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(i) 

SUMMARY 

This study was intended to investigate the effects of four 

biologically active benzoquinones namely: maesanin, maesaquinone. 

juglone and embelin on mitochondria isolated from rat liver and insect 

flight muscle. 

These benzoquinones occur naturally in the plant family 

myrs inaceae. Five species of myrsinaceae have been iclenlified in 

Kenya and are wieldy distributed. Several studies have shown t hal 

most of the benzoquinones have pharmacological potential and can 

also protect stored grains against insect pests. There is, however. no 

report relating lhc interaction of bcnzoquinones with insect energy 

metabolism. 

Three insect species were used in this study i.e. Sc/Listocercu 

gregoria (Lipid and carbohydrate metabolising). Periplaneta americana 

(carbohydrate mctabolising) and Glossina morsitans (amino ncicl 

metabolising). 

The effects of benzoquinones on energy metabolism was 

dclenninccl by measuring Lhe rale of oxygen consumption, oxidative 

phosphorylation and ATPase activity. 



(ii) 

Mil'or.hondria from the insect thoracic muscle and rat liver 

mitochondria were both prepared by differential centrifugation of the 

homogenates from the respective tissues. 

The rate of oxygen consumption was record ed 

polarogr<.~.phir.ally by an oxygen electrode at 25°C in a closed 

magnetically stirred chamber. ATPase activity was measured 

enzymatically by pyridine nucleotide coupled assays u s ing P c rld11 

Elmer spectrophotometer. 

In the absence of benzoquinones (conl1uls) the respir.1tory 

control ralios were found to be above 3 for the four types of 

mitochondria studied, which was an indication that the mitochondria 

were wdl coupled and could effectively phosphorylate ADP to ATP. 

When either maesaquinone or embelin were added in the 

rear.lion chamber afLcr the substrate. the rate of oxygen consumption 

was increased. Subsequent additions or ADP and CCCP after the 

benzoquinones increased the rate of oxygen consumption in rat liver 

and Gloss ina mit uchondria. These ~bservat ions indicaLL:d that the 

mitochondria were partially uncoupled. Embelin had simil c:..r cfrect on 

Scltis toce rca n1itochondria. 



(iii) 

However, when either ADP or CCCP were added after the 

benzoquinoncs (maesaquinone and embelin). there was no further 

stimulation in the rate of oxygen consumption by Periplaneta 

mitochondria. A similar effect was observed with maesaquinone on 

Schistocerca mitochondria. From these observations, it was 

suggested that the mitochondria were completely uncoupled. 

Juglone was found to completely uncouple the mitochondria 

from rat liver and flight muscle of Schistocerca and Periplaneta 

while it inhibited oxygen consumption by mitochondria isolated 

from Glossina. 

The uncoupling (partial or complete) was depicted by low 

respiratory control ratios (about 1.00) and ADP /0 ratios. 

When the effect of maesanin was investigated, it was found 

that addition of this benzoquinone after the substrates (malate plus 

glutamate or succinate) inhibited both state 4 and state 3 rates of 

oxygen consumption. This effect was observed on the four types of 

mitochondria used. From this observation it was suggested that 

maesanin possibly inhibited the electron flow along the electron 

transport chain. 



(iv) 

Further experiments with the known inhibitors of electron 

transport chain i.e. rotenone for Site I, antimycin for Site II and 

KCN for Site III indicated that maesanin inhibited the electron 

transport chain before cytochrome C. This was found to be true for 

the three types of insects and rat liver mitochondria. 

The ATPase activity was studied on both directions i.e. toward 

ATP formation (ATPase phosphorylating) and toward ATP hydrolysis 

(ATPase dephosphorylating). 

Effects of benzoquinones on ATPase (phosphorylating) 

indicated that the enzyme activity was inhibited by maesanin in all 

the four types of mitochondria. On the other hand, maesaquinone 

and embelin were found to stimulate the activity of this enzyme 

though in Glossina the stimulation was not significant. Juglone also 

had a similar effect in all the four cases though it lowered the 

activity in Glossina mitochondria. 

The ATPase activity in the direction of ATP hydrolysis of 

mitochondria from the four sources was stimulated by 

maesaquinone and embelin except that in the Glossina 

mitochondria the stimulation was not significant. However, juglone 

inhibited the activity and maesanin had no significant effect. These 

observations indicate that these benzoquinones interfere with 

energy generation. 



{v) 

Th~ fact that benzoquinones either uncouples the mitochondria 

or inhibits the electron transport chain and interferes with ATPase 

activity suggest that lhey interrupt energy metabolism in the 

mitochondria of the three types of insects and rat liver. It is yet to be 

invesugated whether in vivo the mechanism of toxicity is the same in 

insect and rat. 
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CHAPTER ONE 

1 LITERATURE REVIEW 

1.1 INTRODUCTION 

Generally quinones refer to those compounds having a b<'lsic 

structure consisting of a benzene ring attached t.o two oxygen atoms 

through double bond (carbonyl groups). The parent structure is as 

shown below:-

() 

0 

The term benzoquinone is used to describe those quinones 

with a single ring as opposed to those with more than one ring 

which arc generally called quinoncs (Webb, 1966). This group of 

compounds is heterogenous embracing substances with several 

functional groups. They arc more numerous. more varied in 

structure and more widely distributed tlwn other cbsses of nat ur<1l 

pigments (Thomson. 1962) as shown in Tal>lt> l. 

1.1.1 Natural sources of quinones 

The common naturally occurring quinone is coenzyme Q 

(ubiquinone). It appears to be very widely distributed notably in 

mammals including man (Thomson, 1962 ). Ubiquinones differing 
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Table 1 Natural Distribution of Quinones 

SOURCE OF QUINONES NUMBER OF 
QUINONES 

Flowering plants 80 

PLANT 

Fungi 55 

KINGDOM Lichens 10 

BACTERIA Bacteria 15 

Arthropod (mainly insects) 15 

ANIMAL 

Echinodemate 
(mainly sea urchins) 15 

KINGDOM 
Higher animals 1 

(Source : Thomson, 1962) 

only in the length of isoprene side chain are known to occur in 

some microorganisms and mitochondria of animal tissues. A 

related plastoquinone occur in plant tissues (Lenhinger, 1975). 

Certain insects and marine invertebrates especially the 

echinoderms are the only animals containing quinones other than 

the ubiquinone or coenzyme Q (Rockstein, 1978). About two 
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hundred different quinones have been isolated, the bulk of these 

coming from angiosperms and fungi {Thomson, 1957, 1962; Webb, 

1966). Various types of quinones found in plants and insects 

include p-benzoquinone, toloquinones and xyloquinones. Other 

examples of quinones occurring naturally are methoxy and 

dimethoxy-p-quinones found in wheat, lomitol and juglone found in 

lomatia and walnut trees respectively (Webb, 1966). 

Most of quinones occur within plant cells to a large extent as 

glycosides and hence are inactive. However, quinones sometimes 

occur in a free form and apparently in rather high concentrations: 

for instance juglone may be nearly 8% in walnut catkin buds (Webb, 

1966). Some benzoquinones occur naturally in the plant family 

Myrsinaceae. The family belongs to the order plumules which has 

about one thousand plants classified into thirty-three genera {A. 

Engler's syllabus, 1964). Three of these genera namely:- Ardisia, 

Myrsine and Maesa grow mainly in southern parts of Japan (Ohwi, 

1964). The following are some of benzoquinones found distributed 

in the roots, rhizomes, barks and/or fruits of these plants genera:

embelin, maesaquinone, acetylmaesaquinone, rapanone and 

ardisiaquinone or their derivatives such as hydroxybenzoquinone 

(Ogawa and Natoris, 1968). 

Five species of Myrsinaceae have been identified in Kenya and 

are widely distributed across the various climatic zones. These are 

:- Embelia schimperi, Embelia keniensis, Myrsine africana, Rapanea 

melanphloes and Maesa lanceolata (Dale and Greenway, 1961). E. 

schimperi, R. Melanphloes and M. africana have been found to 

contain large quantities of embelin, rapanone and macrophyllin 
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while M. lanceolata had maesaquinone, acetylmaesaquinone and 

2,5-dihydroxy-3-pentadecyl-benzoquinone (Arot, 1988; Midiwo et 

al, 1988). 

1.2 PHARMACOWGICAL EFFECTS OF BENZOQUINONES 

The pharmacological potential of the benzoquinones from the 

plant family myrsinaceae have been known since 1932 when 

Paranjpe and Gokhale found that embelin isolated from dried fruits 

of E. ribes and E. robusta was effective against tapeworm. Later on, 

it was found that extracts from berries of M. africana was effective 

against helminths and ointment preparation was effective against 

ringworm and other skin diseases (Krishna and Varma, 1936). A 

more potent antihelminthic activity was observed in Rapanea 

maximowiczi and the active compound was identified to be 

rapanone (Kawamura and Hokoku, 1937). Some benzoquinones 

have also been shown to be effective against amoeba such as 

Entamoeba histolytica and Trichomonas vaginalis (Shar et al, 1984). 

Further work has showed that extracts of Maesajaponica containing 

maesaquinone were effective against both Gram-positive and Gram

negative bacteria (Huang et al, 1980), an observation which 

indicated that benzoquinones could also be having some antibiotic 

activity. This was further confirmed by Rao et al; (1985) when he 

showed that embelin derivatives were active as antibacterial. 

Benzoquinones are also known to have fertility regulation 

activity in both males and females. Recently there has been a 

tendency to study higher plants as possible sources of useful 

antifertility agents. Some plant derived compounds are asserted to 
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have anti-implantation and/or aborticacient activity based on animal 

test results (Bingel and Farnsworth, 1980; Farnsworth et al. 1978). 

Such compounds include embelin (Kholkute et al. 1978) and p

.coumaric acid (Pakrashi and Pakrasi 1978, 1979). 

1.3 PESTICIDAL EFFECTS OF BENZOQUINONES 

Recent studies have shown that some benzoquinones could be 

used effectively to control insect pests in stored food grains, 

(Chander and Ahmed, 1983). For instance, Chander and Ahmed 

(1985) observed that embelin mixed with wheat grains brought 

about significant mortality of adult and larvae of red flour weevil 

(Tribolium castaneum). It was further shown that embelin at a 

concentration of 0.025% caused 50% mortality of Stophilus oryzae 

and Rhysopertlw dominica (Chander and Ahmed, 1987). These 

observations pointed to an insectidal action of embelin. 

1.4 EFFECTS OF BENZOQUINONES ON ENERGY METABOLISM 

Benzoquinones or their derivatives have been found to 

interfere with energy metabolism in various organisms. For 

instance, alkyl dehydrobenzoquinones were found to cause swelling 

of the rat liver mitochondria (Ozawa and Mamose, 1968). On the 

other hand. embelin, rapanone, maesaquinone, 

dehydromaesaquinone and helicobasidin significantly inhibited 

respiration in germinating cowpea (Gupta et al 1981) Even more 

recently, it has been observed that maesaquinone, embelin and 

juglone uncouples rat liver mitochondria and maesanin inhibited 

mitochondrial electron transport (Makawiti et al, 1990). 
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The mechanisms of action of benzoquinones on energy 

metabolism can generally be categorized as follows:-

(i) Effect on electron transport chain 

(ii) Effect on oxidative phosphorylation 

1.4.1 Effects ofbenzoquinones on electron transport chain 

Quinones cause complex disturbances in various electron 

transport systems largely because of the different mechanisms 

which may be involved. Quinones may modify the electron 

transport chain by either stimulating or inhibiting the rate of 

electron flow in the total sequence or differentially altering the 

rates in different segments of the chain. Occasionally 

benzoquinones may increase the rate in one region of the electron 

transport chain sequence while at the same time decreasing it in 

another (Dam and Sondergaard, 1960; Thomson, 1962; Morton, 

1965; Ernster, 1970). 

Other ways accroding to Webb, (1966) by which quinones may 

modify electron transport chain include:-

(i) Direct inhibition of the enzyme sequence. 

(ii) Competing with or displacing endogenous (natural) 

quinones. 

(iii) Serving as electron donors or acceptors. 

(iv) Establishing alternative or bypass pathways for electron 

flow. 

(v) Blocking specific sites in electron transport system. 
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1.4.1.1 Direct inhibition of the enzyme of the sequence 

It has been observed that many enzymes particularly 

proteases such as papain are catalytically active when sulfhydryl 

(SH) group at or near their active centres are reduced but inactive 

when these groups are oxidized (Webb, 1966). Other studies on 

succinate dehydrogenase showed that this enzyme is inhibited by 

quinones following their interaction with SH groups on their active 

sites. 

1.4.1.2 Competing with or displacing endogenous 

(natural) quinones 

Almost all animals have ubiquinone or coenzyme Q in their 

electron transport chain. Since these ubiquinones or coenzymes Q 

have the same parent structure like other quinones, introduction of 

exogenous quinones especially the analogs of coenzyme Q could 

lead to competition or displacement of the natural quinones. This 

competition or displacement may not necessarily lead to complete 

inhibition even if the exogenous quinone functions more effectively 

than the endogenous ones in the electron transport (Webb, 1966). 

1.4.1.3 Benzoquinones as electron donors or acceptors 

Quinones can drain electrons out of the normal pathway of 

flow while hydroquinones can feed electrons into the electron 

transport sequence. The rates of the electron flow in different 

segments of the chain may thus be influenced quite significantly. It 

has been observed that benzoquinones can accept electrons directly 
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from a substrate as was observed for NADH in a reductase 

preparation from peas (Wosilait and Nason. 1954). Hydroquinones 

either added or formed from quinones may donate electrons into 

the various points of the sequence such as cytochrome c as was 

found for menadione (Williams, 1963; Ernster, 1970). 

1.4.1.4. Establishing alternate or bypass pathways for 

electron flow 

By acting as electron acceptors or donors. quinones or their 

derivatives may eslablish alternate or bypass pathways from lhose of 

the normal electron flow. The alternate or bypass pathways may 

have properties quite different from those of the original. In 

relation to this, it was shown that the reduction of cytochrome c 

using NADH as a substrate was accelerated by menadione and to a 

lesser extent by p-benzoquinones and 1,4-naphthoquinone in an 

enzyme from lymphosarcoma (Strength, 1956). It has also been 

shown that menadione may accept electrons from NADH and 

NADPH and channel them to either cytochrome b or c thus 

providing a bypass or alternate pathway of electron transport chain 

(Konji, 1989). 

1.4.1.5 Blocking specific sites in electron transport chain 

Certain napthoquinones such as antimalarial 3-alkyl- 1.4 

naphthoquinone are potent inhibitors of electron transport chain at 

some specific sites (Webb, 1966). It has been reported that the in 

vitro oxidation of menadiol, reduced vitamin K
1 and reduced 

ubiquinone is catalysed by Horse-radish peroxidase and this enzyme 
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is inhibited by various quinones (Klapper and Hackett, 1963). This 

is an indication that quinones can inhibit some specific reaction or 

at a specific point on the electron transport chain. 

1.4.2 Effects of benzoquinones on oxidative phosphorylation 

Some studies have shown that quinones may affect the 

oxidative phosphorylations by one or more of the following three 

mechanisms (Webb, 1966; Ernster, 1970). 

