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ABSTRACT

Coia nitid is known [or its highcallcine content. CafTeinc administration has been showan to cause
glucosc intolcronce and insulin resistance. 1owcevcr, there are few studics on the cifect ol'kglnnul
and dccafTcinatcd kolanut on glucose inctabolism. This study was designed to investigate the effect
of acute and chtonic administration of Ethanol Extmct of Kolanut (EEK) and Decafleinated

Ethanol Extract of Kolanut {DEEK) on glucose mctabolism in Wistar rats.

Kolanut was obtoined from llobu, Osun Statc and authenticated st Department of Applicd Biology,
LAUTECIH, Ogbomoso with herebarium number LIO 442. The seeds (500 g) were air- dried,
powdcred and macerated in cold cthanol. Decaffeination was achieved by sooking equal amount
of the seeds in distilled water and adding dichloromcthane. Caflcine content of EEK and DEEK
was analysed using Gas Chromatogrophy-hass Spectromcuy (GC-MS). In acute studies, 24
Wistar rats (235-300 g) divided into 4 groups were orally administered single dosc of calleine (6
mg/Kg), EEK (6 mg/Kg), DEEK (6 mg/Kg), and 0.3 mL distilled water (control). Sample
coltection commenced 30 minutes after administration. In chronic studics, the same dosecs were
orally administered daily for cight wecks o another set of 24 rots (240-310 g). Samples were
collected a day afier the final dose was given. [n both phases, orat glucosc toletance test was carried
out using standard procedure and the Areas Under Curve (AUC) calculated. Blood samples (0.2
mt.) and liver biopsies werc taken from cach animal to determinc insulin levels, Liver Glycogen
Synthase (1.GS), and phosphorylasc activitics using ELISA. Plasma glucosc was detesmined using
glucosc oxidasc method. Glycogen level was determined spectophotometsically by anthrone

methoal. Data were subjected to descriptive statistics and analysed using ANOVA and Student (-

lcst ot a pos.

The GC-MS revcaled caffcine content of 17.5% and 3.3% in thc EEK and DEEK, respectively, In
the acute study, AU Cgiwose increased by 19.0% and 11 .8% [or calleine and EEK. respectively while
DEEK had no cffect on AUCacon. The AUCnntin incrcased by 65.6%, 21.5% and 10.6% for
caffeine, EEK, and DEEK, respcctively. Theliver glycogen content signilicantly decreased from
2.420.1 (control) to 1.1£0.1 and |.320.2 g/100g (or caffeinc and EEX, mcspectively while DEEN
showed no elfect. Acute administration of caflcine and EEN significantly decreased the act)vities
of LGS ond phosphorylase while DECK had no clfect. Chronic caffeine treatment increasad
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AUC1uose by 9.2% while EEK reduccd AUCguose by 3.2% and DEEK hod no eflect. CafTeine
ncreased AUCimun ftoin 131.425.2 1o 157.126.9 ng.min/mL, while EEK reduced AUCasun 0
114.5£5.6 ng.min/mL, DEEK had no cfTecton AUCiswn. Caficine and DEEK had no signilicant
cflccts on LGS end phosphorylase activities. On the contraty, ELK increased fiver giycogen
content from 1352.0£253.1 to 1987.8£304.9 mg/100 g, and LGS activities filom1270.0+154 .4 10
2470.0+£229.9 ng/my protcin whilc the phosphorylase activities reduccd from 21.3£1.1 10 17.6£0.9

ng/ing protein.

Chronic administration of cthanol cxtract of kolanut enhanced glucose toicrance and insulin
sensitivity while its acute administration resultcd in glucose intoterance and insulin resistance.

Dccalfcination had no clfcct on insulin scnsitivity and glucosc tolcrance.

Keywords: Caflcine, Decallcinated Kolanut, Glucose toicrance, Insulin sensitivity.

