 

 

•IncreaseMitochondrial 

uncoupling; 

 

•Increase Pro-apoptotic 

kinases 

Uterine contraction; 

 

Uterine relaxation; 

 

Uterine relaxation; 

 

Uterine relaxation; 

 

 

Not entirely applicable 

PPARs (peroxisome 

proliferator-activated 

receptors) 

•Increase ROS; 

 

•Increase Tyrosine 

kinases; 

 

•Increase Adiponectin and 

lipoprotein lipase 

 

 

Uterine contraction 

Modified (Battista et al., 2012). 

4.9.3 CONCLUSION 

From the pharmaco-metabolomic analysis, several signalling pathways have been 

detected to be involved in the effect of the leaves of Ficus on uterine contractility. 

These pathways include cAMP, phosphoinositide, GABA, RhoA, ERK, and 

endocannabinoids. Certainly further verification studies are required. However, it 

would also make for interesting future research to investigate the possibility of 
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crosstalk in the mechanism of activity of Ficus, as it may well be that activation of 

just one or two receptors may have led to interaction with other pathways due to the 

intraconnectivity. The significance of phospholipids and endocannabinoids both of 

which play regulatory roles in the uterus  is worth further investigation as not many 

studies have been performed on this. Especially since it has become increasingly 

evident that a dysregulation of endocannabinoids is connected to pathological 

conditions, therefore modulation of the activities of endocannabinoids is expected to 

have a massive potential for research and intervention in multiple areas of human 

health  (Battista et al., 2012). Some alternative strategies to treat pain syndromes and 

spontaneous abortion are already being investigated based on the enhancement of the 

endocannabinoids tone, through the inhibition of endocannabinoids - hydrolyzing 

enzymes (Jhaveri et al., 2007). An in-depth understanding of signal transduction 

pathways discovered from this study could therefore provide a significant aid in the 

design of compounds such as those isolated from F. exasperata and might prove 

useful in the treatment and prevention of preterm labour/birth. 
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CHAPTER FIVE  

SUMMARY, FUTURE RESEARCH AND CONCLUDING REMARKS 
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This study was designed to investigate the effect of the leaf extracts of F. exasperata 

on uterine contractility and it was based primarily on the need to search for and 

develop new uterine active compounds to treat and manage existing uterine disorders 

which represent a significant health burden such as preterm birth and complications 

of labour. The plant, F. exasperata, was chosen based on its common use by 

traditional healers in Africa and particularly Nigeria for the treatment of uterine 

disorders. The goal of this study was to identify the phytochemical constituents of 

the active extracts and fractions and also to pharmacologically analyse these 

constituents using the isolated mouse uterus. The study also aimed to map out 

possible mechanisms of activity of the active constituents.  In the process, several 

uterine active constituents belonging to different phytochemical classes were isolated 

and identified, and possible mechanisms of activity were also provided with the aid 

of a metabolomic technique developed in the course of study. In general, the study 

sought to answer these questions: 

1. Are there uterine active compounds in the leaves of F. exasperata? 

2. Are these compounds novel? 

3. What are the possible mechanisms of activity of these compounds? 
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5.1 Isolation and Identification of Uterine Active Phytochemical 

Constituents of F. exasperata 

In the course of this study, fourteen phytochemical compounds belonging to 4 

general phytochemical classes were isolated and identified as having effects on 

uterine contractility. These compounds were isolated from the ethylacetate and the 

methanol leaf extracts of F. exasperata. The phytochemical classes identified 

included: (1) Fatty acids from which two active compounds were identified; (2) 

Pheophorbides and Pheophytins from which seven active compounds were 

identified; (3) Flavonoids from which four active compounds were identified and, (4) 

Pyrimidines from which one active compound was identified. In addition, KCl was 

found in high yields in the methanol extract. Eight of these compounds were found to 

be new compounds as they have never been previously discovered, therefore 

supporting the hypothesis that the leaves of F. exasperata contain new uterine active 

compounds. These compounds were found to exhibit varied effects of inhibition and 

stimulation of contractility on the uterus. Since none of the compounds were of 

100% purity it is suggested that the minute presence of the salt may have contributed 

in some way to the contractile activities observed in some of these compounds. It is 

therefore suggested that further studies be performed to synthesize these compounds. 

It is also suggested that further pharmacological assays be performed on the 

synthesized compounds (which lack the presence of salts) to compare the effects 

between the synthesized compounds and those observed with the compounds in their 

natural state.   
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5.2 Development of a Metabolomic Model for the Investigation of Drug 

Action 

A new model which was evaluated and found to be very useful in the determination 

of mechanisms of action of natural products was also developed in the course of this 

study. The development of this model was necessitated by the need to evaluate 

pharmacological activities of natural products after several fractionation processes. 

Oftentimes after the second or third fractionation/purification process, the quantities 

of the samples are drastically reduced and may not allow for further pharmacological 

or physiological evaluations. This may therefore force a re-extraction and/or re-

fractionation which are very expensive and largely time-consuming. This model was 

designed such that functional pharmacological assays are performed using a pre-

determined set of animals or tissues and the drug-treated tissues are subjected to 1H-

NMR and mass spectrometric analysis. Briefly, while the drug is still in contact with 

the tissues, the tissues are flash-frozen in liquid nitrogen; the physiological fluids are 

also collected and flash-frozen. The samples are then stored in -80˚c until further 

studies. The samples are then extracted and subjected to metabolomic assays which 

provide fingerprints of metabolites that were perturbed within the tissues under the 

influence of the drugs. Application of this model therefore completely erases the 

processes of re-extraction and re-evaluation while significantly reducing the number 

of animals that would have been employed in the re-evaluation phase. At the same 

time, this model speeds up the process of developing hypotheses for mechanisms of 

activity of the compound being tested. This it does by the creation of knowledge-

based hypotheses through the combination of multivariate analyses and 

bioinformatics applied to the resulting metabolomic data. Validation of this model 
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was achieved by applying this model to the evaluation of oxytocin and ritodrine 

which are both uterine active drugs with known mechanisms of action. The model 

also provided added information by assessment of the metabolites released into the 

surrounding physiological fluid into which the uterine tissue was immersed for 

assessment. This new technique that involves coupling of functional pharmacological 

assays with metabolomics therefore provides a new model in the pharmacological 

evaluation of the function of drugs. 

 

5.3 Application of Pharmacology coupled with Metabolomics in the 

Evaluation of the Mechanism of Action of the Fractions 

In this study also, metabolomics was systematically applied in the evaluation of the 

mechanism of action of the fractions obtained in this study. From this study, the 

following mechanisms of action are being proposed for the fractions of F. exasperata 

on uterine contractility: 

1). The fraction F14 which contained compound 1, acts primarily by affecting the 

regulation of cAMP, endocannabinoids, GABA and MI. The possibility of a 

connection with the catecholamines, DAG, ERK1/2 and prostanoids is also 

postulated. 

2). The fraction F4-31 which contained compound 6, acts primarily by affecting 

cAMP, sphingosine, glutamate and GABA. Possible connection with 

catecholamines, endocannabinoids, ERK1/2, RhoA, DAG and MI is also postulated. 
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3). The fraction F6.17, which contained compounds 3, 4, and 5, acts primarily by 

affecting cAMP, Dopamine, ERK1/2 and glutamate. Possible connection with other 

catecholamines, prostanoids, MI, RhoA and GABA is also suggested. 

4). The fraction, F28, which contained compounds, 10, 11, 12 and 13, acts primarily 

via interaction with dopamine, cAMP, ERK1/2, and GABA. Possible connection 

with MI, endocannabinoids and DAG is also suggested. 

The other compounds could not be evaluated as they were almost completely 

exhausted during the pharmacological analysis. This model has however generated a 

framework of possible mechanisms of activity on which further supporting and 

confirmatory assays can be done. The possibility of receptor crosstalk can also be 

examined.  

 

5.4 Future Research 

From the outcome of this study, it is recommended that each identified active 

compound be synthesized in sufficient quantities to allow for further evaluation. The 

synthesized compounds should then be subjected to cytotoxicity assays and 

pharmacokinetic assays in order to generate profiles on toxicity, absorption, 

distribution, metabolism and excretion parameters. In-depth cellular assays on 

mechanism of activity based on the data generated from the pharmaco-metabolomic 

assay should also be performed. Assessment of the potency of these compounds in 

comparison with other known tocolytic agents is also suggested. The possibility of 

encapsulating these compounds in novel nanocarriers should be examined in future 

research as well as the possible development of target proteins that deliver the 
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encapsulated drugs directly to the myometrium. These latter ideas offer an innovative 

direction to the future of this research.  