(i) By competing with ADP as the phosphate acceptor and 

therefore making inorganic phosphate unavailable for 

phosphorylation of ADP; 

(ii) By reacting with SH-groups which may be involved in 

the transphosphorylation; or 

(iii) By serving as electron donors or acceptors thereby 

establishing alternate or bypass pathways for the 

electron transport such that the energy conserving 

sites are by-passed. 

These effects of benzoquinones have been shown to lead to 

uncoupling of oxidative phosphorylation, as demonstrated by 

Ishikawa and Lehninger ( 1962) when they noted that there was 

reduction of ADP /0 ratio from 0.27 to 0.04 and oxygen 

consumption was increased slightly using particulate fraction from 

micrococcus lysodeikticus oXidising NADH b d. y mena wne. 
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1.5 FUELS FOR FLIGHT METABOLISM IN INSECT 

Carbohydrates, lipids and certain amino acids are used as 

respiratory fuels to supply energy for flight metabolism (Sacktor, 

1970, 1974). Depending on the type of fuels, insect species can be 

classified into three major groups:-

(i) Carbohydrate metabolising insects such as dictyoptera; 

(ii) Lipid and carbohydrate metabolising insects such as 

orthoptera; 

(iii) Amino acid metabolising insects mostly in the order 

Diptera and Coleoptera. 

Generally there is no insect species that uses only one type of 

fuel to support flight. When stressing that a particular fuel is used 

by a certain insect, one is generally emphasizing the fuel which 

provides the bulk of the metabolic energy. 

1.5.1 Carbohydrates metabolising insects 

Some orders of insects such as Hymenoptera and Diptera 

oxidize carbohydrates as the major source of energy. Insects 

utilizing carbohydrates as the source of energy for flight metabolism 

have their own fuel stores which can be mobilized to meet the 

energy requirement of the muscle. The main fuels in this case are 

glycogen and trehalose. Trehalose is a major blood sugar in insect 

(Wyatt, 1967) and is mainly synthesized in the fat body (Clegg and 

Evans 1961; Murphy and Wyatt, 1965). 
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Flight activity in Hymenoptera is supported by oxidation of 

carbohydrates. This is reflected by high activities of the enzymes of 

glycogen catabolism and glycolysis in the flight muscles of such 

species as the honey bee (Apis mellitera), the wasp (Vespa vulgaris) 

(Beenakkers, 1969; Crabtree and Newsholme, 1972). 

The use of carbohydrate as the flight energy source is also 

indicated by a high concentration of Trehalose in the haemolymph 

of the cockroach Periplaneta americana (Wyatt, 1967). This was 

further confirmed in 1972, when it was shown by Crabtree and 

Newsholme that enzymes such as phosphorylase, hexokinase and 

phosphofructokinase are very active in the flight muscle of this 

species. 

1.5.2 Lipid and carbohydrate metabolising insects 

Insects orders Lepidoptera, Orthoptera and Homoptera 

utilize both carbohydrates and lipids. Glycogen, glucose and 

trehalose are used during the initial periods of flight but as flight 

continuous fat becomes the principle fuel being able to support 

flight for several hours (Beenakkers, 1969; Sacktor, 1970; Crabtree 

and Newsholme, 1975). 

The glycolytic enzymes in this class of insects were found to 

be as active as those in carbohydrate metabolising insects (Crabtree 

and Newsholm, 1972, 1975). On the other hand, 3-hydroxy 

acylcoA dehydrogenase, diglyceride lipase and carnitine palmitoyl 

transferase have been found to have high activities in locust and 

moth. This fact emphasises the important role of lipid oxidation in 
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flight metabolism of these insects (Beenakkers, 1969; Crabtree and 

Newsholme, 1972). 

1.5.3 Amino acid metabolising insects 

Although lipids and carbohydrates are the main sources of 

energy for flight in most insects, various amino acids can also act in 

the same capacity. For instance, the proline concentration of both 

the flight muscle and the haemolymph is very high in tsetse fly, 

Glossina morsitans (Bursell, 1963, 1978; Hargrove, 1970). The 

level of proline also decreases rapidly after the onset of flight. 

implying its utilization for energy generation (Bursell, 1963; 

Hargrove, 1970; Olembo and Pearson, 1982). 

Crabtree and Newsholme, (1970) and Bursell, (1978) have 

also showed that key enzymes of proline metabolism such as 

proline dehydrogenase, alanine amino transferase and glutamate 

dehydrogenase are much more active in the thorax of G. austeni and 

G. morsitans than in most other insects. 

Proline has also been shown to be very important energy 

source for flight metabolism in the colorado beetle, Leptinotarsa 

decemlineata (De-Kort et al, 1973; Weeda et al, 1978) and some 
other coleoptera species (Pearson et al, 1979). 
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1.6 ULTRASTRUCTURE OF THE INSECT MITOCHONDRIA 

COMPARED TO RAT LIVER MITOCHONDRIA. 

Insect flight muscle mitochondria are quite large measuring 

up to 4 11m in length as observed in muscle fixed in situ. They have 

two membranes. an outer limiting membrane that is smooth and 

usually shows no folds. and an inner membrane that has many 

cristae. In flight muscle mitochondria the cristae are numerous, 

packed very tightly and nearly fill the entire lumen or matrix of the 

mitochondria. They are arrayed as parallel plates. Lenhinger, 

(1970) showed that the inner membrane of blowfly flight muscle 

mitochondria has a surface in excess of 400 m2 I g mitochondrial 

protein. This differs from mammalian such as rat liver 

mitochondria in that the latter have cristae that are sparse and 

irregular and the inner membrane surface is estimated to be only 

40 m2 I gm. The diversity in characteristics reflects differences in 

efficiency of the mitochondria in the two organisms which goes 

hand in hand with the requirement for a large number of 

respiratory assemblies corresponding to the intense respiratory 

capability in the insect mitochondria especially during flight as 

compared to fewer respiratory assemblies in the rat liver 

mitochondria which has lower rates of oxygen uptake. 
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1. 7 MITOCHONDRIAL RESPIRATORY CHAIN 

1.7.1 Chemical characteristics of the components of 

respiratory chain 

The m~1jor classes of oxido-rcduction components that 

participate in electron transport in mitochondria according to 

Lchninger. 1965; Whittaker and Danks. (1978) are:-

(t) Pyridine nucleotide linked dehydrogenase; 

(ii) Flavin linked dehydrogenases; 

(iii) Iron sulfur proteins; 

(i v) Lipid soluble qui nones; 

(v) Cytoehromes. 

1.7.1.1 Pyridine nucleotide linked dehydrogenases 

The pyridine nucleotide linked dchydrogcnases are a group of 

enzymes that have NAD+ as their prosthetic group but is able to 

freely dissociate from the enzyme. Several pyridine nucleotide 

linked dehydrogenases are associated with the· TCA cycle for 

instance malate dehydrogenascs. The dehydrogcnases arc not. 

bound lo inner mitochondrial membrane. They provide rcdu('ing 

equivalents (electrons) for the electron transport chain in the 

mitochonqrial inner membrane. They transfer electrons from 

subslral<.: lo Oavoprolcins. 
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1.7.1.2 Flavoproteins 

Flavoproteins are oxido-reductase enzymes. They have either 

flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) 

as a prosthetic group. FAD and FMN in the flavin -linked 

dehydrogenases are tightly bound to the protein part of the enzyme. 

The oxidation-reduction of FAD and FMN are capable of accepting 

hydrogens (2H++2e) from the substrate using their isoalloxazine 

ring system. 

1.7.1.3 Iron sulphur proteins 

The iron sulphur proteins are mostly found in mammalian 

mitochondria and are involved in electron transport. They all 

consist of iron atoms bound to proteins by cysteine sulphur and to 

the other iron sulphur by sulphur bridges. The iron centres act as 

electron carriers by undergoing oxido-reduction between Fe2+ and 

Fe3+. Each centre acts as a single electron carrier. 

1.7.1.4 Ubiquinone 

Ubiquinone also known as coenzyme Q is a lipid soluble 

hydrogen carrier in the inner mitochondria membrane. It is a 

substituted benzoquinone with a polyisoprene side chain. 

Oxidation-reduction occur 1·n the b of the enzoquinone nucleus 

molecule giving quinone (oxidized) and hydroquinone (reduced) 

forms. It accepts the electrons from FADH2 of succinate 

dehydrogenase, glycerophosphate dehydrogenase and fatty acyl CoA 

dehydrogenases. It passes the electrons to cytochron1e b. 
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1.7.1.5 Cytochromcs 

CytuC'hrumes arc proteins with h ~tcm ns their pro s thetic 

gro11ps. There arc five cylochromes ll<lJJicly cylocllronw h. <' 1. c. :1 

and ;1;\ all of which arc in the lnnc~r mito('honclrial lllf'lllbr:nle. TIH' 

cytochromcs un(krgo oxidation and rcd11ction by a v:1knC'y cl1:111.~e 

from Fe2+ (reduced) and Fc3+ (oxidized) for those conlninin~~ irnn 

(i.e. c1. c and h). and Cu+ lo Cu++ for those with copper(< 'yt ;1 :tnd 

1.7.2 The sequence of carriers in electron transport 

Scheme l : The organisation of rCSJ>lmlory chain 

rotenone, 
amy tal 
piericidin 

Succinate 

\FA}2re-sl 

NAD---lrMN (5Pe-S)l-- Ubiquinone 
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carbon monoxide 

2 

(SotJH'<': \VlliU~tkcr and Donks, 197H) 

antimycin 
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C-- Ascorbate 
TMPD 
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(Source: Whittaker and Donks, 1978) 

Scheme I is a generalized sequence of proton/ electron 

carriers in mammalian system. The sequence in the insect is 

almost similar to the one shown except that the iron sulphur 

centres have not been detected in insect mitochondria. Besides 

this, insect mitochondria have a peculiar cytochrome (cytochrome 

555) situated before the substrate and the antimycin A sensitive 

centre (Estabrook and Sacktor, 1958). This cytochrome is absent 

in mammalian mitochondria. The entry of ascorbate and TMPD in 

the electron transport chain also differs in the two organisms. 

While in insects they enter via cytochrome c 1, in mammals they 

enter through cytochrome c (Hanstord and Saektor, 1971). 

The study of the sequence of the electron transport has been 

facilitated greatly by application of specific inhibitors for certain 

loci in the chain. Rotenone, amytal and piericidin blocks the 

transfer of reducing equivalents from NADH dehydrogenase to 

Ubiquinone. They do not affect the oxidation of succinate and a

glycerol phosphate (Slater, 1950: Lehninger, 1965, 75). Transfer 

of electrons from cytochrome b to cytochrome c 1 is inhibited by 

antimycin A (Slater, 1950; Lehninger, 1965, 1975). Cyanide, 

carbon monoxide and azide inhibit the cytochrome aa3 reaction 

(Sacktor, 197 4) (see also Scheme I). 
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1.8 OXIDATIVE PHOSPHORYLATION 

Oxidative phosphorylation is the formation of ATP from ADP 

and inorganic phosphate as the protons and electrons flow from the 

substrates through the electron transport chain to molecular 

oxygen. This was first demonstrated in Musca domestica flight 

muscle mitochondria and has since been confirmed in 

mitochondria from most of the major orders of insects (Sacktor. 
1974). 

The capacity of mitochondria to synthesis ATP can be 

assessed by measuring the oxidative phosphorylation characteristics 

given by the respiratory control ratio and P/0 (ADP/0) ratio during 

the oxidation of different substrates. The P /0 ratio is the molar 

ratio of phosphate esterified to that of oxygen consumed and ADP I 0 

ratio representing the molar ratio of ADP added to that of extra 

oxygen consumed. Under ideal experimental conditions. the two 

are equal and generally ADP/0 (P/0) of about 3 are found with 

substrates which donate their electrons to NAD such as a 

ketoglutarate. isocitrate, glutamate and malate. On the other hand 

substrates such as succinate and a-glycerol phosphate whose 

oxidation do not involve pyridine nucleotide directly and whose 

electrons are donated at the level of FAD and CoQ have ratios 

approaching 2 (Lehninger. 1965, 1975; Sacktor, 1974; Whittaker 
and Danks. 1978). 

In respiring mitochondria, when the availability of substrate is 

not limiting, the rate of electron transport and thus the rate of 

ATP production is determined primarily by the relative 
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concentrations of ADP, ATP and phosphate (Sacktor, 1974). The 

maximum rate of oxygen uptake is observed when the 

concentrations of ADP and phosphate in the medium are high and 

the concentration of ATP low. Conversely, when the concentration 

of ATP is high and the levels of ADP and phosphate are low, the rate 

of mitochondrial respiration is minimal (Sacktor, 1974; Whittaker 

and Donks, 1978). 

The high rates of respiration exhibited by mitochondria in 

the presence of substrate, oxygen, phosphate and ADP is termed 

'state 3' rate and the slow rate of oxygen consumption uptake found 

in the absence of phosphate acceptor is termed the 'state 4' rate 

(Chance and Williams, 1956). The ratio of the rate of oxygen 

uptake in the presence of added ADP (state 3) to the ratio of 

respiration after the added ADP has been completely 

phosphorylated (state 4) is termed respiratory control ratio (RCR). 

Oxidative phosphorylation is influenced by a number of 

chemical agents some of which allow electron transport to proceed 

without the phosphorylation of ADP to ATP. These chemicals are 

referred to as uncouplers since they uncouple the energy yielding 

reactions from energy conserving ones. To date, many uncoupling 

agents are known and these includes 2,4-dinitrophenolcarbonyl 

cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP), carbonyl

cyanide-m-chlorophenyl hydrazone (CCCP). menadione and 

arsenate, valinomycin (Slater, 1950; Lehninger, 1965, 1975; 
Ernster, 1970). 
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The uncoupling agents characteristically stimulate the rate of 

oxygen uptake by mitochondria in the absence of ADP. They 

uncouple mitochondria by one or more of the following 

mechanisms:-

(a) Providing alternate route of electron transfer by passing 

much of the electron transfer chain so that much of the 

protons are not translocated and the high energy state 

is not produced e.g. menadione (Webb, 1966; Ernster, 

1970). 

(b) Increasing permeability of mitochondria membrane to 

protons. This allows proton gradient (high energy 

state) to be dissipated without generating ATP e.g. CCCP 

(Mitchell, 1966; Lehningcr, 1965, 1975). 

(c) Making inner mitochondria membrane permeable to 

specific cations e.g. K+ for valinomycin, the high energy 

state is used to transport ions across the membrane 

rather than to synthesize ATP e.g. with ionophores 

(Slater, 1950; Lehninger, 1965). 

1.9 MITOCHONDRIAL ATPASE 

The mitochondrial ATPase catalyses the cleavage of only the 

terminal phosphate from ATP forming ADP and Pi as shown below: 

ATPt.l.SC 

ArP :::-;;:====~ AD P + Pi 
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It is activated by magnesium and manganese ions. ATPase 

activity of mitochondria which is normally very low is greatly 

stimulated by uncoupling agents and inhibited by oligomycin 

(Lehninger, 1965, 1970, 1975; Mitchell. 1966; Whittaker and 

Danks, 1978). 