Word Count: 493
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CHAPTER ONE

1.0 INTRODUCTION

Cola nitida (Venl) Schott Endl. (Kolonut), n member of the troptcal family sicrculinceac, ts
indigenous o West Afiien (Russel, 1955). lts fruils contain secds known os kolonuts which ore
consumed by humans in differcntpans ofthe world partteularly in Nigerio and other West Afncan
countrics becausc of its sttmulatory propertics (Joyeola, 2001). Itas o mojor source of caffeine and
con therefore be described as the "coffee” of West Africans. Kolanul isthe seed of the Cola plant
which is indigenous 10 tho tropical rain forcsts of West Africo, West Indies, Brazil and Java
(Rusell. 1955). Cole nitida and Cola acuminata ore the most common Cola species of
conuncrciol value in Nigeno. The kolanut is a source of essentiol (favounng in the confectionery
industrics and was port of the originol foninulation of the popular soft driink Coca-Cola (Beattic,
1970). Kolanuts ore however widely used os pyscho-stiinulants ond have been found to contasn
cafleinc up to 51% in Cola nitido cxtract (Solahdcen et. al,, 2014) in recenl analysis using gas
chromotography and mass specuopbotometty (GC-MS). Apat from coflicinc, kolanut also
contains small amounts of the related methylxenthine theocbromine, flavonoids, anthrocyanins,
proicin, carbohydraic, fot and ash (Joyeols, 2001; Odcbunmi et. al., 2008). Studies on the effects
of kolanut are sceaty and mosily epidemiological (I.awoyin et. al., 2005; Morisnyo and Odejide
2003). Small quantities of kolanut hove been found (o empirically increase mental activity
(Lawoyin et. al., 200S5), reduce the need for sleep and to dispel hunger ond thirst (Abdulkanm et.

al., 2005). These propcrues make 1t useful for students and long distance dnvers who wish (o

remoin active ond alert forlong peiiods of time. However, despite this widespread coasumption of
kolanut, investigations on the physiologicol or clinicol effects of kolanut have ool recetved much

otiention. Expenimental studies on the cffects of kolonut have moslly invesugaied the

psychostimulotory cffects of the cxtract (Scouo et. al., 1987). Ajsrem (1990) found that

wntiaperitoneally (1.p.) injecled kolanut cxtract significantly increased the locomotor schivity of
mice ot 0 dosc of S mg/kg while a low dose of 2.5 mg/kg bad no clTect, a high dose ol 10 mykg

depressed cffects on locomotor activity. The resulis suggest that the Kolo cxtract induces biphasic

changes tn the locomotor activity of mice depending on the dose and the kratment dwatica Osim

et. al., (1991) found that Kolaonut cxiract greatly stimulated gastnc scid secTrtion In cats

However, on cquivalent amount of calfeine contained in the Kolanuts kad 42% of the potency of

the kolanut extract 1n inducing acid aecrelion. The results showed thal consumetion of knlamil

1
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caused on increase in gasloic acid sccretion wlich was greater than that produced by an equivalent
dose of caffcinc thereby suggesting thal constitucnis other than cafleine may be responsible for
the stimulation of gastne acid production. In a similar stdy, (Ibu ect. af.. 1986) also found that
oxnacts ofbolh Cale nitide and accuminata stimulatcd gastric acid secretion. However, there
arc sclatively few studies on the effect of kolanut on carbohydmte metabolism which have yielded
conllicng results. \While the study of Onycaunsi and lkpe, (2004) showed thst kolanut
supplemenintion of rat diet for six wecks siguificontly clevated blood glucose and glycosylated
hacmoglobin above those of controls, the study of Salahdecn and Alada, (2009} showed that
intmvenous infusion of the cthonol extmct of kolanut iereased conine hind limb glucose uptake
mainly by incrcascd glucose oxtraction in o manner compamblc to 1wt of caffeine.