 Optimisation of the metabolomic model such that it can be effectively 

positioned as a technique that largely replaces or minimizes the use of in vitro 

models requiring isolated tissues is suggested.  This can involve application of the 

model in uterine cell assays. 

 

5.5 Conclusion 

Conclusively, this study has provided lead chemical series from the tropical plant F. 

exasperata in the discovery of drugs that can be developed further for the 

management of preterm labour and uterine disorders. Finally, the pharmaco-

metabolomic model positions itself as a lead technique that can be employed in drug 

discovery research laboratories and pharmaceutical industries alike as a fast and 

efficient method for investigating the mechanisms of drug action and function.  
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APPENDIX 

APPENDIX 1 

 

Figure A1.1 13C NMR of Compound 4 in CDCl3 with an expansion of the crowded 

region between 10 and 50 ppm. 
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Figure A1.2 Figure showing DEPT (A) and 13C (B) NMR of Compound 4 in CDCl3.  
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APPENDIX 2 

Pharmacological Screening of the Methanol Fractions 

The uterine activity of the active methanol fractions are shown below: 

 

Figure A2.1 Representative recording of the effect of 1M1a on lidocaine-induced 

(control) uterine contraction.  

 

Figure A2.2 Representative recording of the effect of 2M1a on lidocaine-induced 

(control) uterine contraction.  
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Figure A2.3 Original recording of the effect of 3M1a on lidocaine-induced (control) 

uterine contractions.  

 

 

Figure A2.4 Effect of 5M1a on lidocaine-induced (control) uterine contractions.  
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Figure A2.5 Effect of 9M1a on lidocaine-induced (control) uterine contractions.  
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Figure A2.6 Effect of 11M1a on lidocaine-induced (control) uterine contractions 

 

 

 

Figure A2.7 Effect of 15M1a on lidocaine-induced (control) uterine contractions.  

 

 

 



 

448 
 

APPENDIX 3 

Table A3.1 Significant metabolites and pathways extracted for the action of E1 on the 

uterus  

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid 

cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = phosphatidylcholine; PS= 

phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; 

AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; AA = 

arachidonic acid; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras 

homolog gene family, member A, mTOR = mammalian target of rapamycin; NAA = N-

acetylaspartate; nd = not detected 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

 

U 0.12 0.0200 nd 

 

U 0.28 0.0181 nd 

 

U 0.40 0.0316 nd 

Lipid Metabolism Lipids 0.68 -0.0299 nd 

DAG Signalling DAG 0.80 nd -0.1371 

 

U 0.84 -0.2195 nd 

DAG Signalling DAG 0.84 nd -0.1591 

 

U 1.40 nd -0.0841 

aa Metabolism Alanine 1.44 nd -0.1223 

aa Metabolism Alanine 1.48 nd -0.1617 

aa Metabolism Alanine 1.52 nd -0.2412 

aa Metabolism Lysine 1.56 -0.5716 -0.4574 

DAG Signalling DAG 1.60 nd 0.0244 

DAG Signalling DAG 1.68 nd 0.0254 

Endocannabinoid 

Signalling AEA 1.80 0.0150 nd 

GABA Signalling Glutamate 1.88 nd 0.0236 

 

U 1.92 nd 0.0269 

 

U 1.96 nd 0.0314 

ERK1/2 signalling NAA 2.00 nd 0.0375 

 

Glycoprotein 2.08 nd -0.0378 

DAG Signalling DAG 2.20 0.0272 nd 

TCA cycle pyruvate 2.36 nd -0.0513 

DAG Signalling DAG 2.40 0.0440 nd 

Glutamine Signalling Glutamine 2.44 nd 0.0468 

 

U 2.52 

 

-0.3954 

 

U 2.56 nd 0.5167 

 

U 2.60 nd 0.1076 

ERK1/2 Signalling Aspartate 2.68 0.0259 nd 

GABA Signalling 

N-acetylaspartyl 

glutamate 2.72 0.0397 0.1096 
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Table A3.1 continued. Significant metabolites and pathways extracted for the action of 

E1 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

ERK1/2 

Signalling Aspartate 2.80 0.0404 nd 

Endocannabinoid 

Signalling AEA 2.84 0.0309 nd 

 U 2.88 nd -0.1514 

 U 2.92 nd -0.1967 

 U 2.96 nd -0.0502 

Histamine 

Metabolism Histamine 3.04 nd -0.2807 

 U 3.08 nd -0.2489 

aa Metabolism AA 3.12 -0.0438 -0.2040 

aa Metabolism AA 3.16 -0.0533 -0.1624 

Endocannabinoid 

Signalling AEA 3.40 nd -0.1024 

Endocannabinoid 

Signalling AEA 3.44 nd -0.1316 

 U 3.48 nd -0.0920 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.24 nd -0.0915 

NA Metabolism ATP 4.28 nd -0.2100 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.32 0.4685 nd 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.36 0.2930 nd 

NA Metabolism ATP 4.60 -0.1466 nd 

NA Metabolism ATP 4.64 -0.1711 nd 

 U 4.84 nd 0.0256 

MI Signalling MI 4.92 -0.1802 0.0197 

DAG Signalling DAG 5.00 0.0600 nd 

DAG Signalling DAG 5.04 0.0524 nd 

DAG Signalling DAG 5.08 0.0575 nd 

DAG Signalling DAG 5.12 0.0597 nd 

DAG Signalling DAG 5.16 0.0492 nd 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.20 0.0414 nd 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.24 0.0387 nd 
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Table A3.1 continued. Significant metabolites and pathways extracted for the action of E1 on 

the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.24 0.0387 nd 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.28 nd nd 

Endocannabinoid 

Signalling AEA 5.40 0.0553 nd 

Endocannabinoid 

Signalling AEA 5.44 0.0377 nd 

 U 5.48 0.0277 nd 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.52 0.0271 nd 

cAMP 

synthesis/NA 

Metabolism Adenosine 5.56 0.0236 nd 

 U 5.60 0.0231 nd 

Prostanoid 

Signalling PGF1 5.76 nd -0.0644 

 U 7.12 -0.0133 nd 

Catecholamine 

synthesis PHE 7.24 -0.0229 nd 

Serotonin 

Signalling Tryptophan 7.72 -0.0177 nd 

 

N- 

Acetylaspartate 7.84 0.0124 nd 

 U 7.88 -0.0103 nd 

Purine metabolism Adenine 8.28 -0.0184 nd 

 U 9.04 -0.0148 nd 

 U 9.16 0.0227 nd 

 U 9.48 nd -0.0198 

 Amines 9.84 -0.0146 nd 

 Amines 9.88 -0.0128 nd 
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Table A3.2 Identified Metabolomes and Pathways of F14-Treated Tissues and 

Fluids 

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid 

cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = phosphatidylcholine; PS= 

phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; 

AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; AA = 

arachidonic acid; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras 

homolog gene family, member A, mTOR = mammalian target of rapamycin; NAA = N-

acetylaspartate; nd  = not detected 

Pathways Metabolome 

Chemical 

Shift 

(ppm) p[1]TP p[1]FP 

 

U 0.04 nd -0.0182 

 

U 0.20 -0.0076 nd 

 

U 0.32 -0.0069 nd 

 

U 0.44 -0.0070 nd 

 

U 0.60 nd -0.0525 

Lipid metabolism Lipid 0.64 -0.0193 -0.0597 

Lipid metabolism Lipid 0.68 -0.0235 -0.0723 

DAG Signalling DAG 0.72 -0.0815 -0.0815 

DAG Signalling DAG 0.76 nd -0.1022 

DAG Signalling DAG 0.80 -0.1658 -0.1375 

DAG Signalling DAG 0.84 -0.0473 -0.1857 

Endocannabinoid  

Signalling AEA 0.88 nd -0.1579 

Prostanoid Signalling AA 0.92 -0.0343 -0.1220 

Prostanoid Signalling AA 0.96 -0.0367 -0.0809 

Prostanoid Signalling AA 1.00 -0.0310 -0.1172 

Prostanoid Signalling AA 1.04 -0.0329 -0.1316 

Prostanoid Signalling AA 1.08 -0.0417 -0.1295 

 

U 1.12 -0.0414 -0.0262 

 

U 1.16 -0.0342 -0.1419 

 