1.10 ECONOMIC IMPORTANCE OF INSECTS AND WHY THEY 

SHOULD BE CONTROLLED 

Insects are the most successful group of land animals. They 

colonize every conceivable terrestrial habitat and the number of 

species known exceeds that of any other order. They are abundant 

particularly in the tropics where higher temperatures and humidity 

often lead to large populations. 

Some insects are beneficial to man. The best known insect 

which has long been used commercially for the production of silk is 

the saturniid moth. Silk is produced from the salivary glands. The 

honey bee. is another insect which is commercially important for 

the production of honey. Insects also play a great role in plant 

pollination besides being suitable experimental animals for 

biological investigations because of their short life cycles and 

readiness to adapt to life in the laboratory. 

On the other hand, some insects are harmful to man. They 

play a great role in the transmission of human and animal diseases. 

For instance mosquitoes which transmit malaria, yellow fever and 

filariasis are responsible for an immense annual toll in human 
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death, suffering and despair. The endemic occurrence of high 

levels of some of these insect borne diseases have greatly depressed 

social and economic development and retarded progress in several 

developing tropical countries. 

Insects are known to cause injuries to growing plant as well 

as stored plant products. For example, locusts feed mainly on 

cereals and plants including crops. and since they appear in 

enormous populations their attack may result in famine for man and 

domestic animals; weevils damages the stored food grains (Lamp, 

1974). 

A substantial proportion of food crops grown are lost to insect 

each year. According to Munro (1966). a survey carried out under 

the auspices of the United Nations Food and Agriculture 

Organisation (FAO) in 1947, estimated that the annual loss 

sustained by insect infestation in cereal storage is at 8%, excluding 

losses of grain in farm storage. 

Since it is apparent that most insects cause more harm to 

man than good, there is need for them to be controlled especially 

the injurious ones. Kenya being an agricultural country in the 

tropics needs to boost her economy by stepping up its agricultural 

production which could be achieved by controlling food insect 

pests. One way of achieving this is by developing effective 

insecticides. Benzoquinones having been shown to protect stored 

grains against insect pests (Chander and Ahmed, 1985, 1987). 

could serve as potential candidates for 1·nse ti ·d d 1 t c Cl e eve opmen . 
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Hence, the present study was intended to investigate the 
mechanism of action of some four biologically active benzoquinones 
on energy metabolism of the three classes of insects namely:-

(i) Carbohydrate metabolising 

(ii) Carbohydrate and lipid metabolis ing 

(iii) Amino acid metabolising 

Cockroach was selected to r epresent the first class, locust from 
second and tsetse fly from third class. Since the eventual use of any 
insecticide depends on its toxicological test results on man and 
other animals, the effects of the benzoquinones on insect energy 
metabolism are compared with those of a more typical laboratory 
mammal, the rat. 

1.11 AIMS AND OBJECTIVES 

1.11.1 Aim 

To study the effect of four biologically active benzoquinones 
namely maesanin, maesaquinone, juglone and embelin (see 

Appendix l) on energy metabolism of the three selected species 

from the three classes of insects (cockroach, locust and tsetse fly) 
in comparison With the mammal (rat). 

1·11.2 Objectives 

(a) To investigate the effects of the four benzoquinones on 

the electron transport in the selected species of insects 
in comparison With the rat. 
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(b) To study the effects of the four benzoquinones on 

oxidative phosphorylation characteristics of 

mitochondria isolated from the selected insect species 

and the rat. 

(c) To study the effects of the four benzoquinones on 

mitochondrial ATPase activity in the selected species of 

insects and the rat liver. 

(d) To establish the most effective benzoquinone on 

energy metabolism which could be marked as a 

potential insecticide. 
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CHAPTER TWO 

2.0 MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 Rats 

Sprague-Dawley strains of rats 3-4 months old were bred in 
Biochemistry Department, University of Nairobi. The animals were 
kept in a well lit animal house at a temperature of about 25°C. 
Females and males were kept in separate cages. The cages were 
made of Wire mesh and their dimensions were 60 em by 30 em by 
30 em. One cage accommodated a maximum of fifteen rats. They 
were fed on a diet of water and rat pellets ad libitum. In this study, 
both males and females were used. 

2.1.2 Insects 

Locusts (Schistocerca gregaria) and cockroaches (Periplaneta 
americana) were supplied by Zoology Department, University of 
Nairobi. The locusts were kept in wire mesh cages of dimensions 
38 em by 4 7 em by 38 em. The maximum number of locusts that 
were kept in one cage was about 150. The temperature in the 
cages was maintained at 29°C by installing a 40 watts bulb. The 
cages were in the insectary. The locusts were maintained on wheat 
bran, wheat grain seedlings germinated in green house so as to 
have high content of water. Alternatively they were fed on green 
vegetables such as cabbages. Mostly, males were used in this study. 
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On the other hand cockroaches were kept in a wooden box of 

dimensions 60 em by 75 em by 60 em. The upper side had a cover 

made of wire mesh. The box was kept dark by a black polythene 

paper put inside it. A suitable number of cockroaches were kept in 

one box. They were continously fed on sugar solution, wheat bran 

and carrots. Tsetse flies (Glossina morsitans) were kindly provided 

by International Centre for Insect Physiology and Ecology (ICIPE), 

Nairobi. They were fed on rabbit blood by tying the upper part of 

the rabbit ear to meshed side of the cage for the first two days. 

They were then maintained by feeding every other day. 

2.1.3 Benzoquinones 

Maesaquinone and maesanin were extracted from dried 

fruits, roots, leaves and bark of Maesa lanceolata. Embelin was also 

extracted from the same parts but of Rapanea melanphloes. 

Purification and characterization was performed in the Chemistry 

Department, University of Nairobi as described by Midiwo et al, 

(1988). The benzoquinones were about 98% pure. Juglone was 

purchased from Adrich Chemical Company. Dorset, U.K. 

2.1.4 Chemicals 

All chemicals . used in this study were of analytical grade. 

NADP+ (disodium salt). glucose-6-phosphate (disodium salt). 

phospho-enol-pyruvate (trisodium salt). adenosine- 5- triphosphate, 

adenosine-5-diphosphate, L-glutamic acid, succinate, antimycin A, 

D,L malic acid and bovine serum albumin BSA (essentially fatty acid 
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free) were purchased from Sigma Chemical Company, St. Louis MO. 

U.S.A. Other reagents used were of the highest grade available. 

2.1.5 Enzymes 

Pyruvate kinase and lactate dehydrogenase (both from rabbit 

skeletal muscle): hexokinase and glucose-6-phosphate 

dehydrogenase (both from yeast crystalline suspension): were 

purchased from the Sigma Chemical Company, St. Louis MO, U.S.A. 

2.1.6 Isolation medhun for mitochondria 

The isolation medium consisted of 0.25 M sucrose, 0.5 

mg/ml bovine serum albumin (essentially fatty acid free) and l mM 

EDTA. 

2.1.7 Reaction medium for mitochondrial respiration 

The reaction medium contained 210 mM mannitol, 70 mM 

sucrose, 20 mM Tris-Hcl buffer pH 7.4, 3.0 mM phosphate buffer 

pH 7.4, 1 mM EDTA, 0.5 mg/ml bovine serum albumin (essentially 

fatty acid free). 



22 

death, suffering and despair. The endemic occurrence of high 

levels of some of these insect borne diseases have greatly depressed 

social and economic development and retarded progress in several 

developing tropical countries. 

Insects are known to cause injuries to growing plant as well 

as stored plant products. For example, locusts feed mainly on 

cereals and plants including crops, and since they appear in 

enormous populations their attack may result in famine for man and 

domestic animals; weevils damages the stored food grains (Lamp, 

1974). 

A substantial proportion of food crops grown are lost to insect 

each year. According to Munro (1966). a survey carried out under 

the auspices of the United Nations Food and Agriculture 

Organisation (FAO) in 1947, estimated that the annual loss 

sustained by insect infestation in cereal storage is at 8%, excluding 

losses of grain in farm storage. 

Since it is apparent that most insects cause more harm to 

man than good, there is need for them to be controlled especially 

the injurious ones. Kenya being an agricultural country in the 

tropics needs to boost her economy by stepping up its agricultural 

production which could be achieved by controlling food insect 

pests. One way of achieving this is by developing effective 

insecticides. Benzoquinones having been shown to protect stored 

grains against insect pests (Chander and Ahmed, 1985. 1987). 

could serve as potential candidates for insecticide development. 
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Hence, the present study was intended to investigate the 

mechanism of action of some four biologically active benzoquinones 

on energy metabolism of the three classes of insects namely:-

( i) Carbohydrate metabolising 

(ii) Carbohydrate and lipid metabolising 

(iii) Amino acid metabolising 

Cockroach was selected to represent the first class, locust from 

second and tsetse fly from third class. Since the eventual use of any 

insecticide depends on its toxicological test results on man and 

other animals, the effects of the benzoquinones on insect energy 

metabolism are compared with those of a more typical laboratory 

mammal, the rat. 

1.11 AIMS AND OBJECTIVES 

1.11.1 Aim 

To study the effect of four biologically active benzoquinones 

namely maesanin, maesaquinone, juglone and embelin (see 

Appendix 1) on energy metabolism of the three selected species 

from the three classes of insects (cockroach, locust and tsetse fly) 

in comparison wilh the mammal (rat). 

1.11.2 Objectives 

(a) To investigate the effects of the four benzoquinones on 

the electron transport in the selected species of insects 

in comparison wilh the rat. 
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(b) To study the effects of the four benzoquinones on 

oxidative phosphorylation characteristics of 

mitochondria isolated from the selected insect species 

and the rat. 

(c) To study the effects of the four benzoquinones on 

mitochondrial ATPase activity in the selected species of 

insects and the rat liver. 

(d) To establish the most effective benzoquinone on 

energy metabolism which could be marked as a 

potential insecticide. 
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CHAPTER TWO 

2.0 MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 Rats 

Sprague-Dawley strains of rats 3-4 months old were bred in 

Biochemistry Department, University of Nairobi. The animals were 

kept in a well lit animal house at a temperature of about 25°C. 

Females and males were kept in separate cages. The cages were 

made of wire mesh and their dimensions were 60 em by 30 em by 

30 em. One cage accommodated a maximum of fifteen rats. They 

were fed on a diet of water and rat pellets ad libitum. In this study, 

both males and females were used. 

2.1.2 Insects 

Locusts (Schistocerca gregaria) and cockroaches (Periplaneta 

americana) were supplied by Zoology Department, University of 

Nairobi. The locusts were kept in wire mesh cages of dimensions 

38 em by 47 em by 38 em. The maximum number of locusts that 

were kept in one cage was about 150. The temperature in the 

cages was maintained at 29°C by installing a 40 watts bulb. The 

cages were in the insectary. The locusts were maintained on wheat 

bran, wheat grain seedlings germinated in green house so as to 

have high content of water. Alternatively they were fed on green 

vegetables such as cabbages. Mostly, males were used in this study. 
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On the other hand cockroaches were kept in a wooden box of 

dimensions 60 em by 75 em by 60 em. The upper side had a cover 

made of wire mesh. The box was kept dark by a black polythene 

paper put inside it. A suitable number of cockroaches were kept in 

one box. They were continously fed on sugar solution, wheat bran 

and carrots. Tsetse flies (Glossina morsitans) were kindly provided 

by International Centre for Insect Physiology and Ecology (ICIPE), 

Nairobi. They were fed on rabbit blood by tying the upper part of 

the rabbit ear to meshed side of the cage for the first two days. 

They were then maintained by feeding every other day. 

2.1.3 Benzoquinones 

Maesaquinone and maesanin were extracted from dried 

fruits. roots, leaves and bark of Maesa lanceolata. Embelin was also 

extracted from the same parts but of Rapanea melanphloes. 

Purification and characterization was performed in the Chemistry 

Department, University of Nairobi as described by Midiwo et al, 

(1988). The benzoquinones were about 98% pure. Juglone was 

purchased from Adrich Chemical Company. Dorset, U.K. 

2.1.4 Chemicals 

All chemicals used in this study were of analytical grade. 

NADP+ (disodium salt). glucose-6-phosphate (disodium salt). 

phospho-enol-pyruvate (trisodium salt). adenosine-5-triphosphate. 

adenosine-5-diphosphate. L-glutamic acid, succinate. antimycin A. 

D,L malic acid and bovine serum albumin BSA (essentially fatty acid 
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free) were purchased from Sigma Chemical Company, St. Louis MO. 

U.S.A. Other reagents used were of the highest grade available. 

2.1.5 Enzymes 

Pyruvate kinase and lactate dehydrogenase (both from rabbit 

skeletal muscle): hexokinase and glucose-6-phosphate 

dehydrogenase (both from yeast crystalline suspension): were 

purchased from the Sigma Chemical Company, St. Louis MO. U.S.A. 

2.1.6 Isolation medium for mitochondria 

The isolation medium consisted of 0.25 M sucrose, 0.5 

mg/ml bovine serum albumin (essentially fatty acid free) and 1 mM 

EDTA. 

2.1.7 Reaction medium for mitochondrial respiration 

The reaction medium contained 210 mM mannitol, 70 mM 

sucrose, 20 mM Tris-Hcl buffer pH 7.4, 3.0 mM phosphate buffer 

pH 7.4, 1 mM EDTJ\, 0.5 mg/ml bovine serum albumin (essentially 

fatty acid free). 
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2.2 METHODS 

2.2.1 Preparation of rat liver mitochondria 

Rat liver mitochondria were prepared essentially as described 

by Hogeboom et al (1962). The rat was killed by decapitation and 

allowed to bleed into the sink for about two minutes. The liver was 

then immediately removed and placed in a beaker of ice cold 

isolation medium. It was then washed in the same medium to 

remove blood. The liver was then minced using a pair of scissors. 

The mince was homogenized in cold isolation medium using 

Potter-Elvehjem type of homogenizer consisting of a glass grinding 

vessel and a motor driven pestle with a teflon grinding head. the 

whole procedure was carried out at 4°C. 

The homogenate was transferred to plastic centrifuge tubes. 

Centrifugation was done using Sorvall RC-5B Refrigerated 

centrifuge. It was centrifuged for 10 minutes at 119 g to sediment 

nuclei and unraptured cells. The resulting supernatant was then 

centrifuged at 7649 g for 20 minutes to sediment the 

mitochondria. To wash. the mitochondria were suspended in fresh 

isolation medium and centrifuged again at the same speed (7649 g). 

2.2.2 Preparation of insect flight muscle mitochondria 

Insects were first immobilized in cold room (40C) for about 

30 minutes. The thoraces were removed and placed in a beaker of 

cold isolation medium. They were then transferred to a porcelain 

mortar and crushed using the pestle. The resulting mixture was 
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filtered using cheese cloth to remove muscle fibres. The above 

procedure was carried out at 4oc. 

The rest of the procedure was as described by Bursell (1975). 

The filtrate was centrifuged using Sorvall RC-5B Refrigerated 

centrifuge for 10 minutes at 119 g to sediment nucleus and other 

debris. The resulting supernatant was then centrifuged at 7649 g 

for 20 minutes to sediment the mitochondrial pellet. The pellet 

was then washed once with fresh isolation medium. All 

centrifugations were done at 4oc. 