Cafeinc, a methylxanthinc denvative is arguably the most widely consumed dsug 10 the world
(Fredholm, 1999) masnly due to its ubigquitous nature being 8 major component ofmany bevempges
such as coffec, ca and soft drinks (Beattie, 1970). Furthermore, besides being present in all cocoa
bascd confcctionaries, it is 0 common additive in eneigy drinks (EDs) and pain relieving drugs

(Borone and Roberts, 1996; Tanda and Goldberg, 2000). in the USA and many western countnes

caffeine intake could be as high as 151-300 mg/dry (Mantin ond Bracken, 1987) mostly due to

consumption of coffee, tea and chocolate. However, here in Nigena and in much of the West

African subcontinent large amounts of cafleine are consumed in the form of kolanut which has

rccently been shown to contain up 1o S1% catfemce (Salahdeen et. al., 2014). In compansen, the

cafleine conicat of colffee, tea and some soft drinks averaged 1.-2% and 1 -4%.

Cafleine is kaown to be a powerful stimulant of the nervous system cad is in [dct so widcly

consumed because of its psychotopic actions (Fredholm, 1999). However, though it is taken for

its psychotropic acuons, it affects virtually all the organs and tissues of the body such as the

muscles. kidneys and other organs. It readily crosses the blood biain baimer (Olendorf ct. af.,

1971, Van Handlec et. af, 1983) and acts direcily on vagal, medullary and vasomolor cenlers

(Syed, 1976). Small amounts of caffcine have been reported to atfect blood presswe, hean mte,

fespimtory rate and nicisbolic rate (I.ombardo, 1986), while large doses may produce wakefulness,

nervousness, irmtability, anxicty, and insomnsa (Goldsicin, 1964)

The cilects of calfeine on caibohydratc metabolism has been extensively investignied in bumans

(Graham and Spnict, 1995; Greer et. of., 2001; Kcijzers et. al., 2002: Thong et. al,, mz: Lee

et. al., 2005),dogs (Pencek et. af 2004; Salahdcen and Alada, 2009) and rets (Budaboak e¢. of..
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1984, Steinfelder ond Petho-Schramm, 1990; Vcrgauwen c¢. al., 1993) among many other animal
models. A large numbcr of the human studies in heolihy, obese and type 2 diabetic men and
piegnant women have documented insulin resistance and reduced glucose tolerance on
adininistmtion o f calfeinc. Graham ¢¢. af., (200)) showed that cafleinc ingestion resulted n on
exaggerted response in blood glucose and insulin dunng an ofal glucose tolerance test (OGTT)
when cightecn henlthy adull inales received cafTeine ($ mg/kg) or placebo and 1 h later ingested
75 g of dextrose and underwent OGTT. In the cafTeine trial the serum insulin and C peptide
concentrations were significantly grcater {P < 0.00() than for placebo but did not result in arlowcr
blood glucose level suggesting that coffeine ingestion may have resulted 1n insulin resistance.
Petricet, al., (2004) examined the effects of caffeine ingesiion on insulin and glucose homeostasia
in obese men before and after a nutrition and exercise intervention. Sedentacy, obese men, were
given 5 mgrkg caffeine or ploccbo | h before cach OGTT aller a 12-wk nulrition and cxerctse
intervention, the OGTTa were repeated. While the nutrition and excrcise intervention resulted wn
decrcases in body wcight, percentage body fai, and fasting glucose, insulin, and prounsulin
concentrations and mcteases in the insulin sensstivaly index (1SI) for the placebo OGTT, caffeine
coused a greater OGTT insulin response and o lower 1S1 both before and afier weight loss. The
proinsulin-insulin catio indicated that neither weight loss nor ecafTeine affected the narure ofthe
cell sccretion of iasulin. Moosa and Akther, (2010) Investigoted the effects of caffeine on fasting
glucose & insulin levels and on glucose & insulin response to a anxed-meal tolerance test were
studied in T2DM habstual colfee drinkers. \Vbile cafleine did not effect the fasting levelsof plasma
glucose or insulin when compared with placebo, the AUC 2h volucs demonstrated signilicaat
cafleine effects for both plasina glucose and plasma insulin (P < 0.05) cesponses to the lr;xxxnd-
meal tolerance test. They concluded that acute administration of cafleine and cabobwirsse
impaircd post-pmandia! glucose metabolism and insulin responses. Such clfects could have
implication (or the management of type 2 diabetic patients. Robiasou et. al., (2009) asicssxd the
cfTect of acute caffeine ingesuon on glucose tolerance in women with or without gestational
diabetes mellilus (GDM). The diabetic and non diabetic women completed two trinls one week
apart 1n 8 double-blind mndomized crossover study. In the control group, caffeine did oot
sipnificaotly affect blood glucose, insulin, or C-peptide. In the GDM group, ghacose ares under
the curve (AUC) was greater C-pepiide AUC w-as greater ond insulin sensitivity index was lower