U 1.20 -0.0386 -0.0280 

Endocannabinoid Signalling AEA 1.28 0.3912 -0.2555 

RhoA/Rho-kinase/mTOR Signalling Threonine 1.32 0.2693 -0.1718 

Endocannabinoid Signalling AEA 1.36 0.1159 -0.1326 

Endocannabinoid Signalling AEA 1.40 -0.1569 -0.1235 

Endocannabinoid Signalling AEA 1.44 -0.2257 -0.1500 

 

U 1.48 -0.1956 -0.1850 

aa  metabolism Lysine 1.56 nd -0.3906 

DAG Signalling DAG 2.08 nd -0.0471 
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Table A3.2 continued. Significant metabolites and pathways extracted for the action of 

F14 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

GABA Signalling GABA 2.28 0.0417 nd 
GABA Signalling Succinate 2.40 0.0987 nd 
Glutamate/GABA 

Signalling NAG 2.52 nd -0.4175 

 U 2.56 0.2066 nd 
 U 2.60 0.1516 nd 
ERK1/2 

Signalling Aspartate 2.64 0.1222 0.0403 

ERK1/2 

Signalling NAA 2.68 0.0803 nd 
Glutamate/GABA 

Signalling NAG 2.72 0.0821 nd 
 U 2.88 0.0193 -0.1664 

 U 2.92 0.0204 -0.1984 

Catecholamine 

Synthesis Tyrosine 3.04 nd -0.2773 

 U 3.08 nd -0.2093 

 Creatine 3.12 nd -0.1689 

Endocannabinoid 

Signalling PE 3.16 nd -0.2114 

 PC 3.32 0.0212 nd 
NA Metabolism Betaine 3.36 0.4871 nd 
NA Metabolism Betaine 3.40 0.2413 nd 
 U 3.44 nd 0.3187 

 U 3.48 0.1410 nd 
Gluconeogenesis Glucose 3.52 0.1204 nd 
Gluconeogenesis Glucose 3.56 0.0790 nd 
 U 3.60 0.0640 nd 
 U 3.72 nd -0.0380 

 U 3.80 -0.0109 nd 
Catecholamine 

Synthesis Tyrosine 3.92 -0.0220 nd 
Catecholamine 

Synthesis PHE 3.96 -0.0300 -0.0341 

 U 4.00 -0.0343 nd 
Endocannabinoid 

Signalling PC 4.04 -0.0436 nd 
 U 4.08 -0.0506 nd 
Lipid 

Metabolism/ 

Energy 

production TG 4.12 -0.0664 nd 
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Table A3.2 continued. Significant metabolites and pathways extracted for the action of 

F14 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

Lipid Metabolism/ 

Energy 

production TG 4.16 -0.0925 -0.0303 

Energy 

production ATP 4.20 -0.1229 -0.0482 

Energy 

production ATP 4.24 -0.1796 -0.1070 

Energy 

production ATP 4.28 -0.2413 -0.2047 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.32 -0.2134 nd 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.36 -0.2043 nd 

RhoA/Rho-

kinase/mTOR 

Signalling Threonine 4.40 -0.2042 nd 

NA Metabolism Nucleotide sugars 4.44 -0.1892 nd 

NA Metabolism Nucleotide sugars 4.52 -0.1681 nd 

 U 4.56 -0.1628 nd 

 U 4.60 -0.1584 nd 

 U 4.64 -0.1515 0.0292 

 U 4.68 -0.1454 nd 

 U 4.72 -0.1275 nd 

 U 4.76 -0.0950 0.0441 

MI Signalling MI 4.92 -0.0479 nd 

MI Signalling MI 4.96 -0.0371 nd 

MI Signalling MI 5.00 -0.0312 nd 

MI Signalling MI 5.04 -0.0258 nd 

MI Signalling MI 5.08 -0.0223 nd 

MI Signalling MI 5.16 -0.0088 nd 

MI Signalling MI 5.24 -0.0075 nd 

MI Signalling MI 5.28 -0.0127 nd 

MI Signalling MI 5.56 -0.0053 nd 

 U 5.72 -0.0069 -0.0320 

Prostanoid 

Signalling PGF1 5.76 -0.0785 nd 

Prostanoid 

Signalling PGF1 5.80 -0.0335 nd 

 U 5.84 -0.0085 nd 
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Table A3.2 continued. Significant metabolites and pathways extracted for the action of 

F14 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

 U  -0.0085 nd 
Endocannabinoid 

Signalling AEA 5.88 -0.0083 nd 
 U 5.96 -0.0067 nd 
Catecholamine 

Synthesis Tyrosine 6.16 -0.0081 nd 
Catecholamine 

Synthesis Tyrosine 6.28 nd -0.0187 

Catecholamine 

Synthesis Tyrosine 6.36 nd -0.0123 

Catecholamine 

Synthesis Tyrosine 6.40 -0.0081 nd 
Catecholamine 

Synthesis Tyrosine 6.44 -0.0073 nd 
Catecholamine 

Synthesis Tyrosine 6.48 -0.0073 nd 
Catecholamine 

Synthesis Tyrosine 6.52 -0.0065 nd 
Catecholamine 

Synthesis Tyrosine 6.60 nd 0.0134 

Catecholamine 

Synthesis Tyrosine 6.88 -0.0063 nd 
Catecholamine 

Synthesis Tyrosine 6.92 -0.0109 nd 
Catecholamine 

Synthesis Tyrosine 6.96 -0.0097 nd 
Catecholamine 

Synthesis Tyrosine 7.00 -0.0074 nd 
AA metabolism Histidine 7.08 nd -0.0291 

 U 7.24 -0.0101  

 U 7.76  -0.0095 

 U 7.80 -0.0072 nd 

 U 7.88 -0.0069 -0.0107 

Purine 

Metabolism Adenine 8.00 nd -0.0132 

Purine 

Metabolism Adenine 8.08 -0.0073 -0.0148 

 U  -0.0085 nd 
Purine 

Metabolism Adenine 8.16 -0.0055 nd 
Purine 

Metabolism Adenine 8.68 nd -0.0100 

 U 9.16 0.0249 nd 
 U 9.28 -0.0060 nd 

 U 

9.40 

9.76 

984 

 

-0.0067 

-0.0086 -0.0170 
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Table A3.3 Significant metabolites and pathways extracted for the action of F4-31 on the uterus.  

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid 

cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = phosphatidylcholine; PS= 

phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; 

AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; AA = 

arachidonic acid; NA = nucleic acid; ERK = extracellular signal regulated kinase; RhoA  = Ras 

homolog gene family, member A, mTOR = mammalian target of rapamycin; NAA = N-

acetylaspartate ATP = Adenosine triphosphate; nd = not detected 

Pathways Metabolome 

Chemical 

Shift 

(ppm) p[1]Tissues p[1]Fluids 

 

U 0.04 nd -0.0369 

 

U 0.52 -0.0297 nd 

Lipid Metabolism Lipid 0.68 nd -0.1019 

DAG Signalling DAG 0.72 nd -0.1308 

DAG Signalling DAG 0.76 nd -0.1731 

Leucine Metabolism Leucine 0.80 nd -0.2088 

Endocannabinoid 

Signalling AEA 0.88 0.0780 nd 

aa Metabolism Valine 1.04 -0.0907 nd 

 

U 1.08 -0.0862 -0.0183 

 

U 1.12 nd -0.0345 

 

U 1.16 -0.1259 -0.0314 

 

U 1.20 -0.1734 -0.1954 

Endocannabinoid 

Signalling AEA 1.24 nd -0.0469 

RhoA/mTOR 

Signalling Threonine 1.32 0.0631 nd 

Endocannabinoid 

Signalling AEA 1.40 nd -0.1207 

Endocannabinoid 

Signalling AEA 1.44 nd -0.1376 

 

U 1.48 nd -0.1718 

aa Metabolism Alanine 1.52 nd -0.2748 

ERK1/2 Signalling NAA 2.00 -0.1297 nd 

Glutamate Signalling NAG 2.04 -0.1373 nd 

DAG Signalling DAG 2.08 -0.1153 nd 

Glutamate Signalling Glutamate 2.16 0.0313 nd 

Glutamate Signalling Glutamate 2.20 0.0403 nd 

 

Acetoacetate 2.24 0.0324 nd 
TCAcycle/Energy 

production Pyruvate 2.32 -0.1418 nd 
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Table A3.3 continued. Significant metabolites and pathways extracted for the action of 