2.2.3 Respiration experiments 

The rate of oxygen consumption was determined using a 

Clark-type electrode (Rank Brothers - High Street Bottisham -

Cambridge, England) polarized at 0.6V in a magnetically stirred 

chamber. The rate of oxygen uptake was monitored on a Sargent

Welch recorder coupled to the electrode. The electrode was left to 

equilibrate with the reaction medium at 25°C before starting the 

experiment. Mitochondria protein was added into the chamber 

housing the oxygen electrode and respiration was determined. 

Different substrates were used for different respiration 

experiments. These included 10 mM plus glutamate: 10 mM 

proline: 10 mM succinate and 1 mM ascorbate plus 0.07 mM 

TMPD. To these were added various amounts of benzoquinones as 

described in figures l-20 of section 3.0. 
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The concentration of oxygen in the incubation media was 

assumed to be 240 11M (Chance and Williams, 1956). The substrate 

and ADP were introduced into the chamber by Hamilton 

microsyringe - state 3 was initiated by addition of ADP. 

Respiratory control ratio (RCR), which is the rate of oxygen 

consumption during the "state 3" to that of "state 4" was calculated 

as described by Chance and Williams (1955). ADP /0 ratio 

representing the nmoles of ADP used to nanoatoms of oxygen 

consumed was also calculated. 

2.2.4 Assay of ATPase activity 

The mitochondrial ATPase activity (dephosphorylating and 

phosphorylating) was determined in aged mitochondria after 

freeze-thawing severally to rapture the membranes. The activities 

were measured enzymatically by pyridine nucleotide coupled assays. 

The change in optical density (OD) due to NAD(P) reduction or 

NAD(P)H oxidation was followed using Perkin Elmer 

spectrophotometer. The molar extinction coefficient of NADH at 

340 nm was taken as 6.22 x 103 litre- 1 mole-1 cm-1. 

2.2.4.1 Assay of ATPase dephosphorylating activity 

The ATPase dephosphorylating activity was measured by 

coupling it to pyruvate kinase and lactate dehydrogenase (Pullman 

et al, 1960) as shown:-
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ATPase 
ATP 

----------------.- ADP + Pi 

PK .-.. 

1
---- PEP 

Pyruvale 

LDH 

Lactate 

The disappearance of NADH was followed spectrophotometrically at 

340 nm using 1 em light path cuvettes. 

The ATPase activity was measured in 3.0 ml assay system 

containing 25 mM Tris-acetate buffer pH 8.0, 30 mM potassium 

acetate, 3 mM magnesium acetate, 0.20 mM NADH, 1 mM PEP, 3 

mM ATP, 1.9 IU lactate dehydrogenase. When indicated, 5 ~-tM 

CCCP and 10 1-1g oligomycin was used. In each experiment, except 

for the control, the amount of benzoquinones used was 10 mg/ml. 

The reaction was started by the addition of ATP. 

2.2.4.2 Assay of ATPase phosphorylating activity 

The ATPase phosphorylating activity was coupled to 

hexokinase and glucose-6-phosphate dehydrogenase as shown 

below:-
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1\TPase 
ATP --------------~--ADP + Pi 

PK ,_.--.-PEP 

Pyn1vale 

LDH 

Lactate 

The disappearance of NADH was followed spectrophotometrically at 

340 nm using 1 em light path cuvettes. 

The ATPase activity was measured in 3.0 ml assay system 

containing 25 mM Tris-acetate buffer pH 8.0, 30 mM potassium 

acetate, 3 mM magnesium acetate, 0.20 mM NADH, 1 mM PEP, 3 

mM ATP, 1.9 IU lactate dehydrogenase. When indicated, 5 ~M 

CCCP and 10 ~g oligomycin was used. In each experiment, except 

for the control, the amount of benzoquinones used was 10 mg/ml. 

The reaction was started by the addition of ATP. 

2.2.4.2 Assay of ATPase phosphorylating activity 

The ATPase phosphorylating activity was coupled to 

hexokinase and glucose-6-phosphate dehydrogenase as shown 

below:-
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ATPase 
ADP +Pi ATP I ~__.,..Glucose 

HK,~ 

G-6-P 

G-6 P DH 

6 Phusphoglucano-J-laclonc 

The appearance of NADPH was monitored at 340 nm using 1 

em light path cuvettcs. 

The assay volume was 3.0 ml consisting of 21.17 mM 

Triethanolamine buffer, pH 7.6, 0.2 M glucose, 6.67 mM NADP, 

0.780 mM ADP, 6.67 IU G-6-P-PH. 3.75 IU hexokinase. When 

used, 5 mM CCCP and 10 llg oligomycin were added. Apart from 

the control, 10 mg/ml of benzoquinones were used in every 

experiment. The reaction was started with hexokinase. 

Calculations for specific activities of the enzymes were done 

according to Bergmeyer (1974) as shown below:-

c = M/min 

6.22 

where 

c = 

v df 
X X 

v p 

Specific activity of the enzyme in 

umoles/min/mg protein 
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M/min = Change in absorbance per minute 

v ·- Volume of the sample used in the 

assay 

v = Total volume in the assay mixture 

p = Protein concentration in mg/ml 

6.22 X 1Q-3 = Extinction coefficient of NADH or 

NADPH at 340 nm. 

df = dilution factor 

2.5 DETERMINATION OF PROTEIN CONCENTRATION 

The protein concentration was determined by the method of 

Lowry et al. (1951). Crystalline bovine serum albumin (essentially 

fatty acid free) was used as standard. The standard curve ranged 

from 10 !J.g-60 1-1g of bovine serum albumin. Solution A was freshly 

prepared by mixing 50 ml of 2% anhydrous sodium carbonate plus 

0.02% potassium-sodium tartarate in 0.1 M sodium hydroxide and 

1.0 ml of 0.05% copper sulphate solution whenever protein was 

determined. To each protein sample, 2.30 ml of solution A was 

added and this was left for ten minutes on the bench. Then 0.23 

ml solution B (Falin phenol reagent diluted 1:2 with distilled water) 

was added and mixed thoroughly. The total assay volume was 3.0 

ml. The mixture was left for 30 minutes on the bench. The optical 

density was then read at 578 nm. 
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CHAPTER THREE 

RESULTS 

3.1 EFFECTS OF BENZOQillNONES ON OXIDATIVE 

PHOSPHORYLATION CHARACTERISTICS OF 

MITOCHONDRIA ISOLATED FROM RAT LIVER AND FLIGHT 

MUSCLE OF GWSSINA, SCIHSTOCERCA AND PERIPLANETA 

The effects of four biologically active benzoquinones namely : 

juglone, maesanin, maesaquinone and embelin on oxidative 

phosphorylation characteristics of mitochondria isolated from the 

rat liver and the flight muscle of three types of insects namely 

tsetse fly, Glossina morsitans (amino acid metabolising). locusts 

Schistocerca gregaria (Lipid and carbohydrate melabolising) and 

cockroach. Periplaneta americana (carbohydrate metabolising) 

were investigated. The parameters studied were the rates of 

oxygen consumption in both state 3 and state 4, the respiratory 

control ratio (RCR) and ADP /0 ratio. 

3.1.1 Effects of benzoquinones on the oxygen consumption by the 

mitochondria isolated from rat liver 

The effects of the four benzoquinones on oxygen consumption 

by the rat liver mitochondria was investigated. In the absence of 

benzoquinones (Fig. lb, 2b) the respiratory control ratio (RCR) was 

between 3 and 4 using malate plus glutamate or succinate as 

substrate. This observation indicated the mitochondria were 

actively respiring and could effectively phosphorylate ADP to ATP. 
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Figure l (traces c, d and e) shows that addition of 

maesaquinone, embelin and juglone at a concentration of 10 j.lg/ml 

after the substrate (malate plus glutamate) increased the state 4 

rate of oxygen consumption in the rat liver mitochondria. Addition 

of ADP and CCCP after juglone (Fig. l trace e) did not accelerate the 

rate of oxygen consumption suggesting that at this concentration 

juglone completely uncoupled the mitochondria. On the other 

hand, subsequent addition of ADP after maesaquinone or embelin 

(Fig. lc and ld) resulted in a greater increase in the rate of oxygen 

consumption compared to that observed before addition of ADP. 

Addition of the uncoupler (CCCP) after utilization of ADP resulted in 

a burst in the rate of oxygen consumption indicating that 

maesaquinone and embelin only partially uncoupled the 

mitochondria. Similar results were obtained with the 

benzoquinones when succinate was used as the substrate (Fig. 2 

traces c, d and e). 

Figures 1 and 2, (traces a) show that addition of maesanin 

after the substrates (malate plus glutamate and succinate) inhibited 

both the oxygen consumption and phosphorylation of ADP. Further 

addition of the uncoupler CCCP did not relieve the inhibition of 

oxygen consumption due to maesanin. However, when TMPD plus 

ascorbate was used as the substrate in the presence of maesanin, 

the rate of oxygen consumption was similar to that of the control 

(without maesanin). In the latter case, the rate was further 

accelerated by addition of ADP and subsequent addition of CCCP 

after ADP caused a further accelaration of oxygen consumption 
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Effects of benzoquinones on isolated rat liver 

mitochondria respiring on 10 mM malate plus 10 m:M 

glutamate as the substrate 

The reaction medium consisted of 210 mM mannitol. 70 rn:M 

Tris-HCI, PH 7.4, 3mM phosphate, pH 7.4, 1mM EDTA and 10 rnM 

malate (M) plus 10 mM glutamate (G), when indicated, 2.5 mg/ri11 

mitochondrial protein (MITO), 5 11M CCCP, 10 llg/ml (in ethanol 

solution) of each of the benzoquinones viz maesanin (MN), Embeli!l 

(EM). Maesaquinone (MQ) and Juglone (JG) traces a, c, d, and e 

respectively and 500 nmoles of ADP were added. The reactiO!l 

chamber volume was 1.2 ml and temperature 25°C. 
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Figure 2 : Effect of benzoquinones on isolated rat liver 

mitochondria respiring on succinate as the substrate 

The reaction medium and other additions were as for Fig. I 

except that 10 mM succinate was used as the substrate instead of 

malate plus glutamate. The reaction chamber volume was 1.2 ml 

and temperature 25oc. 
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(Fig. 3, traces a and b). These results indicate that maesanin 

inhibited the electron transport chain at a point before cytochrome 

c where TMPD and ascorbate donate their electrons. 

In order to investigate the level of inhibition by maesanin of 

the electron transport chain, experiments were carried out using 

known inhibitors of electron transport chain namely rotenone for 

site I, antimycin A for site II and KCN for site III. These inhibitors 

were used in conjunction with various substrates that feed their 

electrons at different sites of electron transport chain. The 

substrates used for the supply of electrons were malate plus 

glutamate, succinate and TMPD plus ascorbate. Figure 4 (a and b) 

show that addition of rotenone to mitochondria suspension in 

presence of excess ADP after malate plus glutamate resulted in the 

inhibition of oxygen consumption. Subsequent addition of succinate 

stimulated the oxygen uptake and this stimulation was inhibited 

either by antimycin A (trace 4a) or maesanin (trace 4b) indicating 

that these two compounds probably inhibited at the same site. The 

inhibition by antimycin A or maesanin was relieved by addition of 

TMPD plus ascorbate. The latter stimulation of oxygen uptake due 

to TMPD plus ascorbate was inhibited by KCN. 

Figure 5 shows the concentration dependent inhibition of 

oxygen consumption by maesanin. Results indicate that the 

inhibition of the electron transport by this benzoquinone was 

concentration dependent (Fig. 5(1)). At 10 IJ.g/ml this 

benzoquinone was able to completely inhibit oxygen consumption 

us· 
) 

Ing malate plus glutamate or succinate as the substrates (Fig. 5(I) 

and 5(11)). 
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Figure 3 : Effect of maesanin on isolated rat liver mitochondria 
respiring on TMPD plus ascorbate as the substrate 

The reaction medium and other additions were as for Fig. I 
except that 0.07 mM TMPD plus 0.1 mM ascorbate was used 
instead of malate plus glutamate. The reaction chamber volume was 
1.2 ml and temperature 25°C 
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Figure 4: Comparative effects of the various inhibitors of electron 
transport chain and maesanin on the oxygen 
consumption by the rat liver mitochondria 

The reaction medium and conditions were as for figure I. 
The concentrations of the various substrates used were 10 mM 
malate plus 10 mM glutamate, 10 mM succinate and 0.07 mM 
TMPD plus 0.1 mM ascorbate. Other concentrations used were 5 
j..LM rotenone (Rot), 10 llg/ml antimycin A (Ant) (in ethanol 
solution). 5 llM KCN and 10 llg/ml maesanin in ethanol solution. 
excess (Ex) ADP. (2000 nmoles.) 
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Figure 5 I: Effect of various concentration of maesanin on oxygen 

consumption by mitochondria isolated from rat liver 

mitochondria 

The reaction medium and conditions were as for Fig. I. The 

substrate used was 10 mM succinate. The concentrations of 

maesanin solution used were 0 (control). .75, 3.75, 7.5 and 10.00 

mg/ml for traces a, b, c and e respectively. 
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Figure 511: Effect of maesanin on oxygen consumption by 

mitochondria isolated from rat liver mitochondria 

The reaction medium and conditions were as for Fig. I. The 

subtrates used were 10 mM malate plus 10mM glutamate. The 

concentration of maesanin used was 10.00 llg/ml (trace b). 
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Table 2 : Rate (n atoms of oxygen/min/mg protein) of oxygen 

consumption, Respiratory Control Ratio (RCR) of 

mitochondria isolated from rat liver in the 

presence of various concentrations of maesanin 

Values are means of 5 separate determinations. Individual 

values were within 20% of the mean. The reaction medium in 1.2 

ml volume contained 210 mM mannitol, 70 mM sucrose, 20 mM 

Tris-HCl buffer pH 7 .4, 3 mM phosphate and 1 mM EDTA. Tbe 

mitochondrial protein concentration was 2.5 mg/ml. N/ A and NfV 

are abbreviated forms of not applicable and not determinable 

respectively. 
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The decreasing rate of oxygen consumption with increasing 

concen traUon of macsanin is shown in Table 2. 

3.1.2 Effects of benzoquinones on the oxygen conswnption by the 

fllgl1t muscle mitochondria of Glossina 

Figures 6, 7, 8, 9 and 10 show the concentration depend ent 

effect of the four benzoquinones on o>..-ygen consumption by the 

mitochondria isolated from flight muscle of Glossina morsitans. 

The calcubted values arc shown in Table 3. The substrate used in 

this case was proline because Glossina flight muscle can only 

respire rapidly with proline but does not respire with TCA cycle 

intermediates, carbohydrates and lipids (Dursell, et al. 1976: Njagi, 

1987). 

The effect. of juglone on Glossina mitochondria is shown in 

figure 6. !\dditicm of l p.g/ml of juglone after the substr~J.tc in ll1 e 

rc;1cUon medium rcc!ucrd sbtc 4. rate of oxygrn consumption frorn 

24.76 to 2 l . 7G and state 3 from 120.33 to 73.09 hence the RCf( 

was reclll('ed by 1 f) 5% from 4.86 to 4 .06. The ADP /0 ratio in the 

presence or ! he benzoquinone was 0.2 lower than t.hat observed in 

its absence. However. addition of CCCP after the utilization of ADP 

resultt..:d lll greater oxygen uptake indicating that the inhibition of 

o>..-ygcn uptake was not complete (tracc 'b). When 2 llg/ml of juglonc 

was used (trace c), the state 4 rate of oxygen consumption was 

reduced by l 9.0% ;md state 3 Ly 39.26% compared to the control. 