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




oller caffeine than after placebo. They therelore reached the conclusion that
caffcinc impaircd insulin sensiuvity in women with GDM,

In dogs which are known 10 be very sensitive (o caffeine, expcnmental studies haveparadoxicelly
shown callcine to stimulate glucose uptake in the liver (Pcncck er. al., 2004) and skelctal muscles
of the rind limb (Salahidcen and Alada, 2009a). Pencek ¢t al. 2004, infused ealleine vio the
intrnportal routc at rates (1.5 pmol/ky - min) designed to creole concentrations similar to that seen
with nomial dictary intake. Although artcrial insulin, glucagon, norcpincphrine, ond glucose did
notdillcrbetween groups, in dogs infused with caflcme, net hepatie glucose uploke (NHGU) was
signilicantly highcr than (n controls cven as nct hepatic laciaie output was found to have tncreased
compaied with controls indicating thar physiologic circulating levels of catlcine can enhance
NHGU durtng a glucose load, ond thet added glucose consumed by the liver is in past converted
10 loctote. Salshdcen and Alada (2009a) showed that caffcine increased glucose uplake in the
canine hind limb at rest and during contraction and that the increased uptake was due to incnl:ased
glucose extraction. A similar study detcrmined thet the increased glucose uptake at rest but not
duting eontriclion was modulated by adrenergic receptors (Salnhdeen and Alada, 2009b).

In rots Kolnes ei. a/, 2010 incubated m1 cpitrochlearis muscles and soleus strips with insulin and
different concentrsions of cafleine and theophyiline in order 10 measure glucose uptake, force
devclopment and PKB phosphorytation. They found 1hat calfeine and thcophylline ecompleiely
blocked insulin-stimulated glucosc uptake in both solcus and epitrochleans muscles at 10 ma.
Caffeiac reduced and theophyliine blocked insulin-stimulated glycogen synthase sctivatnon
Cal(leinc and theophylline reduced contrnction-stimulaled glucose uptake by about 50%, whereas
contraction-stimulated glycogen breakdown was normal. They hypothesized that caffeine and
theophyllinc also infubit glucose uptake 1n skclclal muscles via an additional and hitherto unknosm
molecule mvolvcd in GLUTA4 translocation. Howevecr, there hove been recend reports of cafleine
administtation improving insulin senniyvity and glucose tolcrance in the ral Coclho, (2014) ino
PhD Thesis used prediabetic Wislar r3ts which were giveo to 35% of sucrose (high sueTose- Hsu
model) in drinking watcr over a period of 28 days, 0.5, 0.75 and 1@/ of calleine given © o'ontml
rats ond 15 HSu model over a pertod of 12 weeks. Insulm semsitivity, hasal glyremia_glucose
tolerance, adipose tissuc mass, Gluid tansporicis and nitric oxide (NO) content in skeletal muscle
and inthe liver were determined. They found that caflcine res\ored insulin sensitivity and glucose