F4-31 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

TCA cycle/Energy 

production Pyruvate 2.36 -0.1013 nd 

Glutamate 

Signalling Glutamate 2.44 nd 0.0429 

 U 2.56 0.0417 nd 

 U 2.60 0.3332 nd 

ERK1/2 Signalling Aspartate 2.64 0.2028 nd 

ERK1/2 Signalling NAA 2.68 0.1535 nd 

Glutamate 

Signalling NAG 2.72 nd 0.0552 

 U 2.76 0.0448 0.0361 

 U 2.88 nd -0.1814 

 U 2.92 0.0420 -0.2505 

 U 2.96 nd -0.0702 

GABA Signalling GABA 3.00 nd 0.0699 

Catecholamine 

Synthesis Tyrosine 3.04 nd -0.3466 

 U 3.08 nd -0.3244 

 Creatine 3.12 nd -0.2578 

Endocannabinoid 

Signalling PE 3.16 nd -0.1964 

aa Metabolism Taurine 3.24 nd -0.0280 

NA Metabolism Betaine 3.40 nd -0.1451 

 U 3.44 nd -0.1849 

MI Signalling MI 3.60 nd -0.2344 

 U 3.68 nd -0.0197 

aa Metabolism AA 3.80 nd -0.0324 

Energy production ATP 4.24 nd -0.1075 

Energy production ATP 4.28 -0.3187 -0.2665 

RhoA/mTOR 

Signalling Threonine 4.32 -0.2460 -0.0358 

NA Metabolism 

Nucleotide 

Sugars 4.40 nd 0.0764 

 U 4.56 -0.1637 nd 

 U 4.60 -0.1844 0.0301 

 U 4.64 -0.2034 nd 

MI Signalling MI 5.04 nd -0.0509 
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Table A3.3 continued. Significant metabolites and pathways extracted for the action of 

F4-31 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

MI Signalling MI 5.08 nd -0.0189 

Endocannabinoid 

Signalling AEA 5.36 nd -0.0200 

cAMP Signalling AMP 5.40 0.0540 nd 
 U 5.44 0.0361 nd 
MI Signalling MI 5.56 0.0181 nd 
Prostanoid 

Signalling g PGF1 5.76 nd -0.0826 

Endocannabinoid 

Signalling AEA 5.88 nd -0.0378 

cAMP Signalling Adenosine 5.92 0.0393 nd 
Catecholamine 

Synthesis Tyrosine 6.00 0.0201 nd 
Catecholamine 

Synthesis Tyrosine 6.20 0.0169 nd 
Catecholamine 

Synthesis Tyrosine 6.24 0.0271 nd 
Catecholamine 

Synthesis Tyrosine 6.36 0.0437 nd 
Catecholamine 

Synthesis Tyrosine 6.76 nd -0.0262 

Catecholamine 

Synthesis Tyrosine 6.80 -0.0318 nd 
aa Metabolism Gluatmine 7.16 0.0200 nd 
aa Metabolism Gluatmine 7.52 0.0176 nd 
 U 7.56 -0.0325 nd 
 U 7.64 0.0161 nd 
 U 7.68 0.0201 nd 
Purine Metabolism Adenine 8.08 nd nd 
 U 8.80 nd -0.0217 

 Amines 9.00 0.0340  

 Amines 9.40 nd 0.0289 

 Amines 9.48 0.0343 nd 
 Amines 9.68 0.0331 nd 
 Amines 9.72 -0.0075 nd 
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Table A3.4 Significant metabolites and pathways extracted for the action of F6.17 on 

the uterus  

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid 

cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = phosphatidylcholine; PS= 

phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; 

AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; ERK = 

extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; ATP = Adenosine triphosphate; NAG = 

N-acetylglutamate; AA = arachidonic acid; nd= not detected 

Pathway Metabolome 

Chemical Shift 

(ppm) p[1]Tissues p[1]Fluids 

DAG Signalling DAG 0.84 nd 0.0395 

Endocannabinoid  

Signalling AEA 0.88 nd 0.0258 

Prostanoid Signalling AA 0.96 -0.0368 -0.0482 

Prostanoid Signalling AA 1.00 -0.0378 -0.0658 

Prostanoid Signalling AA 1.04 -0.0361 -0.0658 

Prostanoid Signalling AA 1.08 -0.0367 nd 

 

U 1.12 -0.3300 -0.0269 

 

Hydrxybutyrate 1.24 nd 0.0421 

Endocannabinoid Signalling AEA 1.28 nd 0.0343 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 1.32 0.2523 nd 

 

U 1.48 nd -0.1143 

 

U 1.52 nd -0.1794 

AA metabolism Lysine 1.56 nd -0.3586 

DAG Signalling DAG 1.60 nd -0.3338 

DAG Signalling DAG 1.64 nd -0.1475 

Endocannabinoid Signalling AEA 1.72 nd 0.0786 

Endocannabinoid Signalling AEA 1.76 nd 0.1103 

 

U 1.80 0.0535 0.0971 

 

U 1.84 nd 0.0913 

GABA/Glutamate metabolism Glutamate 1.88 nd 0.0819 

 

U 1.92 0.0351 0.0625 

 

U 1.96 nd 0.0670 

ERK1/2 Signalling NAA 2.00 nd 0.1327 

GABA/Glutamate metabolism NAG 2.04 nd 0.0839 

DAG Signalling DAG 2.08 -0.0236 -0.0448 

GABA/Glutamate metabolism Glutamine 2.12 0.0959 0.1067 

GABA/Glutamate metabolism Glutamine 2.16 nd -0.0320 

GABA/Glutamate metabolism Glutamine 2.20 nd -0.0380 

TCA Cycle Acetoacetate 2.24 nd -0.0468 
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Table A3.4 continued. Significant metabolites and pathways extracted for the action of 

F6.17 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

GABA/Glutamate 

metabolism GABA 2.28 nd -0.0580 

GABA/Glutamate 

metabolism GABA 2.32 nd -0.0656 

TCA Cycle Pyruvate 2.36 nd -0.0746 

GABA/Glutamate 

metabolism Succinate 2.40 0.0405 nd 
 U 2.44 0.0508 nd 
ERK1/2 Signalling NAA 2.48 0.0312 nd 
ERK1/2 Signalling NAG 2.52 0.0313 nd 
 U 2.56 nd 0.4855 

 U 2.60 nd 0.1652 

ERK1/2 Signalling Aspartate 2.64 nd 0.1027 

ERK1/2 Signalling NAA 2.68 0.0792 nd 

ERK1/2 Signalling Aspartate 2.80 nd -0.0553 

Endocannabinoid 

Signalling AEA 2.84 nd -0.0874 

 U 2.88 nd -0.1690 

 U 2.92 nd -0.1548 

 U 2.96 -0.0296  

GABA/Glutamate 

metabolism GABA 3.00 nd -0.1127 

Histamine Signalling Histamine 3.04 nd -0.2621 

Endocannabinoid 

Signalling PE 3.16 nd -0.1444 

 U 3.20 nd -0.1243 

 U 3.24 nd -0.1075 

 U 3.28 nd -0.0898 

 U 3.32 nd -0.0699 

Endocannabinoid 

Signalling AEA 3.40 nd -0.1539 

Endocannabinoid 

Signalling AEA 3.44 0.3265 nd 
Gluconeogenesis/G;ycolysis Glucose 3.52 0.0478 nd 
MI Signalling MI 3.60 nd -0.2436 

 U 3.76 nd 0.0405 

aa metabolism aa 3.80 nd -0.0500 

Endocannabinoid 

Signalling Serine 3.84 nd -0.0631 

 U 3.88 nd -0.0657 

Catecholamine Synthesis Tyrosine 3.92 -0.0328 -0.0665 

Catecholamine Synthesis PHE 3.96 -0.0546 -0.0616 

 U 4.00 nd -0.0589 

 U 4.08 -0.0526 -0.0500 

Lipid Metabolism TG 4.12 -0.0694 -0.0412 

Lipid Metabolism TG 4.16 -0.0962 -0.0270 
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Table A3.4 continued. Significant metabolites and pathways extracted for the action of 

F6.17 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

Energy production ATP 4.20 -0.1287 -0.0297 

Energy production ATP 4.24 -0.1922 -0.1150 

Energy production ATP 4.28 -0.2531 -0.1326 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 4.32 -0.2249 nd 

RhoA/Rho-kinase 

mTOR Signalling Threonine 4.36 -0.2186 -0.0670 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 4.40 -0.2180 -0.0636 