The H.CR was reduced to 2.99 and ADP /0 ratio to 2.50. Subsequent 

addition of CCCP stimulated the rate of o>..-ygen consumption to a 

hi_ghcr rate than before the addition of the 
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Figure 6 : Effect of varied concentration of juglone on respiration 

of mitochondria isolated from flight muscle of Glossina 

morsitans 

The mitochondria were respiring in the reaction medium of 

similar composiLion as for Fig. I except that 10 mM proline was 

used as the substrate in the presence of 1.2 mg/ml mitochondrial 

protein (MlTO). Juglone (in ethanol solution) concentrations useJ 

were v<:\ried as follows:- 0 pg/ml (control). 1.0, 2.0. 5.0 and 10.0 

~.tg/ tnl for tr8ces a. b. c. d and e respectively. Other additions were 

500 nmoles of ADP and 3 ~-tM of CCCP. 
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benzoquinone. Further increase uf juglonc concentration to 5 

~-tg/ml in the reaction medium (trace d) resulted in a further 

inhibition of state 4 rate of ox-ygen uptake by about 11.6% !Jcfore 

addition of ADP. The rate of oxygen uptake was also reduced by 

7% after Ltilisation of ADP. The state 3 rate was reduced hy about 

32%, cunsequcntly the RCR was reduced to 2.13 and the ADP /0 

ratio was not determinable. Increasing juglone concentration to 10 

~-tg/rnl (trace c) resulted in a further inhibition of state 4 rate of 

o>..-ygen consumption to 63% of the control <..lid the addition of ADP 

(J[ cccr did not. stimulate further the rate of oxygen consumption. 

The lu.Lter observation implies that 10 ~-tg/ml completely inhibited 

oxygen uptake and ADP phosphorylation. 

Figure 7 shows the effect of different concentrations of 

macsaquinone on Glossina mitochondna respiring with proline. 

The results shows that addition of 1 ~-tg/ml of mrtesaquinone s lightly 

reduced stale 4- rate of oxygen consumption and state 3 by about 

23% of the control. 2 ~-tg/ml did not significantly alter tlle rate of 

oxygen consumption in stale 4 but state 3 rate was reduced by 

about 34% and consequently the RCR was reduced to 65% of the 

control (trace b and c). Further increase in the concentration of 

lhis benzoquinone to 5 ~-tg/ml (trace d) increased the state 4 rate of 

oxygen consumption before addition of ADP by about 20% and after 

its utilization by about 36%. On the other hand. state 3 rate was 

further reduced by less than 10% and RCR was lowered (rom 4.04 

(control) Lo 1.30. The ADP /0 ratio was also lowered from 2. 79 

(control) t.o 2.0 1. However, subsequent addition of the uncuupler 

(CCCP) after ADP utilization resulted in furtl1er increase in rate of 
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Figure 7 : Interaction of varied concentration of maesaquinone with 

respiring mitochondria isolated from ffight muscle of 

Glossina morsitans 

The reaction medium and conditions were the same as Fig. I 

but using 10 mM proline as the substrate and the mitochondrial 

protein (MITO) was 1.0 mg/ml. Concentrations of maesaquinone 

(in ethanol solution) used were 0 (control), l.O, 2.0, 5.0 and 10 

11g/ml. traces a. b. c, d and e respectively. When indiC'ated, 500 

nmoles of ADP and 3 ~M of CCCP were used. 
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oxygen consumption implying the mitochondria were only partially 

uncoupled. When the concentration of the same was doubled to 10 

11g/ml (trace e). the state 4 rate before addition of ADP was 

increased by about 68% and after the utilization of ADP by 127% of 

the control. The state 3 rate of oxygen uptake was reduced by 

about 45% of the original and subsequent addition of CCCP further 

increased the rate of oxygen consumption. The latter observation 

implied that 10 11g/ml of maesaquinone did not completely 

uncouple the mitochondria. The RCR was reduced to 1.35 and 

ADP /0 ratio was not determinable. 

The effect of embelin on Glossina mitochondria respiration 

was also investigated (Fig. 8, traces a-e). As observed with 

maesaquinone using various concentrations on Gloss ina 

mitochondria, embelin also had a similar effect of increasing the 

rate of oxygen consumption in state 4 with increasing 

concentration of the benzoquinone (lraces a-e). hence both the 

RCR and ADP /0 ratio were also lowered. The rate of oxygen 

consumption during state 3 in the presence of either of these 

bcnzoquinones was only slightly lowered. However, the potency of 

these two benzoquinones as uncouplers was slightly different. 

Embelin was a stronger uncoupler than maesaquinone because at 

10 11g/ml of each, the former increased the state 4 rate of oxygen 

consumption by about 200% of the original while in the latter, the 

same rate was increased by about 127. Since subsequent addition 

of CCCP after ADP caused a further increase in rate of oxygen 

uptake when maximum concentration (10 llg/ml) of each of the 

benzoquinone was present and the RCR was 1.14 and 1.35 
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Figure 8 : Etiect of different concentrations of embelin on 

respiration of mitochondria isolated from flight muscle 

of Glossina rrwrsitans 

The milucllundria ( l mg/ ml) were respiring in a rcacUoil 

medium as dcscril >ed in Fig. I u~ing proline as the substrate. ThC 

following concentration of cmbelin (in ct.h~mol solution) were used : 

0 (control) 1.0, 2.0. 5.0 and 10.0 ~g/ml. for traces a. b. c. d and e 

respcclivdy. When shown. 300 nmolcs of ADP and 3 jlM of ccCF 

were added. 
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respectively, it would be logical to infer that both embelin and 

maesaquinone partially uncoupled the mitochondria. 

The result (Fig. 9, traces a-e) shows the effect of various 

concentrations of maesanin on oxygen uptake by Glossina flight 

muscle mitochondria. Results show that when 1 )lg/ml of this 

benzoquinone was used (trace c) state 4 and state 3 rates of oxygen 

consumption were reduced by 17% and 27.6% respectively. 

However, addition of 2 )lg/ml of the same benzoquinone (trace d) 

reduced the state 4 rate and state 3 to about 67% and 69% 

respectively (relative to the control). Subsequent addition of CCCP 

accelerated the rate of oxygen consumption indicating that the 

inhibition was not complete, the RCR was reduced from 4.83 

(control) to 3.64 and ADP /0 ratio from 2. 71 to 2.64. There was a 

further reduction in rate of state 3 oxygen consumption by about 

20% when 5 !lg/ml of the benzoquinone was used (trace e). 

however state 4 rate was not noticeably affected. Increasing the 

concentration to 10 !lg/ml (trace a) caused 42% reduction of the 

initial state 4 rate of oxygen consumption; subsequent addition of 

ADP and CCCP respectively after the benzoquinone did not 

accelerate the rate. The RCR was reduced from 4.83 to 1.00. This 

lowering of RCR was particularly due to reduced state 3 rate of 

oxygen uptake and ADP /0 ratio was not determinable because of the 

inhibition of state 3 rate of oxygen uptake. The above observation 

indicated that electron transport was completely inhibited and 

hence the phosphorylation of ADP was also inhibited. 

Various inhibitors of the chain and substrates that feed their 

r~ducing equivalents at different sites of electron transport chain 
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Figure 9 : Concentration dependent effect of maesanin on the 

respiration of the flight muscle mitochondria from 

Glos..r:;ina morsitans · 

The mitochondria were respiring in the reaction of the same 

composition as for Fig. 7 in the presence of 1.2 mgjml 

mitochondria protein (MITO). Maesanin concentration was varied 

as follows : O(control), l.O, 2.0, 5.0 and 10 ~g/rnl for traces b, c, d. e 

and a respectively. The amount of ADP used was 500 nmoles. 
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Table 3 : Rate (natoms of oxygen/min/mg protein) of oxygen 

consumption, Respiratory Control Ratio (RCR) and the 

ADP /0 ratio of mitochondria isolated from ffight muscle 

of Glossina morsitans in presence of varlus 

concentraUons of four benzoquinones 

Values are means of 4 separate determinations. Individual 

values were within 20% of the mean. The reaction medium was as 

described for Table 2. The mitochondrial protein concentratiOn 

ranged between l.O mg/ml and 1.2 mg/ml. N/A and N/D are short 

forms of not applicable and not determinable respectively. 
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·~ 

Figure 10 : Comparative effects of various inhibitors of electron 

transport chain and maesanin on oxygen consumption 

by the mitochondria isolated from flight muscle of 

Gl~ina morsitans 

The mitochondria, l mg/ml were respiring in a reacuon 

medium similar in composition as in Fig. I. When indicated. 10 

rnM proline. excess (Ex) ADP (2000 nmoles). 0.07 mM TMPD pluS 

0.1 mM ascorbate were added. The other concentrations indicated 

were as for Fig. 4. 
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were used to determine the level of inhibition by maesanin (Fig. 10 

b and c). In both cases addition of rotenone after proline in a 

reaction mixture containing mitochondria and excess ADP (2000 

nmoles) inhibited the rate of oxygen consumption by about 50% 

implying that besides the electrons coming through the NADH, 

others must have been joining the chain at the level of CoQ possibly 

through FAD. When either antimycin A (trace b) or maesanin (trace 

c) was added after rotenone, there was almost complete inhibition 

of oxygen consumption. In both cases, the inhibition by either 

antimycin A or maesanin was relieved by addition of TMPD plus 

ascorbate. This latter stimulation was inhibited by KCN. 

3.1.3 Effects of benzoquinones on respiration of the mitochondria 

isolated from flight muscle of Schistocerca gregaria 

The effects of the four benzoquinones on the oxygen 

consumption of mitochondria isolated from Schistocerca flight 

muscle are shown in figures 11, 12, 13, 14 and 15. The substrate 

used was malate plus glutamate. In the absence of the 

benzoquinones, the respiratory control ratio (RCR) obtained ranged 

between 3 and 4.0 indicating that the mitochondria were well 

coupled and could phosphorylate ADP effectively. The calculated 

values of rate of oxygen consumption, RCR and ADP /0 ratio, both in 

the presence and absence of various concentrations of the four 

benzoquinones is shown in Table 4. 

Figure II (traces a - e) shows the effect of various 

concentrations of juglone on oxygen consumption and ADP 

phosphorylation in Schistocerca mitochondria. When 1 11g/ml of 
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the juglone was added in the reaction chamber after the substrate 

(trace b). there was no significant change in rate of oxygen 

consumption. However, when the concentration was raised to 2 

llg/ml (trace c). the state 4 rate of oxygen consumption was 

increased by 60% and state 3 reduced by 26. 7%. Subsequent 

addition of CCCP accelerated the rate of oxygen uptake to the same 

level as the control. The RCR was lowered from 3. 75 (control) to 

l. 72 and ADP /0 ratio from 2.50 (control) to l. 79. There was a 

substantial increase in the rate of oxygen consumption in state 4 (by 

about 84% of the original) and reduction of state 3 rate by 36% 

when 5 jlg/ml of the benzoquinone was used (trace d). Further 

addition of CCCP after ADP cycle resulted in an increased rate of 

oxygen consumption as in the control. The RCR was further 

reduced by 23% and ADP/0 ratio was not determinable under the 

same condition. Increasing the concentration of juglone to 10 

llg/ml. (trace e). caused an increase of state 4 rate of oxygen 

consumption by about 150% to that of the control and subsequent 

addition of ADP or CCCP did not cause any further acceleration in 

the rate of oxygen consumption. The results indicated that unlike 

in Glossina where juglone inhibited oxygen consumption, in 

Schistocerca mitochondria just like in rat liver this benzoquinone 

had an effect of completely uncoupling the mitochondria. 

The effect of varying concentrations of maesaquinone on 

respiration of Schistocerca flight muscle mitochondria was 

investigated. Results indicated that the effect of this benzoquinone 

on oxygen consumption compared with that of juglone except that 

the latter was more potent as uncoupler of oxidative 

phosphorylation. The effect of maesaquinone on Schistocerca 
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Figure 11 : Effect of varied concentration of juglone on the 

respiration of the mitochondria isolated from flight 

muscle of Schistocera gregaria 

The mitochondria were respiring in reaction mixture 

described for Fig. I. The concentrations of juglone used were l.O. 

2.0, 5.0 and 10.0 11g/ml. When indicated 2 mg/ml mitochondrial 

protein (MITO). 300 nmoles of ADP and 3 11M of CCCP were added· 
of 

The experiment was carried out at 2soc and the total volurne 

reaction chamber was 1.2 ml. 
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Figure 12 : Effect of various concentrations of maesaquinone on the 

respiration of the flight muscle mitochondria isolated 

from Schistocerca gregaria 

The reaction mixture and conditions were as for Fig. I 1n the 

presence of 1.8 mg/ml mitochondria protein (MITO). When 

indicated. 300 nmolcs of ADP. 3 11M of CCCP and the following 

concentrations fJf rnaesaquinonc 1.0, 2.0, 5.0 and 10.0 llg/ml were 

used. 
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differed slightly to that obta ined with Glossina mitochondria in that 

in the former 10 llg/ml of the benzoquinone completely uncoupled 

the mitochondria (Fig. 12) while the latter it only partially 

uncoupled when the same concentration was used. 

The effect of embelin at various concentration on respiration 

by mitochondria from Schistocerca flight muscle is shown in Fig. 

13 (traces a - e). The results obtained with various concentrations 

of embelin were similar to those obtained with maesaquinone and 

embelin in rat liver and Glossina. However it was observed using 

the same concentration of macsaquinone and embelin (10 llg/ml) in 

each case, that the RCR values were less in the presence of 

maesaquinone than in the presence of embelin ( 1.00 with 

maesaquinone and 1.54 with embelin). These observations 

indicated that embelin was less potent as uncoupler of Schistocerca 

mitochondria than maesaquinone. 

The effect of various concentrations of maesanin on actively 

respiring mitochondria from flight muscle of Schistocerca was 

studied and results are shown in Fig. 14 (traces a - e). There was 

no significant effect on the rate of oxygen consumption when either 

1 llg/ml or 2 llg/ml of this benzoquinone was used (traces c and d). 