tolerance 1n HSu rats. CalTeine (1g/1) restored Glut 4 cxpression Ievels in skelctal muscle in HSu
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aniinois, Based on these results they suggested that caffeine could be used os a thempeutic tool for
the treatment of prediobetes and prevention of T2DM. Similarly, Yeh ¢z af,, (2014) found thot
chronic caffeine consumplion reduced supcroxide genemtion and enhanced insulin signaling 1n
the nucleus tactus solitnries (NTS) leading ¢o areduction in blood pressure in rats with fructose-
induced hypertension. Furthennore, the treaiment reduced scrum fasung glucose, insulin,
homcostatic modcl assessment-insulin resistonce, and triglycende levels and tnereased the scrum
direct high-density lipoprolein level in fructose-fcd rats- Their resulls suggested that coflcine may
enhance insulin rcceptor subsirote 1-phosphatidylinositol 3-kinasc-Akt.neusonal nitric oxide
synthase signnling to decreasc blood pressure by abolishing superoxide production sn1the NTS.
However, cofTcine is rorely ([ ever loken in iis pure form oulside expcrimental conditions but
consumed ns 0 mojor constituent of collec, tea, chocolate, and energy drinks. Coffee being the
mosl cominon form in which coffeinc is consumed has been widely studied. An overwhelming
number of studies mostly cpidemiological have indicated thal colice consumption is associated
with lower risk of diobelcs and metabolie disorders (van Pam and Feskens, 2002, lsogawa ¢t af,
2003; Snlozar-Maonrtinez ct. of., 2004; Snnorclli ¢4. ai., 2010), in Europe and North America, colfee
is the most common fonn inwhich caifeine is consumed ponicularly in the adult population. While
ocutc coffeinc ingestion has consistenlly been shown 1o decrease plucose lolevance,
cpidcroiological sludics have equatly consisiently demonstrated that chronic ingestion of collee
decreases 1he risk of developing type 2 diabeies mcflitus (T2DM) (Salazah-Martinez et al.. 2004;
van Dam et ai., 2004; Yamaji c1. ai., 2004). Most published oitictes cpiderniological whethcr
relrospective or prospeclive investigoting the associotion between coffee ond T2DM, although
strong in their methodology. have rclied heavily on a scll-reponed diagnosis of diabeles, which
maybe more prone lo musclassification or underreperting., Expenmental studies in which coffee
was administered t¢ humans ond laboratory animals have somctimes cormoboruted (Rusienbek et
al., 2014, Morokinyo et al., 2014) the epidemiological findings and at other tmes refuted them
(von Dam e/. 0i.,2004). Rustenbeck ef. af., (2014) studied male mice in which diabetrs and obesity
was induced by high-(at diet (55%lipids, HFD) were given regular cotYee or weter compared with
mice leeding on a delined normal diet (9% lipids ND) fouad that weight gain in HFD mice was
dose-dependceotly retorded, the moderate weight gain in ND mice was abolished by colfee
consumption. Inirapentonenl glucose tolerance tests (IPGTF) showed o dossdrprodan ' faster
decline of clevated glucose levels in coffee-consuming HFD mice. but not ¢n ND mice. They glso
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obsctved a decreasc in non-fasting glycacmia after week 21 in all treatment groups: IPGT T showed
ditniished peak of glucosc levels in coffec-consuming HFD mice. Untteated HFD mice were
hypcrinsulinacmic and had signilicontly cnlarged islets. Coflce consumption did not affect islct
sizc or parameters of beta-ccll apoptosis, proliferauon and insulin granuje conicnl. Coflee
consumplion reinrded weight gain and improved giucose tolerance in a8 mousc model of type 2
diabetes nnd corresponding controls, Morakinyo er. «f., (2014) showed that Colfec consm?pdon
retonlcd weight goin and improved glucosc tolcrance in a rat model of type 2 diabetcs. These
vorying findings wilh tegards to the cffect of caflcine and coflec have raised many questions
concesming its safcty 0 human health not only in healihy individuals but also 1n T2DM patients
(Lanc ¢z al., 2008; Lanc, 201 1). The disparniy in the {indings can be said o0 be due 1o the diffenng
animal niodels used, the expenimental method whether epidemiological or experimental or whether