NA Metabolism Nucleotide sugars 4.44 -0.2011 -0.0580 

NA Metabolism Nucleotide sugars 4.48 -0.1826 -0.0496 

NA Metabolism Nucleotide sugars 4.52 -0.1773 -0.0420 

 U 4.56 -0.1712 -0.0299 

 U 4.60 -0.1668 nd 
 U 4.64 -0.1609 nd 
 U 4.68 -0.1556 -0.0261 

 U 4.72 -0.1363 nd 
 U 4.76 -0.0996 nd 
 U 4.80 -0.0760 -0.0412 

 U 4.84 -0.0659 -0.0451 

 U 4.88 -0.0580 -0.0774 

MI Signalling MI 4.92 -0.0492 nd 
MI Signalling MI 4.96 -0.0384 nd 
MI Signalling MI 5.00 -0.0316 nd 
MI Signalling MI 5.04 nd -0.0412 

MI Signalling MI 5.08 nd -0.0380 

MI Signalling MI 5.12 nd -0.0380 

MI Signalling MI 5.16 nd -0.0369 

MI Signalling MI 5.20 nd -0.0334 

MI Signalling MI 5.24 nd -0.0290 

MI Signalling MI 5.28 -0.0158 -0.0227 

Endocannabinoid 

Signalling AEA 5.32 nd -0.0157 

Prostanoid 

Signalling PGF1 5.76 0.0691 nd 
Catecholamine 

Synthesis Tyrosine 6.00 0.0309 nd 
Catecholamine 

Synthesis Tyrosine 6.72 nd -0.0079 

 U 7.04 -0.0264 nd 

 U 7.12 -0.0097 nd 

 U 7.20 nd 0.0404 

 U 7.24 nd 0.1070 

 U 7.28 nd 0.2860 
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Table A3.4 continued. Significant metabolites and pathways extracted for the action of 

F6.17 on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

Catecholamine 

Synthesis PHE 7.32 nd 0.0983 

 U 7.40 -0.0853 nd 
 U 7.44 -0.0465 nd 
 U 8.20 -0.0326 nd 
 U 9.84 -0.0321 nd 

 

Table A3.5 Significant metabolites and pathways extracted for the action of F28 on the uterus.  

GABA =gamma aminobutyric acid; NA = nucleic acid; aa = amino acid; TCA = tricarboxylic acid 

cycle; cAMP = cyclic adenosine monophosphate; MI = myoinositol; PC = phosphatidylcholine; PS= 

phosphatidylserine; PGF1= prostaglandinF1; PHE = phenylalanine; PE= phosphatidylethanolamine; 

AEA = anandamide; U = unknown; DAG = diacylglycerol; ATP = adenosinetriphosphate; ERK = 

extracellular signal regulated kinase; RhoA  = Ras homolog gene family, member A, mTOR = 

mammalian target of rapamycin; NAA = N-acetylaspartate; ATP = Adenosine triphosphate; NAG = 

N-acetylglutamate; AA = arachidonic acid; TG = Triacylglycerol; nd = not detected 

Pathway Metabolome 

Chemical 

Shift (ppm) p[1]Tissues p[1]Fluids 

 

U 0.04 nd -0.0362 

Lipid Metabolism Lipid 0.68 nd -0.0881 

DAG Signalling DAG 0.72 nd -0.1160 

DAG Signalling DAG 0.76 nd -0.1526 

DAG Signalling DAG 0.80 -0.1327 -0.2046 

DAG Signalling DAG 0.84 -0.0386 nd 
Endocannabinoid  

Signalling AEA 0.88 -0.0511 nd 

Prostanoid Signalling AA 0.92 -0.0382 nd 

Prostanoid Signalling AA 0.96 -0.0387 nd 

Prostanoid Signalling AA 1.00 -0.0332 nd 

Prostanoid Signalling AA 1.04 -0.0332 nd 

Prostanoid Signalling AA 1.08 -0.0380 -0.1250 

 

U 1.12 -0.0367 -0.0294 
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Table A3.5 continued. Significant metabolites and pathways extracted for the action of F28 

on the uterus by 1H-NMR 

Pathway Metabolome Shift (ppm) p[1]Tissues p[1]Fluids 

 U 1.16 -0.0268 -0.1451 

 U 1.20  -0.1621 

 HB 1.24 -0.0743 -0.2319 

Endocannabinoid 

Signalling AEA 1.28 0.3334 nd 
RhoA/Rho-kinase/ 

mTOR Signalling Threonine 1.32 -0.0366 nd 
Endocannabinoid 

Signalling AEA 1.36 -0.0278 nd 
 AEA 1.40 -0.0238 nd 
 AEA 1.44 -0.1494 nd 
 U 1.48 -0.0235 nd 
aa metabolism Lysine 1.56 -0.0205 nd 
 U 1.68 nd 0.2822 

Endocannabinoid 

Signalling AEA 1.72 nd 0.2316 

 U 1.96 0.0549 nd 
ERK1/2 Signalling NAA 2.00 0.1137 nd 
GABA/Glutamate 

Signalling NAG 2.04 0.1575 nd 
DAG Signalling DAG 2.08 0.1401 -0.0462 

GABA/Glutamate 

Signalling Glutamine 2.12 0.0875 nd 
GABA/Glutamate 

Signalling GABA 2.28 0.0536 nd 
GABA/Glutamate 

Signalling GABA 2.32 0.1235 nd 
GABA/Glutamate 

Signalling Succinate 2.40 0.0333 nd 
 U 2.44 0.0370 nd 
ERK1/2 Signalling NAA 2.48 0.0290 nd 
GABA/Glutamate 

Signalling NAG 2.52 -0.3268 -0.3940 

 U 2.56 nd 0.0548 

 U 2.60 0.0700  

 Aspartate 2.64 nd 0.3735 

ERK1/2 Signalling NAA 2.68 nd 0.1428 

GABA/Glutamate 

Signalling NAG 2.72 nd 0.1011 

  2.76 0.0355 nd 
 Aspartate 2.80 0.0620 nd 
Endocannabinoid 

Signalling AEA 2.84 0.0549 nd 
 U 2.88 0.0345 nd 
 U 2.92 nd -0.2009 

Catecholamine Synthesis Tyrosine 3.04 nd -0.2871 

 U 3.08 nd -0.2222 
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Table A3.5 continued. Significant metabolites and pathways extracted for the action of F28 

on the uterus by 1H-NMR 

Pathway Metabolome 

Shift 

(ppm) p[1]Tissues p[1]Fluids 

 Creatine 3.12 nd -0.1920 

 U 3.24 0.0716 nd 
 U 3.28 0.0825 nd 
NA metabolism Betaine 3.36 nd 0.0322 

NA metabolism Betaine 3.40 nd -0.1446 

 U 3.48 nd -0.1290 

Gluconeogenesis/Glycolysis Glucose 3.52 nd 0.2800 

Gluconeogenesis/Glycolysis Glucose 3.56 nd 0.1231 

MI Signalling MI 3.60 -0.0345 nd 
Catecholamine Synthesis PHE 3.96 -0.0426 nd 
 U 4.08 0.0309 nd 
 TG 4.12 -0.0592 nd 
 TG 4.16 -0.0813 nd 
Energy production ATP 4.20 -0.1084 nd 
Energy production ATP 4.24 nd -0.0833 

Energy production ATP 4.28 -0.2162 -0.1936 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 4.32 0.0789 nd 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 4.36 0.0570 0.2020 

RhoA/Rho-kinase/ 

mTOR Signalling Threonine 4.40 0.0364 nd 

NA metabolism 

Nucleotide 

sugars 4.44 0.0225 nd 

NA metabolism 

Nucleotide 

sugars 4.48 -0.1544 nd 

NA metabolism 

Nucleotide 

sugars 4.52 -0.1501 nd 
 U 4.56 -0.1451 nd 
 U 4.60 -0.1413 nd 
 U 4.64 -0.1361 nd 
 U 4.72 -0.1153 nd 
 U 4.76 -0.0845 nd 
 U 4.80 -0.0650 nd 
 U 4.84 -0.0568 nd 
 U 4.88 -0.0490 nd 
 U 4.92 -0.0429 -0.2113 

MI Signalling MI 5.20 0.0302 nd 
cAMP Signalling Adenosine 5.36 0.1111 nd 
cAMP Signalling Adenosine 5.40 0.1165 nd 
cAMP Signalling Adenosine 5.44 0.0871 nd 
cAMP Signalling Adenosine 5.48 0.0568 nd 
 U 7.36 nd 0.0819 
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APPENDIX 4 

 

Significantly Regulated Metabolites in OT and RIT- treated Tissues as detected by 1H-NMR 

 