But on the other hand, when the concentration was increased to 5 

11g/ml. (trace e). the state 4 rate was reduced by about 20% and 

state 3 by about 15% of the control. Subsequent addition of CCCP 

after ADP cycle was completed, accelerated the rate of oxygen 

consumption. The RCR was not varied significantly from the 

control which was 3.25 and ADP /0 ratio was reduced from 2.84 

(control) to 2.44. When the concentration of benzoquinone was 
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Figure 13 : Concentration dependent effect of embelin on 

respiration by mitochondria isolated from flight muscle 

of Schistocerca gregaria 

The mitochondria were respiring in reaction medium of tbC 

same composition as described for Fig. I. Oxygen consumption was 

measured using an oxygen electrode. When indicated 2.0 mgfrnl of 

mitochondrial protein (MITO), 300 nmoles of ADP, 3 )lM of ccCP 

and the following concentrations of embelin 0 (control) 1.0. 2·0' 

5.0 and 10.0 J.ig/ml. in traces a, b, c, d and e respectively were 

added. The experiment was carried out at 25oc and the tot£
11 

volume of the reaction chamber was 1.2 ml. 
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Effect of different concentrations of maesanin on 

the oxygen consumption by Jnitochondria isolated 

from flight muscle of Schistocerca gregaria 

The rate of o>...yrgen consumption was measured using oxygen 

electrode and the mitochondria were respiring in the reacuon 

medium of similar composition as for Fig. I. The following 

concentrations of maesanin were used 0 (control) 1.0, 2.0. 5.0 and 

10.0 )..lg/ml. as shown in traces a, b, c, cl and e. When indicated 2.0 

mg/ml mitochondria protein (MITO). 500 nmoles of ADP and 3 )..l.M 

of CCCIJ were added in the reaction chamber of total volume 1.2 mi. 

The temperature was 250C. 
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Table 4 : Rate (natoms of oxygen/min/mg protein) of oxygen 

consumption, Respiratory Control Ratio (RCR) and the 

ADP /0 ratio of mitochondria isolated from illght muscle 

of Schistocerca gregaria in presence of various 

concentrations of four benzoquinones 

Values arc means of 4 separate determinations. Individual 

values were within 20% of the mean. The reaction medium was as 

described for Table 2. The mitochondrial protein concentration 

ranged between 1.8 and 2.2 mg/ml. N/A and N/D are short forms 

of not applicable and not determinable respectively. 
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doubled to 10 ~g;/ml. (trace a). state 4 rate was inhibited by about 

25% and the addition of ADP or CCCP did not cause further 

stimulation of oxygen consumption. The ADP /0 ratio was not 

determinable. This observation implied that like in the rat liver 

and Glossifla mitochondria, maesanin inhibited both the oxygen 

consumption and ADP phosphorylation in Schistocerca possibly by 

blocking the electron flow. 

More experiments were carried out to investigate the level at 

which m:tes::min inhibits t.he electron transport chain and results 

are shown in Fig. 15 (traces a and b). Various inhibitors of clcct1·on 

transport chain and substrates that feed their electron at different 

points of the chain were used as in section 3.1.1. Addition of 

rotenone in the reaction chamber containing mitochondria 

suspension respiring with malate plus glutamate and excess ADP 

resulted in complete inhibition of oxygen consumption. 

Subsequent add it ion of the following : succinate, antimycin A or 

macsanin, TMPD plus ascorbate and KCN gave similar results as the 

ones obtained with rat liver mitochondria and Glossina flight 

musclr mitochondria. 

3.1.4 Effects of benzoquinones on oxygen. uptake by the 

mitochondria isolated from flight muscle of Periplaneta 

runericana 

The effects of varied concentrations of the four 

benzoquinoncs on the oxygen uptake by the mitochondria isolated 

{. p -· 1 eta was iiwr··ti>iatcd using· m·1l·1t<' 1)1 from flight muscle o ertp an · · Co · c. ... - us 

glutamate as the sulJsLrates (Fig. lG. 17. 18;19 and 20J. The l~CR 
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Figure 15 : Comparative effects of various inhibitors of electron 

transport chain and maesanin on oxygen consumption 

by mitochondria from flight muscle of Schistocerca 

gregaria 

The reaction medium and conditions were as for Fig. I in a 

total volume of 1.2 ml. The rate of oxygen consumption W~15 

monitored using an oxygen electrode. The inhibitors of electron 

transport chain used were as described in I• ig. 4 and 10 ~gjm1 of 

mucsanin was used. When indicated, 10 mM malate plus 10 m"Ni 

glutamate, excess (Ex) ADP (2000 nmolcs). 10 mM succinate, o.0
1 

'i:l 

mM TMPD plus 0.1 mM ascorbate and 1.8 mg/ml mitochondfl 

protein (MlTO) were added. 
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obtained in the absence of benzoquinones were b etween 3.0 and 

4.0. indicating that the mitochondria were well coupled. The 

calculated values of rate of oxygen consumption both in presence of 

the varying concentrations of the four benzoquinones and their 

absence are shown in Table 5. 

When the effect of various concentrations of juglone was 

studied on the respiration of Periplaneta flight muscle 

mitochondria, a similar trend as that exhibited by mitochondria 

from rat liver and Schistocerca flight muscle was observed. The 

only difference was that with Periplaneta. a concentration of 5 

jlg/ml of this benzoquinone was sufficient to completely uncouple 

the mitochondria (Fig. 16) whereas in other two cases 10 llg/ml 

was required to uncouple the mitochondria completely. 

The effect of various concentrations of maesaquinone on the 

flight muscle of Periplaneta was investigated. Figure 17 shows 10 

llg/ml of this benzoquinone had the effect of uncoupling the 

mitochochondria of Periplaneta. The RCR at this concentration was 

calculated to be 1.00. This was an indication that this 

benzoquinone at the above concentration completely uncoupled the 

mitochondria. Similar effect ·was observed with Schistocerca . 
Glossina and rat liver although in the last two cases the uncoupling 

was partial. 

The effect of various concentrations of embelin on the 

mitochondria respiration of Periplaneta flight muscle was 

investigated. It was observed that 5 llg/ml of this benzoquinone had 
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Figure 16 : Effect of varied concentrations of juglone on the rate of 
oxygen consumption by mitochondria isolated from 
flight muscle of Periplaneta americana 

The rate of oxygen consumption was measured using oxygen 
electrode. The mitochondria were respiring in a medium and 
conditions as for Fig. I in a total volume of 1.2 ml. When shown, the 
following concentrations of juglone 0 (control) l.O, 2.0, 5.0 and 
10.0 ~g/ml as per traces a, b, c, d and e. Other additons were 500 
nmoles of ADP, 1.5 mg/ml mitochondrial protein (MITO) and 3 ~Ni 
ofCCCP. 
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Figure 17 : Concentration dependent effect of maesaquinone on 

oxygen consumption by mitochondria isolated from 

flight muscle of Periplaneta americana 

Respiration was monitored by measuring the rate of oxygen 
uptake using an oxygen electrode. The reaction medium and 
conditions were as for Fig. I in a total volume of 1.2 ml. When 
shown, the following concentrations of maesaquinone solution 0 
(control) 1.0, 2.0 5.0 and 10.0 llg/ml. as indicated in traces a, b, c. 

d and e respectively. Other additions were 300 nmoles of ADP, 3 
11M of CCCP and 1.4 mg/ml mitochondria protein (MITO). 
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the effect of uncoupling the mitochondria completely. This is 

shown in Fig. 18, traces a - e. Similar effects was observed with 

Schistocerca except that 10 flg/ml of the benzoquinone was 

required. On the other hand 10 flg/ml of this benzoquinone 

uncoupled albeit partially the mitochondria of rat liver and Glossina 

flight muscle. 

The effects of varied concentration of mesanin on the 

respiration of mitochondria isolated from flight muscle of 

Periplaneta was also investigated and results are shown in Fig. 19 

(traces a to e). The effect of this benzoquinone on Periplaneta was 

similar to that on Schistocerca, Glossina and rat liver in that it 

inhibited both the oxygen consumption and phosphorylation of ADP 

at high concentration. However, higher concentrations of maesanin 

was required in Schistocerca than in Periplaneta to achieve the 

same effects. 

The level of inhibition of maesanin on the electron transport 

chain of Periplaneta was also investigated (Fig. 20 a & b). using the 

same inhibitors of electron transport chain and various substrates 

that feed their electrons at different points of the chain as those 

used with rat liver and Schistocerca flight muscle mitochondria. 

The results obtained with the Periplaneta mitochondria was not 

different from those from the other two sources. In all cases, the 

pattern of inhibition with maesanin was similar to that observed 

with antimycin A. 
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Figure 18 : Effect of varied concentrations of embelin on oxygen 

uptake by mitochondria isolated from flight muscle of 

Periplaneta americana 

The rate of oxygen uptake was monitored by means of an 

oxygen electrode. The mitochondria were respiring in a reaction 

mixture and conditions as for Fig. I. Each of the following 

concentration of embelin 0 (control) l.O, 2.0, 5.0 and 10.0 )lg;rnl 

were added as shown in traces a, b, c, d and e respectively. Other 

additions were 1.25 mg/ml mitochondrial protein (MITO), 300 

nmoles of ADP and 3 )lM of CCCP. The total volume of reaction 

chamber was 1.2 ml and temperature 25oc. 
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Figure 19 : Effect of various concentrations of maesanin on 

respiration by mitochondria isolated from flight muscle 

of Periplaneta americana 

The reaction mixture and conditions were as for Fig. I in a 

total volume of l. 2 ml. Respiration was followed using an ox:ygei1 

electrode by measuring the rate of oxygen consumption. Whei1 

shown 500 nmoles of ADP, 3 ~M of CCCP, 1.25 mg/ri11 

mitochondria protein (MITO) and the following concentrations of 

maesanin 0, 1.0, 2.0, 5 .0 and 10.0 ~g/ml were used as shown ii1 

traces a, b, c, d and e respectively. 
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Figure 20 : Effect of various inhibitors of electron transport chain 

and measanin on oxygen consumption by mitochondria 

isolated from ffight muscle of Periplaneta americana 

The rate of oxygen consumption was followed using an oxygen 

electrode in a reaction medium and conditions as for Fig. I in a total 

volume of 1.2 ml. Other additions used were l 0 mM succinate. 

0.07 mM TMPD plus 0.1 mM ascorbate, excess (Ex) ADP (2,000 

nmoles), 5 ).lM rotenone (Rot), 10 ).lg/ml antimycin A (Ant) (ill 

ethanol solution), 5 mM of KCN and 10 ).lg/ml of maesanin. 
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Figure 20 : Effect of various inhibitors of electron transport chain 

and measanin on oxygen conswnption by mitochondria 

isolated from flight muscle of Periplaneta americana 

The rate of oxygen consumption was followed using an ox:yge!l 

electrode in a reaction medium and conditions as for Fig. I in a total 

volume of 1.2 ml. Other additions used were 10 mM succinate. 

0.07 mM TMPD plus 0.1 mM ascorbate, excess (Ex} ADP (2,00° 

(i!l 
nmoles}, 5 ).lM rotenone (Rot}, 10 ).lg/ml antimycin A (Ant} 

ethanol solution), 5 mM of KCN and 10 ).lg/ml of maesanin. 
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Table 5 : Rate (natoms of oxygen/mln/mg protein) of oxygen 

consumption, Respiratory Control Ratio (RCR) and the 

ADP /0 ratio of mitochondria isolated from flight muscle 

of Periplaneta americana in presence of varius 

concentrations of four benzoquinones 

Values are means of 4 separate determinations. Individual 

values were within 20% of the mean. The reaction medium was as 

described for Table 2. The mitochondrial protein concentration 

ran.t:;ed between 1.20 and 1.50. N/A and N/D are abbreviated forms 

of not applicable and not determinable respectively. 
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3.2 EFFECTS OF BENZOQUINONES ON ATPASE ACTIVITY ON 

RAT LIVER AND INSECT FLIGHT MUSCLE MITOCHONDRIA 

The effects of four biologically active benzoquinones namely 

maesanin, juglone, maesaquinone and embelin on ATPase activity of 

mitochondria isolated from rat liver and flight muscle of Glossina, 

Schistocerca and Periplaneta was investigated. The effects were 

studied on both the forward and reverse reactions of this enzyme. 

The forward reaction was taken to be that ATPase catalysed 

reaction that led to ATP hydrolysis (dephosphorylating) while the 

reverse reaction was taken to be that which led to ATP formation 

(phosphorylating). 

3.2.1 Effects of Benzoquinones on ATPase activity of Mitochondria 

isolated from Rat Liver 

The effects of the benzoquinones on the rat liver 

mitochondria were investigated in presence and absence of 

uncoupler (CCCP) which stimulates the enzyme under normal 

conditions and oligomycin an inhibitor of the enzyme (Fig. 21). 

The results showed that maesaquinone . significantly 

stimulated the latent and CCCP stimulated activity of the forward 

reaction of this enzyme (P<0.025 and P<0.05 respectively) Fig. 2la. 

On the other hand latent ATPase activity of reverse reaction was 

also significantly stimulated by this benzoquinone (P<0.05). 

However, CCCP-stimulated activity was not significantly stimulated 

P>O.l (Fig. 2lb). 



Figure 21 (a) 
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Effect of maesanin (MN), juglone (JG), 

Maesaquinone (MQ) and embelin (EM) on 

mitochondrial ATPase (dephosphorylating) 

activity from rat liver 

The mitochondria were isolated as outlined in materials and 

methods (section 2.2.1). The enzyme activity was assayed in a 

system consisting of 25 mM Tris-acetate buffer pH 8.0. 30 m:M 

potassium acetate, 3 mM magnesium acetate, 0.2 mM NADH. l m:M 

PEP. Benzoquinone (in ethanol solution) were added at a 

concentration of l 0 11g/ml. When used, 5 11M CCCP and l 0 1-lg 

oligomycin were added. 
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Similar effect was observed with embelin where ATPase 
forward reaction was significantly stimulated (P<0.025 and P<0.05 
for latent and CCCP-stimulated activity respectively) Fig. 2la. Like 

maesaquinone, embelin only significantly stimulated latent activity 
of the reverse reaction (P<0.025) but not the CCCP-stimulated 

(P>O.l) Fig. 2lb. 

When the effect of juglone was investigated, it was observed 
that the forward reaction of this enzyme was significantly inhibited 
by this benzoquinone (P<0.05 for both latent and CCCP-stimulated 
activity). In the absence of juglone, oligomycin inhibited this 
activity by about 90% while in its presence oligomycin inhibited the 
residual activity by about 50% Fig. 21a. This is an indication that 
oligomycin is more potent than juglone in inhibiting the forward 
reaction of this enzyme. However, latent and CCCP-stimulated 

activity of the ATPase towards the reverse reaction was not 

significantly affected by juglone (Fig. 21 b). 

The effect of maesanin was also investigated on the ATPase 

activity of the rat liver. The results are shown in Fig. 21 a and b 

indicating that whereas the activity of forward reaction was not 
noticeably affected by maesanin, that of the reverse reaction was 
significantly inhibited by this benzoquinone (P<0.01). In the 
absence of maesanin oligomycin inhibiled by about 60%. However, 
after the inhibition by maesanin, oligomycin further inhibited by 
about 22% indicating that oligomycin was more potent than the 

benzoquinone. 
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In all cases, the oligomycin insensitive ATPase (for both 
reactions) was not affected by the benzoquinones. 

3.2.2 Effects of the Benzoqulnones on the activity of mitochondrial 
ATPase isolated from the flight muscle of Glossina 

The effects of the four benzoquinones on the mitochondrial 
ATPase activity isolated from flight muscle of Glossina were 
investigated both in the presence and absence of CCCP and 
oligomycin (Fig. 22a and b). 

When maesaquinone was used, it was observed that it did not 
significantly stimulate both the latent and CCCP-stimulated 
activities (P>O.l) of the forward reaction. However, it stimulated 
the activity of the reverse reaction significantly (P<0.005 and 
P<O.Ol for latent and CCCP-stimulated activity respectively) (Fig. 