the cnfleme is adminisicred acute or chronic, Mocrcover there is a question as to whether coflee
consumption can bc 1aken to be the samo as caflfeme consumption. Expenmental studies
addressing this question added 1he expenmcotal dose of cafYeine to decolfeinaled coffee or coffee
itsclf ond found similar results 1o thosc that presentcd pure calfeme in capsules, with both kinds of
treatments leading to insulin resistance or impaired glucosc tolerance (Battram ev. af., 2006; Lane
el. al.,2007; Louie ct. al., 2008; Greenberg ei. af,, 2010), suggestingthat cofTee has ellecs similar
lo pure cafleine. Furthermore, the durntion of consumption of caflcine whether acule or chronic
has produced differing results which tend 1o add 10 the confusion as to whether it ts harmful or
beneliciat 1o health (Conde et al., 201 1; Sacsamento, 2015). Therc has however been nilol of
debale in recent limes regeiding the acute and chronic cflects of caffcine in coflec regarding the
possibility of tolcrance (o caflcincbeing behind 1he observed dilference. While some investigators
(Robertson et. af.. 1981; Dcnaro ¢et. al., 1991) belicve that habitunl consumption of colfee or other
caflewnoted beverages leods 10 the development of tolerunce to caflcine, and (harelore
disoppearance of ils adversc acute effecis over the long term, others (Laoe. 2007; Dekker et. af ,
2007) have shown that with chronic cafleine intake, insulin resisiance and disrupted glucose
tojcrance persisted afler 2 weeks of daily consumption. Studies on the ctlect of caffeine and cofYee
havc therefore pioduced vancd and conllicting results. Given the widespicad sonsumption of
calTeioc 1n 1ts vasious forms and the documenied adverse and benefictal effects with regards o
catbohydraic metabolism, there is 8 nced 10 reconcile the disperity in the [indings While the
dispanty in the resulls of acuic treouncnt and chronic treatroent may be due o tolevacce. oldes
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factors such as route of administration of the cnffeme omal or parenteral may account (or the
differcnces in the results. Morcover, the large numbers ol chemical components of eoffee could
account for the dilTercnces obsesved in the actions of calfeine and thnt of coflfee as some workers
have identilied substances that may modulate the adverse elTects of cafteine {(Shearer er- a. 2003).
The lack of consisteney in the cffcctof caffeineon glucose tolerance has warranted further study
on the ell'ectof calleine on glucose tolcmnee under chronic condition. Afthough there arc reports
which showed that Kolanut seed extractsigmiicanily increased both blood glucose and hind limb
glucose uplake in dogs (Salahdecn and Alada, 2009), therc 1s no information on the eflect of
Kohinut on glucosetolcraince in any animal model. Given 1he widespread consumpuon of Kolanut
in the West African subcontinent and recent reports of high caffeine content (51%) 1n kolanut
extmcts, studics implicating callcinein insulin sesistance in henlthy (Greer or. al., 2001; Keijzers
cs. al., 2002; Batiram ¢t «l., 2006) and type 2 diabetic subjects (Lane ¢t al., 2004; Robinson ef,
al., 2004; Lane et. o, 2007: Robinson ¢t. al. 2009), and the contradictory experimental and
cpidemiological findings that eaffeine (Conde 2012; Yeh, 2014; Sacrmmento 2015), and coifee
(whose major active component is cafleine) reduced insulin rcsistance and prcvent the
development of 1ype 2 dtabeles, there is the necd to investgate the eflecis of kolanut on
carsbohydrate metabolism in the rat. Moreover, many studies on biological eflects of kolanut have
atbibuted the effects of kolanut 1o the callcine contained therein (Salahdeen and Alada 2009,
Solahdeen ct. ai.,, 2014; [bu ct. af., 1986) cven though none of these studies have investigated the
effect of decaileinated kolanut. The study of Osim et al., (1991) found that the effect of kolanut
in increasing gastric ncid secretion was greater than that caused by an equivalent amount of
calTcine suggesting that componenis of kolanut other than callcine were tespansible (or obser ved
efTect of kolaput on gastric aeid secretion.  ‘The use of decalfeinated kolanut would have given an