Table A4.1 Summary of Differentially Expressed Metabolites in OTTP and OTFP 

Abbreviations: DAG =diacyl glycerol,; PC= phosphatidylcholine; PE= phosphoethanolamine; PS= phosphatidylserine; PG = 

phosphoglycerol; TG=triacylglycerol; m/z = mass to charge; Rt = Retention time; FC = fold change; PV = p value.  A positive 

FC value indicates a relatively higher metabolite concentration in the treated groups, while a negative value is indicative of a 

relatively lower concentration in the treated; nd = not detected 

Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.28 Glutamate 148.0606 [M+H]+ TCA cycle; 

Glutamate 

Metabolism 

-6.241 0.347 nd nd 

1.29 GABA (γ-amino 

butyric acid) 

104.0708 [M+H]+ Ligand-receptor 

Interaction; 

5.847 0.124 2.952 0.409 

1.37 α-heptenoic acid 170.1175 [M+ACN+H]+  426.553 0.374 nd nd 

1.53 cysteinyl-tyrosine 143.0486 [M+2H]2+ Tyrosine 

metabolism 

1.395 0.144 nd nd 

1.69 6-deoxy-D-glucose 147.0659 [M+H-2H2O]+ Glycolysis/ 

Gluconeogenesis 

nd nd 3.129 0.087 

1.73 Glucosamine 180.0873 [M+H]+ Amino sugar and 

nucleotide sugar 

metabolism 

nd nd 14.554 0.382 

1.73 γ-hexenoic acid 115.0755 [M+H]+  nd nd -7.998 0.086 

1.75 Myo-inositol 163.0608 [M+H-H2O]+ Phosphatidyl-

inositol signalling  

nd nd 1.980 0.251 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.77 4Z,7-Octadienoic Acid 163.0729 [M+Na]+  -

407.149 

0.375 nd nd 

1.78 Isoleucine 132.1023 [M+H]+ Pyridine 

Synthesis/ 

Valine, leucine 

and isoleucine 

biosynthesis 

nd nd -16.709 0.189 

1.80 Niacinamide 123.0554 [M+H]+ Nicotine and 

Nicotinamide 

Metabolism 

2.858 0.005 nd nd 

1.80 PC(3:0/3:0) 124.0590 [M+3H]3+ Glycerophospho-

lipid Metabolism 

2.871 0.015 nd nd 

1.83 3-keto valeric acid 117.0551 [M+H]+ Cell Signalling nd nd 2.704 0.110 

1.83 1,6-Anhydro-β-D-

glucose 

204.0873 [M+ACN+H]+ Glycolysis/ 

Gluconeogenesis 

nd nd 2.953 0.141 

1.84 3-Hexenedioic Acid 127.0394 [M+H-H2O]+ Lipid 

Metabolism/ 

Cell Signalling 

nd nd 2.371 0.298 

1.85 2-oxo-4-hydroxy-

hexanoic acid 

129.0550 [M+H]+ Lipid 

Metabolism/ 

Cell Signalling 

nd nd 5.927 0.069 

1.85 3-O-Methyl-myo-

inositol 

159.0658 [M+H-2H2O]+ Phosphatidyl-

inositol 

signalling 

system 

nd nd 5.929 0.103 

1.87 Glycolaldehyde 102.0551  [M+ACN+H]+  -15.680 0.369 

 

nd nd 

1.88  D-Ribose 115.0395 [M+H-2H2O]+ Pentose phosphate 

pathway 

nd nd 5.060 0.127 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.90 myo-Inositol 145.0501 [M+H-2H2O]+ Phosphatidyl-

inositol 

signalling 

system 

nd nd 1.993 0.421 

1.95 Methylsuccinic acid 174.0767 [M+ACN+H]+ Energy 

production 

nd nd 5.440 0.095 

2.05  2-Methyl-Hexanoic 

Acid 

163.1329 [M+CH3OH+H]+  239.180 0.374 nd nd 

2.20  Betaine aldehyde 102.0914 [M+H]+ Glycine, serine 

and threonine 

metabolism 

-1.332 0.695 3.506 0.190 

6.77 N-methyl arachidonoyl 

amine 

340.2595 [M+Na]+ Cell Signalling nd nd -5.007 0.265 

7.32 N-methyl arachidonoyl 

amine 

340.2593 [M+Na]+ Cell Signalling -2.337 0.316 -1.700 0.636 

 

 

 

7.32 norleucine 340.2593 [M+H-H2O]+ Pyridine 

Synthesis/ 

Valine, leucine 

and isoleucine 

biosynthesis 

 

-2.337 0.316 -1.700 0.636 

8.56 DAG(22:5)  679.5118 [M+H-2H2O]+ Second 

messenger/ Cell 

Signalling 

-5.989 0.241 -1.264 0.839 

12.17 3-methyl-nonanoic acid 214.1801 [M+ACN+H]+  -3.527 0.076 -3.527 0.076 

 

17.63 2-keto palmitic acid 288.2531 [M+NH4]+ LipidMetabolism   -82.668 0.184 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

18.85 N-arachidonoyl amine 300.2684 [M+H-2H2O]+ Cell Signalling 8.514 0.056 nd nd 

18.93 LysoPE(0:0/22:6) 526.2933 [M+H]+ Glycerophospho-

lipid Metabolism 

2.163 0.147 nd nd 

18.94  Glycerophospho-N-

Arachidonoyl 

Ethanolamine 

502.2931 [M+H]+ Cell Signalling 5.906 0.239 nd nd 

18.99 Glycerophospho-N-

Arachidonoyl 

Ethanolamine 

502.2931 [M+H]+ Cell Signalling 2.256 0.153 nd nd 

19.03  Sphingosine 300.2897 [M+H]+ Sphingolipid 

metabolism 

2.213 0.096 1.678 0.175 

19.11 PC(20:4) 544.3403 [M+H]+ Glycerophospho-

lipid Metabolism 

2.034 0.147 nd nd 

19.40 PE(10:0/11:0)[U] 520.3403 [M+H-2H2O]+ Glycerophospho-

lipid Metabolism 

nd nd -

252.938 

0.192 

20.34 PC(O-14:0/2:0) 496.3401  Glycerophospho-

lipid Metabolism 

2.261 0.120 nd nd 

20.79 Glycerophospho-N-

Palmitoyl 

Ethanolamine 

454.2931 [M+H]+ Lipid 

Metabolism/ 

Cell Signalling 

2.007 0.112 nd nd 

20.89  PC(O-14:0/2:0) 496.3399 [M+H]+ Glycerophospho-

lipid Metabolism 

nd nd -71.773 0.216 

20.96 Glycerophospho-N-

Oleoyl Ethanolamine 

480.3089 [M+H]+ Lipid 

Metabolism/ 

Cell Signalling 

2.318 0.144 

 

 

nd nd 

20.99 PC(18:3) 518.3220 [M+H]+ Glycerophospho-

lipid Metabolism 

2.158 0.010 nd nd 

21.71 PC(O-16:1(11Z)/2:0) 522.3559 [M+H]+ Glycerophospho-

lipid Metabolism 

2.150 0.149 nd nd 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

21.78 PE(P-16:0/0:0) 438.2981 [M+H]+ Glycerophospho-

lipid Metabolism 

 

2.867 0.084 -2.749 0.142 

21.84 PC(O-15:0/O-1:0)[U] 482.3607 [M+H]+ Glycerophospho-

lipid Metabolism 

2.175 0.106 nd nd 

24.27 PG(16:0/0:0)[U] 526.3144 [M+ACN+H]+ Glycerophospho-

lipid Metabolism 

1.919 0.189 nd nd 

24.52 PC(O-14:0/16:0) 736.5204 [M+2Na-H]+ Glycerophospho-

lipid Metabolism 

nd nd -4.210 0.289 

24.86 PE(18:0/0:0) 482.3244 [M+H]+ Glycerophospho-

lipid Metabolism 

2.037 0.116 nd nd 

25.13  LysoPC(20:3) 546.3531 [M+H]+ Glycerophospho-

lipid Metabolism 

2.381 0.836 nd nd 

25.17 PC(2:0/O-16:0)[U] 524.3714 [M+H]+ Glycerophospho-

lipid Metabolism 

1.981 0.115 nd nd 

25.18 PC(2:0/O-16:0)[U] 524.3714 [M+H]+ Glycerophospho-

lipid Metabolism 

1.865 0.261 nd nd 

25.31 PC(2:0/O-16:0)[U] 524.3714 [M+H]+ Glycerophospho-

lipid Metabolism 

nd nd -

113.092 

0.085 

25.81 PC(16:0/20:4) 782.5687 [M+H]+ Glycerophospho-

lipid Metabolism 

nd nd 3.163 0.104 

26.01 Vitamin D3 467.3328 [M+H]+ Steroid 

Biosynthesis 

2.985 0.136 nd nd 

26.01 PC(P-15:0/0:0) 466.3294 [M+H]+ Glycerophospho-

lipid Metabolism 

3.037 0.074 -1.427 0.450 

26.09 PE(O-18:0/16:0)[U] 750.5359 [M+2Na-H]+ Glycerophospho-

lipid Metabolism 

nd nd -3.937 0.287 

26.22 Dihydroxyvitamin D3 545.3850 [M+H]+ Steroid 

Biosynthesis 

nd nd -4.637 0.255 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

28.07 PC(O-14:0/18:0) 764.5515 [M+2Na-H]+ Glycerophospho-

lipid Metabolism 

nd nd -3.088 0.327 

 