22a, b). 

Embelin had similar effect as that of maesaquinone of not 
appreciably stimulating the activity of forward reaction (P>O.l) but 
significantly stimulating the activity of reverse reaction (P<0.005 
for latent and P<0.05 for CCCP-stimulated activity) (Fig. 22a, b). 

Studies using juglone showed this benzoquinone significantly 
inhibited the activity of this enzyme. Both latent and CCCP
stimulated activity of the forward reaction was significantly 
inhibited (P<0.05 for both). The activity of the ATPase reverse 
reaction was also appreciably lowered by this benzoquinone (P<O.l). 



Figure 22 (a) 
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Effect of maesanin (MN), juglone (JG), 

maesaquinone (MQ) and embelin (EM) on ATPase 

dephosphorylating activity in mitochondria frolll 

Glossina morsitans 

The mitochondria were isolated as outlined in materials aod 

methods section (2.2.2). The assay system was as for Fig. 19 (a). 

The concentration of benzoquinones (in ethanol solution) added ifl 

each case was 1 0 llgl ml. 
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Figure 22 (b) 
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Effect of maesanin (MN). juglone (JG), 

maesaquinone (MQ) and embelin (EM) on ATPase 

(phosphorylating) from flight muscle of 

(Glossina morsitans) 

Mitochondria were isolated as described in materials and 

methods section (2.2.2). The rest of the procedure was as for Fig. 

19 (b). The concentration of the benzoquinone (in ethanol 

solution) added in each case was 10 11-g/ml. 
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It was observed that in the absence of juglone. oligomycin inhibited 

the activity about 90% of the forward reaction and 60% of the 

reverse reaction. However, in the presence of juglone, oligomycin 

caused a further 70% inhibition indicating that oligomycin is more 

potent than juglone (Fig. 22a, b). 

The effect of maesanin on the same mitochondria was also 

investigated. This is shown in Fig. 22a and b. Results showed that 

this benzoquinone did not noticeably affect the activity of the 

forward reaction. On the other hand the activity of the reverse 

reaction was significantly inhibited by maesanin (P<O.Ol for both 

latent and CCCP-stimulated activity). It was also observed that 

oligomycin inhibited a further 37% of the residual activity after 

maesanin indicating that it is more potent than maesanin. 

Like in the case of rat liver mitochondria, oligomycin 

insensitive ATPase was not affected by any of the benzoquinones. 

3.2.3 Effect of benzoquinones on the activity of mitochondrial 

ATPase isolated from the flight muscle of Schistocerca 
\ 

The effects of the four benzoquinones on the activity of 

mitochondrial ATPase from flight muscle of Schistocerca were 

investigated in the presence and absence of CCCP and oligomycin 

(Fig. 23a and b). 

Results showed that maesaquinone significantly stimulated 

both latent and CCCP-stimulated activity (P<0.025) in the forward 

direction. In the reverse direction maesaquinone stimulated 
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significantly both the latent (P<O.Ol) and the CCCP-stimulated 

activity (P<O.l) (Fig. 23a and b). 

Embelin significantly stimulated latent ATPase activity in both 

forward and reverse directions with P<0.025 and P<0.05 

respectively. This benzoquinone also markedly stimulated CCCP

stimulated activity for both reactions (P<O.l) (Fig. 23a and b). 

When juglone was used it was observed that it significantly 

inhibited both latent and CCCP-stimulated ATPase activity (P<0.05) 

in the forward direction. It, however, had no significant effect on 

either activities on the direction of ATP formation i.e. the reverse 

reaction (P>O. l). It was also observed that in the absence of 

juglone, oligomycin inhibited the ATPase activity by about 90% in 

the forward direction. When oligomycin was added after juglone, it 

inhibited the residual activity by about 60% (Fig. 23a and b). 

Maesanin had no effect on both latent and CCCP-stimulated 

ATPase activities on the direction of ATP hydrolysis i.e. forward 

reaction. However, the reverse reaction was strongly inhibited by 

maesanin P<0.005 for latent and P<O.Ol for CCCP-stimulated 

activity. This is shown in Fig. 23a and b. In the ·absence of 

maesanin oligomycin inhibited the reverse ATPase activity by about 

60% and oligomycin added after maesanin caused a further 20% 

inhibition. 

In all the cases investigated the benzoquinones had no effect 

on the oligomycin insensitive ATPase activity. 



Figure 23 (a) 
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Effect of maesanin (MN). juglone (JG). 

maesaquinone (MQ) and embelin (EM) on ATPase 

dephosphorylating activity of mitochondria from 

ffight muscle of Schistcx:erca gregaria 

Mitochondria were isolated as outlined in materials and 

methods section (2.2.2). The assay system was as in Fig. l9(a). 

Benzoquinones (in ethanol solution) were added at a concentratiOI1 

of 10 Jlg/ml. 
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Figure 23 (b) 
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Effect of maesanin (MN). juglone (JG). 

maesaquinone (MQ) and embelin (EM) on ATPase 

(phosphorylating) activity of mitochondria 

isolated from flight muscle of locust (Schistocerca 

greg aria) 

As outlined in materials and methods section (2.2.2). The 

ATPase activity was assayed as in Fig. 19 (a). l 0 11 g/ ml of 

benzoquinones (in ethanol solution) were added in each case. 
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3.2.4 Effects of the benzoquinones on the mitochondrial ATPase 

activity isolated from flight muscle of Periplaneta 

The effects of the four benzoquinones : maesaquinone, 

embelin, juglone and maesanin on the mitochondrial ATPase from 

Periplaneta were also investigated (Fig. 24a and b). 

Maesaquinone significantly stimulated both latent and CCCP

stimulated ATPase activities in the forward direction (P<0.005). In 

the reverse direction maesaquinone again significantly stimulated 

both the latent (P>0.005) as well as CCCP-stimulated activity 

(P<O.Ol) of ATPase (Fig. 24a and b). 

It was also observed that embelin significantly stimulated both 

the latent activity (P<0.005) and CCCP-stimulated activity (P<O.Ol) 

in the reverse direction of ATPase activity. It, however, had no 

noticeable effect on either latent or CCCP-stimulated activities 

during ATP hydrolysis i.e. in the forward direction (Fig. 24a and b). 

Results observed using juglone showed that this 

benzoquinone inhibited both the latent and CCCP-stimulated 

activities (P<0.05 for both) on the direction of ATP hydrolysis. In 

the absence of juglone (during ATP hydrolysis) oligomycin inhibited 

the ATPase activity by 90%. When juglone was present oligomycin 

caused a further inhibition of about 60%. Juglone like 

maesaquinone and embelin significa~1tly stimulated both latent and 

CCCP-stimulated activities of reverse reaction of the ATPase 

(P<O.Ol) (Fig. 24a and b). 



Figure 24 (a) 
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Effect of maesanin (MN). juglone (JG). 

maesaquinone (MQ) and embelin (EM) on ATPase 

dephosphorylating activity of mitochondria from 

Periplaneta americana. 

The mitochondria were isolated as described in materials and 

methods section (2.2.2). The assay systen1 was as for Fig. 19 (a)· 

The concentration of benzoquinones (in ethanol solution) used iJl 

each case was 1 0 llgl ml. 



Figure 24 (b) 
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Effect of maesanin (MN), juglone (JG), 

maesaquinone (MQ) and embelin (EM) on ATPase 

phosphorylating activity of mitochondria 

isolated from flight muscle of Periplaneta 

americana. 

The isolation method was as described in materials and 

methods section (2.2.2). The rest of the procedure was same as ifl 

Fig. 19 (b). Each of the benzoquinone (in ethanol solution) was 

added at a concentration of 10 llg/ml. 
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Maesanin had no effect on either latent or CCCP-stimulated 

ATPase activity on the direction of ATP hydrolysis. However, it 

significantly inhibited both latent and CCCP-stimulated activities 

(P<0.025 and P<O.Ol respectively) in the reverse reaction. In this 

case oligomycin inhibited the ATPase activity by about 60% and by 

about 30% when added after maesanin. 

Like the other three benzoquinones. maesanin also did not 

affect the oligomycin insensitive ATPase (forward and reverse 

reactions) in the mitochondria from all the four sources. 
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CHAPTER FOUR 

4.0 DISCUSSION 

4.1 EFFECTS OF BENZOQUINONES ON MITOCHONDRIAL 

OXIDATIVE PHOSPHORYLATION 

The most important property of mitochondria is to generate 

energy by electron transport linked to ATP synthesis (oxidative 

phosphorylation). This property is very vital for living organisms 

since ATP is involved in biological processes which include 

mechanical work, osmotic balance and biosynthetic reactions. 

It has been established that ATP synthesis coupled to 

electron transport along the electron transport chain in 

mitochondria, chloroplasts and bacteria involves an interaction 

between the proton-translocating (Fo) and catalytic (FI) moieties of 

a membrane bound ATPase (Boyer et al, 1977). Mitchell (1966). 

showed that electron transport system is capable of giving rise to a 

transmembrane proton motive force (p.m.f.) which has a pH 

difference (~pH) and an electrical potential difference (~\jl) across 

the inner mitochondrial membrane and this p.m.f drives ATP 

synthesis. The p.m.f. is maintained due to impermeability of inner 

mitochondrial membrane to protons once pumped out, and 

coupling of electron transport to phosphorylation depends on this 

property (Mitchel, 1966; Lehninger, 1965, 1975). 

In the present study the effect of benzoquinones on this vital 

process of ATP generation coupled to electron transport was 
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investigated. The observation that juglone, maesaquinone and 

embelin increased the rate of oxygen consumption in state 4 and 

inhibited phosphorylation of rat liver, Schistocerca and Periplaneta 

suggest that these compounds uncoupled the mitochondria, 

however, the order of uncoupling potency was juglone > 

maesaquinone > embelin. Other compounds such as DNP, CCCP, 

dicumarol. pentachlorophenol, gramicidin collectively known as 

uncouplers have been shown to uncouple the mitochondria by 

increasing the permeability of the inner mitochondria membrane to 

protons (Slater, 1950). The most important feature is that the rate 

of oxygen consumption is increased and ATP synthesis is inhibited 

(Slater 1950; Cooper and Lehninger, 1957; Lehninger, 1965; 

Hansford and Sacktor. 1970; Lehninger 1975; Addison et al, 

1977). The observation that maesaquinone added before ADP and 

CCCP increased subsequent state 4 rate of oxygen consumption in 

rat liver and Glossina mitochondria and a similar effect of embelin 

in rat liver, Glossina and Schistocerca indicated that these 

benzoquinones uncoupled the mitochondria. Since ADP added after 

these benzoquinones stimulated the rate of oxygen consumption 

and addition of CCCP caused further rate of oxygen utilization, it 

would be logical to conclude that the uncoupling caused by these 

two benzoquinones on the mitochondria mentioned is not 

complete. However, since state 4 rate of oxygen consumption was 

increased to almost that of state 3 upon addition of juglone on all 

the four cases and by maesaquinone and embelin on Periplaneta 

mitochondria and due to the further observation that ADP and CCCP 

added after the benzoquinones did not further stimulate the rate of 

oxygen consumption, it is most likely that these benzoquinones 

completely uncoupled the mitochondria specified. 
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On the contrary, juglone inhibited oxygen consumption in 

Glossina implying that this benzoquinone interfered with some 

component of the electron transport system. 

discussed further in section 4.2. 

This will be 

Uncoupling of the mitochondrial electron transport and ATP 

synthesis by the benzoquinones could possibly have occurred by one 

or more of the following mechanisms:-

(i) Competing or displacing the endogenous quinones 

(ii) Providing an alternate route of electron transfer 

(iii) Reacting with SH groups 

(iv) Being phosphorylated at the expense of ADP 

(v) Shuttling protons across the inner membrane of 

mitochondria and consequently causing a breakdown in the 

proton motive force. 

Benzoquinones could uncouple the mitochondria by 

competing or displacing the endogenous quinones. This would 

most likely be the case with benzoquinones which caused partial 

uncoupling such as maesaquinone and embelin because by 

displacing CoQ they can themselves accept electrons from other 

carriers and donate them to the subsequent carriers. However, 

since those quinones are not natural carriers it is possible that 

some energy is lost instead of being conserved as ATP. It may also 

be possible that such quinones _may not be at the same redox 

potential as the natural quinones. Such a displacement may 

therefore imply that the drop in free energy between the quinones 

and preceding electron carriers is not large enough to allow for the 
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synthesis of ATP. Moreover, it was noted that coenzyme Q analogs 

are efficient uncouplers of oxidative phosphorylation (Jacob and 

Crane, 1960). Since the benzoquinones have same parent structure 

as coenzyme Q it is likely that they may have displaced or competed 

with natural quinones and hence uncoupled the mitochondria like 

other CoQ analogs. 

The benzoquinones studied could also have uncoupled the 

mitochondria by providing an alternate route of electron transfer 

which bypasses much of the electron transport chain so that 

protons are not translocated. This is a case well proposed for 

quinones such as menadione (Ernster, 1967). It is known that 

quinones especially hydroquinones may modify the electron 

transport chain by serving as simple electron donors or acceptors 

(Webb, 1966). It is noteworthy that maesaquinone and ernbelin are 

hydroquinones and there is a possibility that they could donate 

their electrons to electron transport chain so that most of the 

energy conserving sites are bypassed and this would accelerate 

electron transport without ATP synthesis. Such a mechanism 

would be depicted by an increase in the rate of oxygen consumption 

in state 4 as observed with the two hydrobenzoquinones. However, 

since all the coupling sites are not bypassed there is a possibility of 

synthesising ATP from some of the sites through the normal 

pathway, hence the cause for partial uncoupling. 

Quinones have been shown to react with SH groups forming a 

disulphide bridge link between the quinone and the enzyme as 

shown below (Potter and Dubois, 1942~). 
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Such a reaction leads to inactivation of the enzyme or carrier 

concerned because the SH group is oxidized (Jui et al, 1973: 

Copeland et al., 197 4). Since other compounds that oxidize SH 

groups have been shown to uncouple the mitochondria, it is 

possible that the benzoquinones which were investigated in the 

present study could also have uncoupled in the same way due to 

their functional groups that could react with the SH groups thus 

oxidizing them. Ligeti et al, 1985 have shown that phosphate 

carrier catalyses rapid phosphate/OR- antiport and that the activity 

of this carrier is higher than is necessary to supply phosphate to 

H+-ATPase at maximum rates of oxidative phosphorylation. This 

carrier has been reported to be inhibited by compounds that 

oxidize SH groups (Klingenberg, 1970). These observations can be 

taken to imply that since the benzoquinones are capable of 

oxidizing the SH groups, they could possibly inhibit the phosphate 

carrier and consequently the phosphorylation of ADP. However, 

since the electron flow is not inhibited, then the rate of oxygen 

consumption is not inhibited and hence increased respiration and 

low ADP/0 ratios. 
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Benzoquinones are capable of being phosphorylated and there 

is a possibility that they could compete with ADP as phosphate 

acceptors. Thus their phosphorylation provides an alternative route 

for the utilization of the phosphate group. The phosphorylation of 

the benzoquinone by the phosphate (Pi) makes the latter 

unavailable for ATP synthesis. Such mechanism can therefore lead 

to uncoupling of the two processes so that electron transport 

continues without phosphorylation taking place. This could again 

explain the diminished ADP I 0 ratios observed. 