 

28.21 PC(16:0/20:1(11Z))[U] 788.6161 [M+H]+ Glycerophospho-

lipid Metabolism 

6.609 0.091 1.729 0.169 

29.19 PG(17:0/17:0)[U] 783.5722  [M+CH3OH+H]+ Glycerophospho-

lipid Metabolism 

nd nd 2.496 0.188 

29.31 Oleamide 282.2791 [M+H]+ Lipid 

Metabolism/ 

Cell Signalling 

2.691 0.001 2.085 0.489 

29.81 PC(16:0/20:4) 782.5693 [M+H]+ Glycerophospho-

lipid Metabolism 

3.634 0.393 nd nd 

34.52 N-Adenylyl-L-

phenylalanine 

536.1659 [M+ACN+H]+ cAMP 

biosynthesis 

nd nd -3.606 0.297 

36.25 TG(16:1(9Z)/20:0/20:0) 

[iso3] 

470.4207 [M+H+Na]+ Lipid 

Metabolism/ 

Cell Signalling 

nd nd -74.773 0.187 

36.49 PS(13:0/12:0) 701.4100 [M+ACN+Na]+  4.016 0.304 nd nd 

36.59 Archaetidylglycerol-

myo-inositol 

909.7162 [M+H]+ Phosphatidyl-

inositol 

signalling 

system 

12.203 0.089 nd nd 

39.65 Valeric acid 158.1175 [M+ACN+H]+ Cell Signalling 2.450 0.836 -1.067 0.954 

41.18 6-Deoxy-D-Glucose 165.0758 [M+H]+ Glycolysis/ 

Gluconeogenesis 

13.999 0.161 1.259 0.754 

44.23  L-2,4-diaminobutyric 

acid 

119.0816 [M+H]+ Ligand-receptor 

Interaction; 

Lipid 

Metabolism 

6.871 0.300 1.183 0.811 
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Table A4.2 Summary of Differentially Regulated Metabolites in RITTP and RITFP as detected by 1H-NMR 

Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.19 Choline 104.1071  [M+H]+ Glycerophospho-

lipid Metabolism 

6.900 0.229 -3.908 0.656 

1.24 N-Acetyl-D-

glucosamine 

244.0794 [M+Na]+ Amino sugar and 

nucleotide sugar 

metabolism 

nd nd 6.358 0.110 

1.29 3,5-Dichloro-L-tyrosine 213.9828  [M+H-2H2O]+ Tyrosine 

metabolism 

-3.264 0.005 nd nd 

1.29 Creatine 132.0768 [M+H]+ Glycine, serine 

and threonine 

metabolism 

2.258 0.033 nd nd 

1.30 α-D-Glucose 203.0529 [M+Na]+ Glycolysis / 

Nucleotide 

synthesis 

nd nd 3.512 0.061 

1.40 10-hydroxy-

tetradecanoic acid 

145.0913  [M+2Na]2+  -12.102 0.146 nd nd 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.40 (RS)-4-Methyl-gamma-

aminobutyric acid 

118.0864 [M+H]+ Cell Signalling nd nd -55.947 0.071 

1.41 Hydroxyprolyl-Tyrosine 148.0681 [M+2H]2+ Tyrosine 

metabolism 

nd nd 12.886 0.188 

1.64 7-Methylguanine 166.0731 [M+H]+ Purine/Pyrimidine 

metabolism 

nd nd -36.386 0.061 

1.68 4-Methylaminobutyrate 150.1126 [M+CH3OH+H]+ Cell Signalling 10.959 0.059 nd nd 

1.75 myo-Inositol 163.0607 [M+H-2H2O]+ Phosphatidyl-

inositol signalling 

system 

-13.582 0.154 nd nd 

1.81 p-Coumaroyl 3-

hydroxytyrosine 

308.0915  [M+H-2H2O]+ Tyrosine 

metabolism 

1.304 0.746 nd nd 

1.82 Niacinamide 123.0554 [M+H]+ Nicotinate and 

nicotinamide 

metabolism 

4.691 0.041 nd nd 

1.82 4-Methoxytyramine 168.1020 [M+H]+ Tyrosine 

metabolism 

nd nd -28.431 0.004 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

1.83  Creatinine 114.0662 [M+H]+ Arginine and 

Proline 

Metabolism 

28.854 0.153 nd nd 

1.84 Isoleucine 132.1019 [M+H]+ Pyridine 

Synthesis/ Valine, 

leucine and 

isoleucine 

biosynthesis 

1.624 0.225 -43.227 0.068 

2.02 6-O-beta-D-

Xylopyranosyl-D-

glucose 

105.0424  [M+3H]3+ Glycolysis/ 

Nucleotide 

synthesis 

1.025 0.922 3.720 0.120 

2.13 Betaine aldehyde 102.0915 [M+H]+ Glycine, serine 

and threonine 

metabolism 

1.103 0.710 3.191 0.044 

2.13  Betaine aldehyde 102.0914  [M+H]+ Glycine, serine 

and threonine 

metabolism 

1.179 0.140 -2.318 0.071 

2.31  L-Adrenaline 166.0864 [M+H-H2O]+ Ligand-receptor 

interaction/  

1.435 0.465 nd nd 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

4.38 Ritodrine 288.1594 [M+H]+  nd nd 3847.849 0.044 

5.76 2-methyl-hexanoic acid 172.1333 [M+ACN+H]+ Fatty Acid 

Metabolism 

1.594 0.017 nd nd 

7.46  PA(17:1) 701.4935 [M+H-2H2O]+  nd nd -396.931 0.080 

7.48 norleucine 340.2593 [M+H-H2O]+ Pyridine 

Synthesis/ Valine, 

leucine and 

isoleucine 

biosynthesis 

nd nd -735.820 0.062 

7.48 N-methyl arachidonoyl 

amine 

340.2593 [M+Na]+ Cell Signalling nd nd -735.820 0.062 

8.14 N-(5-hydroxy-pentyl) 

arachidonoyl amine 

453.3438  [M+ACN+Na]+ Cell Signalling nd nd -1104.975 0.058 

12.09 DAG(22:5) 679.5119 [M+H-2H2O]+ Second 

messenger/ Cell 

Signalling 

nd nd -

24582.825 

0.058 

12.85 10-hydroxy-

tetradecanoic acid 

262.2377 [M+NH4]+ Lipid 

Metabolism;  

240.514 0.181   
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

15.44 12R-hydroxy-

octadecanoic acid 

318.3004 [M+NH4]+ Lipid 

Metabolism; 

Signal 

transduction 

243.488 0.179 nd nd 

15.59 15,16-dihydroxy-

octadecanoic acid 

334.2951 [M+NH4]+ Lipid 

Metabolism; 

Signal 

transduction 

185.367 0.179 nd nd 

16.93  Myristaldehyde 230.2479 [M+NH4]+ Lipid Metabolism nd nd -25.402 0.062 

17.70  2S-amino-tridecanoic 

acid 

230.2114 [M+H]+  nd nd -287.547 0.058 

17.72 2-keto palmitic acid 288.2531 [M+NH4]+ Lipid Metabolism nd nd -172.505 0.058 

18.94 Glycerophospho-N-

arachidonoyl 

ethanolamine 

502.2931 [M+H]+ Cell Signalling 5.906 0.239 nd nd 

19.42 Glycerophospho-N-

arachidonoyl 

ethanolamine 

502.2931 [M+H]+ Cell Signalling 2.479 0.325 nd nd 

19.51 PC(18:2(2E,4E)/0:0) 520.3403 [M+H]+ Glycerophospho-

lipid Metabolism 

nd nd -451.904 0.066 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

19.86 Palmitaldehyde 258.2791 [M+NH4]+ Sphinolipid 

Metabolism 

nd nd -32.455 0.059 

20.34  PC(O-14:0/2:0) 496.3400 [M+H]+ Glycerophospho-

lipid Metabolism 

2.108 1.000 nd nd 

21.31 Sphingosine 300.2897  [M+H]+ Sphingolipid 

metabolism; 