ATP synthesis coupled to electron transport in mitochondria 

involves an interaction between the proton translocating (Fo) and 

catalytic (Fi) moieties of ATPase (Boyer et al, 1977}. It has been 

proposed that certain compounds which are lipid soluble weak 

acids such as DNP and CCCP are capable of shuttling protons across 

the inner membrane causing a breakdown in the proton motive 

force which would prevent ATP synthesis. In such a situation . 
electron transport continue unchecked because the back pressure 

exerted by p.m.f. on electron transport in the absence of ADP or 

CCCP would no longer be operative (Chance et al. 1963; Mitchell et 

al., 1965; Lehninger, 1965). The benzoquinones used in this study 

are lipid soluble because of their structure. This characteristic 

would make these compounds behave like those mentioned above. 

It is therefore probable that embelin, juglone and maesaquinone 

may have uncoupled the mitochondria in the same way as either 

DNP or CCCP though at a lower level. 
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4.2 THE INlllBITORY EFFECTS OF BENZOQUINONES ON 

ELECTRON TRANSPORT CHAIN 

The transmembrane proton motive force created by electron 

transport system drives F1Fo of membrane bound ATPase to 

synthesis ATP from ADP and Pi. Fo serves as a conductor through 

the membrane and F1 catalyses the synthesis (Lehninger, 1965; 

Boyer et al, 1977). The energy transfer inhibitors are proposed to 

exert their effect by blocking proton conduction through Fo 

(Mitchell, 1966). 

In this study two benzoquinones maesanin and juglone were 

found to inhibit both oxygen consumption and phosphorylation of 

ADP. However, the latter had this effect only on the Glossina 

mitochondria while the former was on all the four types of 

mitochondria studied. This observation could suggest that these 

two benzoquinones may have blocked the electron transport chain. 

Such an inhibition would be caused by the electron carriers which 

remain completely reduced on the reducing side of the inhibitory 

locus i.e. before the inhibition site while the oxidized remain in this 

state on the oxidizing side i.e. after the inhibition site. The result 

of this is that oxygen utilization and phosphorylation does not take 

place. Such a situation has been observed by Richard et al. (1970) 

and may as well be the case here with two benzoquinones. 

The observation that juglone inhibited oxygen consumption 

and phosphorylation only in Glossina mitochondria could be 

attributed to the peculiarity of this mitochondria to oxidize proline. 

It is possible that the organization of the electron transport carriers 
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in these mitochondria is slightly different from the other three 

studied and it is therefore likely that juglone acted on different area 

of the chain from the others. It could as well be that juglone 

interfered with the oxidation of proline particularly at the level of 

proline dehydrogenase and hence inhibited oxygen consumption 

and phosphorylation. This could be possible since it has been 

observed that when proline is oxidized by P. regina flight muscle 

mitochondria, ADP stimulates the respiration at the level of proline 

dehydrogenase (Hansford and Sactor, 1970). 

It was interesting to note that rotenone inhibited Glossina 

mitochondria respiration by about 50%. This suggests that besides 

the electrons entering the chain via NADH, others may have joined 

the chain at the level of CoQ possibly via FAD. This could be 

possible since during the oxidation of proline to glutamate, both 

NADH and FADH2 are generated as shown in Scheme II and as 

proposed by Bender, (1975). 

These coenzymes are different from those proposed for the 

two steps in the reversal pathway i.e. reduction of glutamate to 

proline in Glossina during proline synthesis (Kanji et al. 1988). 

It is likely that during the oxidation of proline in isolated 

mitochondria (Glossina). proline is oxidized up to glutamate 

because the regulation of the rest of the pathway requires high 

energy which is only possible . in vivo. This being the case 

therefore. under in vitro conditions such as the ones used in this 

scheme (using isolated mitochondria) only one molecule of NADH 
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The Pathway for proline oxidation to glutamate in 

tsetse fly Glossina mitochondria 

Proline 

.----FAD+ 

....._.,.._FADH2 

15.' -Pyrolline-5-carboxylate 

,H20 

Spontaneous 

Glutamate-y-semialdehyde 

----- NAD+, H20 

......_---.-NADH 

Glutamate 

generated and hence half of the reducing equivalent enters via 

NADH reductase (Complex I) and the other half through CoQ. This 

would explain the 50% inhibition by rotenone. 

The observation that both the oxygen consumption and 

phosphorylation of ADP was inhibited by maesanin added after the 

substrates and that this inhibition was not relieved by the uncoupler 

(CCCP) pointed to the possibility that electron flow was blocked. 

Since the inhibition was not relieved by CCCP it is probable that the 

mode of action of this benzoquinone is different from that of other 

inhibitors of oxidative phosphorylation such as oligomycin and 
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DCCD whose inhibition is relieved by uncouplers such as CCCP and 

DNP (Lehninger, 1965; Fillingame, 1980). 

It is proposed that maesanin inhibited the electron transport 

chain at a specific point between CoQ and cytochrome c since 

addition of this benzoquinone after malate plus glutamate or 

succinate inhibited oxygen consumption and that this inhibition 

was relieved by TMPD plus ascorbate. The above suggestion is 

supported by the results obtained in a parallel experiment using 

known inhibitors of electron transport chain namely rotenone for 

site I, antimycin A for site II and KCN for site III on one hand and 

on another where antimycin A was substituted by maesanin and the 

pattern of oxygen consumption was similar. It is logical to 

speculate that maesanin could substitute for antimycin A and that 

the two may have inhibited at about the same region of electron 

transport chain. The mechanism by which maesanin brought about 

this inhibition is not clear but possible alternatives could be drawn. 

First, maesanin may have combined with one or more of the 

electron carriers such that the flow of electrons was impaired or 

completely curtailed. This type of inhibition has been proposed for 

some other specific inhibitors of electron transport chain such as 

antimycin A (Lehninger, 1965). 

The other alternative is that maesanin could have displaced 

CoQ which is a natural or endogenous quinone involved in electron 

transport in most organisms including bacteria and its equivalent 

plastoquinone which carries out the same function in plants. Since 

coenzyme g and maesanin are benzene derivatives differing only in 
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the side chains, it is logical to propose that maesanin could inhibit 

electron transport by competing or displacing CoQ. By 

competitively displacing CoQ, maesanin acts as an electron 

acceptor and may not be able to transfer it to the phosphorylating 

pathways and hence blocks the electron flow. Similar mechanism 

has been suggested by Webb, (1966) for other quinones. 

Another possibility may be drawn from the observation that 

some compounds such as BAL and SN5949 which have been shown 

to block the electrons flow at the same region as antimycin A 

(Henry, 1957) and maesanin have a common parent structure, 

aromatic ring. It is therefore possible the mechanisms of action of 

these compounds may be about the same. Such mechanisms may 

involve binding of these compounds onto a component of the chain, 

complete removal of the component or structural alteration of the 

component of electron transport chain as was proposed for BAL and 

other inhibitors by Henry (1957). 

It is noteworthy that compounds which block electron flow 

could interfere with redox potential of the electron carriers. This 

is because carriers on the reducing side of the inhibitor will remain 

reduced and those on the oxidizing side will remairi oxidized and 

consequently electron flow and oxygen utilization is inhibited 

(Richard et al., 1970). Such a block of the electron flow by 

maesanin may have interfered with redox potential of the electron 

carriers producing similar effects as those observed with P

benzoquinone on oxidation of menadiol or vitamin K1 on the redox 

potential (Klapper and Hackett, 1963). 
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4.3 INTERACTION OF BENZOQUINONES WITH 

MITOCHONDRIAL ATPASE 

The ATPase complex of mitochondria is composed of a 

hydrophobic part (F0 ) and a soluble component (F 1). The F 1 

possesses the ability to catalyse the synthesis and hydrolysis of ATP 

while the function of the Fo is to transfer H+ across the membrane 

(Okamoto et al; 1977). Fo is an integral part of the membrane and 

renders F1 sensitive to energy transfer inhibitors such as 

oligomycin (Kagawa and Racker, 1966). 

In this study the effects of four benzoquinones on ATPase 

activity was investigated on both ATP synthesis and hydrolysis in 

presence and absence of oligomycin and CCCP. It was noted that 

oligomycin inhibited both forward and reverse reactions of this 

enzyme though the effect was greater on the forward reaction. The 

mechanism of oligomycin inhibition was proposed by Racker, 

( 1970) who postulated that oligomycin interferes with the 

activation of the ATPase-FC complex by the phospholipids in the 

membrane. FC is a polypeptide found in the Fo component of 

ATPase and it inhibits the membrane bound ATPase (Knowles et al, 

1971). 

It was observed in the study that macsanin inhibited ATP 

synthesis (ATPase phosphorylating) activity while juglone inhibited 

ATP hydrolysis (ATPase dephosphorylating) activity in the four 

types of mitochondria studied. The observation that oligomycin 

caused further inhibition of the enzyme in the presence of either of 

the two benzoquinones without affecting the oligomycin insensitive 
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activity is an indication that the potency of the two benzoquinones 

is lower than that of oligomycin. The results also showed that the 

inhibition by either of the benzoquinones and by oligomycin was 

additive. This additive inhibition of the ATPase by each of the two 

benzoquinone and oligomycin coupled with the observation that 

there was no effect on the oligomycin insensitive ATPase when the 

benzoquinones were present suggest that the three compounds 

most likely bound at different sites of Fo component of ATPase. 

The fact that maesanin did not inhibit the forward reaction and 

juglone the reverse reaction, unlike oligomycin, that inhibit both 

reactions of this enzyme further suggest that the binding of the two 

benzoquinones and oligomycin on Fo component is not 

simultaneous. Moreover, oligomycin inhibits the forward reaction 

more than the reverse reaction pointing to a possibility that the two 

reactions are slightly different. 

The inhibition of the benzoquinones and oligomycin is 

different from other inhibitors of ATPase activity such as DCCD 

which have been shown to inhibit the enzyme activity in a non

additive manner by binding to a hydrophobic protein in the Fo 

which is different from where oligomycin binds ( Catell et al. 1971). 

Maesaquinone and embelin were found to stimulate ATPase 

activity on either direction i.e. towards ATP synthesis and 

hydrolysis in all the four types of mitochondria studied except for 

Glossina and Periplaneta mitochondria where the ATP hydrolysis 

was not appreciably stimulated by these two benzoquinones. This 

stimulation of ATPase activity by either maesaquinone or embelin is 

possibly through a similar mechanism proposed by Lardy and 
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Wellman, (1953) for other uncouplers such as CCCP, DNP as 

illustrated in Scheme III. 

Scheme III 

E + ATP 

E 

Pi 

= 

= 

Mg++ 

I 

Mechanism by which uncouplers stimulate 

ATPase activity 

E+S 

E-uncoupler + Pt 

II 

E-Pi + ADP 

E +Pi 

Enzyme or coenzyme 

inorganic phosphate 

(Source : Lardy and Wellman, 1953) 
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In this mechanism, it is suggested that the uncoupler displaces 

inorganic phosphate from phosphorylated enzyme or coenzyme as 

shown in reaction I. II III and IV. Reactions I, II and III are 

assumed to proceed rapidly while reaction IV proceeds slowly. The 

overall effect of this mechanism is that ATPase activity is stimulated 

thus increasing the rate of ATP hydrolysis. It has been noted that 

most of the compounds which stimulate ATPase activity are also 

uncouplers (Lehninger, 1965; Whittaker and Danks, 1978) and it is 

therefore possible that embelin and maesaquinone which were 

observed to uncouple the mitochondria may have evoked a high 

ATPase activity like other uncouplers known. 

There is also a possibility that the two benzoquinones could 

have stimulated ATP hydrolysis by a mechanism shown below for 

some other known uncouplers. 

ATP + C :;;;;_;;:=::::.,..~ ADP + P-C 

H20. (uncouples) 

Pi+ C 

(Cooper and Lehninger. 1957) 

This Scheme may be explained as follows:- P-C is a high energy 

phosphate ester generated by phosphorylation of hypothetical 

intermediate protein C from ATP. It is unstable and undergoes 

hydrolysis spontenously on contact with water and may also react 
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spontenously with uncoupling agents such as DNP, CCCP or the 

benzoq uinones. 

The observation that maesaquinone stimulated the CCCP

stimulated ATPase activity of Periplaneta, Schistocerca, Glossina 

and rat liver could suggest that the reaction between intermediate 

(P-C) and either of the two benzoquinones was less stable than with 

CCCP implying that the protein C was released faster and hence the 

stimulation. 

It is noteworthy that in some cases the ATPase activity was 

not appreciably stimulated by either maesaquinone or embelin. 

These small variance could be attributed to minor difference of this 

protein in the four organisms. It is also possible that the 

differences in the uncoupling potency of the benzoquinones may be 

as a result of their differences in stimulating ATPase activity. 

The stimulation of ATPase activity in the direction of ATP 

synthesis by maesaquionone and embelin implies that these two 

benzoquinones may have used the same mechanism as that of ATP 

hydrolysis previously described here and also proposed by Myers 

and Slater, (1957). 
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4.4 CONCLUSION 

From this study it has been found that at a concentration of 

about 10 11g/ml, 

1. Maesanin inhibits electron transport chain at a specific site 

before cytochrome c and after CoQ. It also inhibits ATPase 

activity reaction toward ATP synthesis in all the four types of 

mitochondria studied i.e. rat liver and insects flight muscle 

mitochondria. 

2. Maesaquinone and embelin uncouple these mitochondria i.e. 

they inhibit oxidative phosphorylation and increase the rate of 

oxygen consumption in the four types of mitochondria 

studied though in some cases the uncoupling is partial. 

These two benzoquinones also stimulate ATPase activity but in 

some cases the stimulation was not significant. 

3. Juglone inhibits oxygen consumption by Glossina 

mitochondria and subsequent oxidative phosphorylation. It 

also uncouples the mitochondria of the other three organisms 

studied. Juglone was also found to inhibit ATPase activity 

reaction toward ATP hydrolysis in all the four types of 

mitochondria studied. 

Hence it can be concluded that, these four benzoquinones 

interfere with energy metabolism in both rat liver and insect flight 

muscle mitochondria. The fact that they interfere with energy 

metabolism in the insect flight muscle mitochondria points to a 
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possibility of them being developed as insecticides. On the other 

hand, these benzoquinones have about similar effect on rat liver 

mitochondria which was taken as the mammalian representative. 

However, since the toxicity of a compound depends on the weight 

of compound per weight of the animal, it may be argued that in vivo 

more of the benzoquinones would be required to interfere with the 

energy metabolism in mammals because of their size compared to 

that required for a similar effect in the insect which is smaller in 

size. It would therefore be interesting to investigate whether 

results obtained in this study would compare with in vivo work. 

Hence this difference would be an important area to explore in 

future in order to target the benzoquinones as possible insecticides. 

It would also be interesting to investigate which of the 

mechanism(s) proposed here would be the most probable by which 

the benzoquinones may exert their effects on the mitochondria so 

as to bring about the observations made in this present study. 
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Appendix I 

SLructurcs of the four bcnzoquinones. 
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