Signal 

Transduction 

2.525 0.133 nd nd 

21.50 Glycerophospho-N-

Oleoyl Ethanolamine 

480.3087 [M+H]+ Glycerophospho-

lipid Metabolism 

2.422 0.331 nd nd 

21.72 PC(O-16:1(11Z)/2:0) 522.3558 [M+H]+ Glycerophospho-

lipid Metabolism 

nd nd -55.707 0.069 

21.76 1-Hexadecyl 

Lysophosphatidic Acid 

438.2981 [M+ACN+H]+ Diacylglcerol 

biosynthesis 

3.027 0.177 nd nd 

22.11  Isopentenyladenosine-

5'-diphosphate 

528.1259 [M+CH3OH+H]+  5.174 0.253 nd nd 

22.75 DAG(14:1(9Z)/14:1 

(9Z)/0:0) 

553.3826 [M+2Na-H]+ Second 

messenger/ Cell 

Signalling 

 

nd nd -2397.808 0.058 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

23.38 N-(2'-(4-

benzenesulfonamide)-

ethyl) arachidonoyl 

amine 

487.2973 [M+H]+ Cell Signalling nd nd -67.352 0.058 

23.95 PS(17:1(9Z)/22:2(13Z, 

16Z)) 

869.6022 [M+ACN+H]+  

 

 

nd nd -2298.827 0.058 

24.18 PE(18:0/20:4) 825.5760 [M+ACN+H]+  nd nd -1626.688 0.058 

24.78 PG(O-18:0/0:0) 516.3639 [M+NH4]+ Ligand-receptor 

interaction/ Cell 

Signalling 

nd nd -1008.694 0.073 

24.80  PE(18:4) 737.5237 [M+ACN+H]+  nd nd -1547.763 0.058 

24.84  PE(18:0/0:0) 482.3243 [M+H]+ Glycerophospho-

lipid Metabolism 

2.175 0.238 nd nd 

25.18 PC(2:0/O-16:0)[U] 524.3714 [M+H]+ Glycerophospho-

lipid Metabolism 

1.865 0.261 nd nd 

25.31 PC(2:0/O-16:0)[U] 524.3714 [M+H]+ Glycerophospho-

lipid Metabolism 

 

nd nd -113.092 0.085 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

25.72 28-Glucopyranosyl-3-

methyloleanolic acid 

633.4373 [M+H]+ - nd nd -76.973 0.060 

25.83  PS(O-

16:0/22:4(7Z,10Z,13Z, 

16Z)) 

 

839.5915 [M+ACN+H]+  nd nd -244.520 0.058 

26.10  1-Octadecyl 

Lysophosphatidic Acid 

466.3294 [M+ACN+H]+ Diacylglcerol 

biosynthesis 

2.880 0.137 nd nd 

26.35 13-beta-D-

Glucosyloxydocosanoate 

560.4161 [M+ACN+H]+  nd nd -442.764 0.044 

26.46 PE(20:4) 750.5430 [M+H]+  nd nd -54.010 0.044 

26.67 Dihydroxyvitamin D3 545.3851 [M+H]+ Steroid 

Biosynthesis 

nd nd -34.181 0.061 

26.80 PG(17:0/14:1(9Z)) 707.5133 [M+H-2H2O]+  nd nd -56.296 0.062 

26.99 PE(16:0/17:0)[U] 706.5383 [M+H]+  nd nd -57.554 0.060 

27.08 PA(17:0/22:2(13Z,16Z)) 707.5415 [M+H-2H2O]+  nd nd -29.598 0.066 

27.20 PI(P-20:0/21:0) 984.6828 [M+ACN+Na]+  nd nd -46.978 0.060 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

27.75 PS(19:1(9Z)/22:2(13Z, 

16Z)) 

897.6334 [M+ACN+H]+  nd nd -31.950 0.061 

28.42  PA(17:1) 782.5695 [M+ACN+H]+ Glycerophospho-

lipid metabolism 

-3.544 0.223 nd nd 

28.76 2Z-octadecenoic acid 283.2626  Lipid 

Metabolism; 

Signal 

transduction 

11.769 0.211 nd nd 

28.91 Palmitic amide 256.2634  [M+H]+ Lipid 

Metabolism; 

Signal 

transduction 

3.679 0.220 nd nd 

29.20 DAG(20:4) 677.5028 [M+NH4]+  nd nd -31.767 0.061 

29.48 PC(16:0/20:3(11E,14E, 

17E))[U] 

784.5846 [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

nd nd 35.026 0.175 

29.51  Linoleic acid 313.2737 [M+CH3OH+H]+ Lipid 

Metabolism; 

Signal 

transduction 

nd nd 5.541 0.046 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

29.51 DAG(20:5) 734.5695 [M+ACN+H]+  1.454 0.199 5.901 0.322 

 

29.54 Oleamide 282.2791 [M+H]+ Lipid 

Metabolism; 

Signal 

transduction 

5.242 0.210 nd nd 

29.54 PC(14:0/18:1(11Z)) 732.5551 [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

nd nd 47.071 0.156 

29.54 PC(P-18:0/18:1(9Z)) 813.6475 [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

nd nd 7.032 0.053 

29.61 MG(0:0/16:0/0:0) 331.2842 [M+H]+ Lipid 

Metabolism; 

Signal 

transduction 

nd nd 5.643 0.036 

29.98 PE(18:0/20:4(5Z,8Z, 

11Z,14Z))[U] 

768.5544 [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

 

nd nd 43.689 0.153 
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Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

30.04 PC(16:0/20:4(5Z,8Z, 

11Z, 14Z)) 

782.5698 [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

nd nd 15.263 0.079 

30.04 PA(21:0/22:6(4Z,7Z, 

10Z, 13Z,16Z,19Z)) 

808.5854 [M+H]+ Glycerophospho-

lipid metabolism 

nd nd 12.986 0.116 

30.13 PC(18:4) 779.5709 [M+ACN+H]+  nd nd -17.568 0.063 

30.68 8-hexadecenoylglycerol 691.5187 [M+H-2H2O]+  nd nd -22.348 0.062 

33.30 Sphinganine 284.2947 [M+H-H2O]+ Sphingolipid 

metabolism; 

Signal 

Transduction 

5.247 0.216 nd nd 

35.04 N-Adenylyl-L-

Phenylalanine 

536.1659 [M+ACN+H]+ cAMP 

biosynthesis 

nd nd -

15508.470 

0.058 

35.08 3-Pent-2-Enedioyl-CoA 1003.2454 [M+ACN+H]+  nd nd 130.197 0.183 

36.68 PE(16:0/22:6) 764.5209  [M+H]+ Glycerophospho-

lipid metabolism; 

Cell Signalling 

3.265 0.213 nd nd 

37.13 PS(12:0/18:2(9Z,12Z)) 686.4394 [M+H-H2O]+ Glycerophospho-

lipid metabolism 

nd nd 2.271 0.105 



 

481 
 

Rt 

(min) 

ID m/z Adduct Metabolic 

Pathway 

Tissue Fluid 

FC PV FC PV 

39.10 PGF1α 179.1354 [M+2H]2+ Signal 

Transduction 

nd nd -17.764 0.201 

39.12 2,3-Dinor-6-keto-PGF1a 171.1017 [M+2H]2+ Signal 

Transduction  

-2.109 0.079 -3.241 0.077 

39.57 D-Glyceraldehyde-3-

Phosphate 

171.0060  [M+H]+ Glycolysis / 

Gluconeogenesis; 

Pentose 

phosphate 

pathway 

-21.483 0.171 nd nd 

40.41 L-Tyrosine 110.0201  [M+2H+Na]3+ Tyrosine 

metabolism 

nd nd 4.078 0.091 

42.21 Homoserine lactone 102.0551  [M+H]+ Signal 

Transduction 

-16.117 0.172 -20.235 0.068 

42.58 9-oxo-2,4,5,7-

decatetraenoic acid 

179.0702 [M+H]+ Lipid Metabolism nd nd -9.447 0.183 

44.27 3R-methyl-undecanoic 

acid 

101.0962 [M+2H]2+  nd nd -40.059 0.192 

44.59 3-Oxo-3-

ureidopropanoate 

111.0203 [M+H-H2O]+ Pyrimidine 

metabolism 

1.506 0.395 nd nd 

 