indirect indication of the significance of caffeine content in the actions of kolanul

This study was designed to investigate fusiher the effeets of caffeine and Kolanut on giucase
tolerance in the rat. Specilically, the following issues were adressed;

1. The effect of cafIcine on glucosetolerance, insulin sponse and liver glycogen deposition
in the rat.

2. The eflect of ethanol extract of kolanut on glucose tolerance, insulin exponse aod liver
glycogen dcposition in the ralL
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. The effect of decoffcinated extract of kolanut on glucose tolerance, insulin response and
liver glycogen deposition in the rat.

. The effect of ncute ond chronic administration ol coffeine on glucose tolerance. insulin
response and liver glycogen deposition in the rat

. The ciffect of acute und chromc ndministration of cthanol extract of kolanut on glucosc
tolecrancc, insulin responsc and liver glycogen deposition in the

The efTect of acute ond chronic admumistration of decaffeinated ethanol extract of kolanut

on glucose lolemnce, insulin response and Jiver glycogen deposition in the rat
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CUAPTER TWO
2.0 LITERATURE REVIEW
2.1 CARSOHYDRATE METABOLISM
Carbohydrate metabolism is the serics of biochemleal processes responsible for the formation,
breakdown and interconversion of carbohydeies in living organisms,
In the immediete postprandial or fed state, under the influence of insulin, the liver, musclés nnd
adipose tissucs become itnporinnt sites of glucose disposal. Under the influenceof prevatling high
concentrations of glucose, insulin is secteted by the beta cells of the pancreas. Insulin stimulates
the transfer of glucose into the cells, especiolly in the liver nnd muscles, although other organs arc
niso able to metabolize glucose. In the liver and muscles, most of the glucose is converted tnto
glycogen by the process of glycogenesis (Shulman ¢ al.. 1995). Glycogen synthase i1s the enzyme
responsible for odding UDP-glucose to a growing cham of glycogen. There arc two forms of thus
enzyme. The inactive form which carties a phosphate group is cofied glycogen synthasc b and 11 is
dephosphorylated to the active form which is called glycogen synthase a, which does nol carry a
phosphate gtoup. The activity of glycogen synthaseis contiolted by covalent modification thicough
phosphorlation of the enzyme by kinases (Haysiead ¢t al., 1989; Dent ev. al,, 1990), cyclic AMP-
dependcent protein kinase A the activity of which is reguloted by the messenger molecule cyclic
ANMNIP (cAMP). Cyclie AMP is made from ATP by the cazyme adenylyl cyclase and 1t 1s degnaded
by the action of phosphodiesterase.
While the glycogen stored in the muscle is used for the provision of eneigy, the glycogen in the
liver is stored until needed ntsome fater time when glucose levels are low particularly in the remote
post absosplive state. Insulin directly or indirectly influences the uptake of giucose by the tiver, It
octs directly by binding to hepatic insulin receptors and thereby aclivaling insulin signaling
pothways in the liver. These effects have been demonsimted in vanous models. In 1solated mt
hepatocytes, insulin inhibits glucose production through inhibition of gluconcogenesis (Clavs and
Pilkis, 1976) and glycogenolysis (Matks and Botelho, 1986). In the dog, an scue selecuve incrrase
(Sindelar ¢t. el., 1996) or decreaso (Sindelar et af., 1998) in hepotic wsulio level (3o that the
orterinl 1nsulin level was kept constant) rcsulted 10 very rapid suppression or shmulation
tespectively, of hepatic glucose production (HGP). In addttion, livarspecific wsulin recoptor
knockout (LIRKO) mice, which lack hepanc Insulin recepiors from birth, have been shown o

demonstrale severs hepotic insulin resistance (Fisher ond NKahn, 2003).
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Figure { Schematic diagram of sleps in sclivation of plycogen synihasc and glytogen
phosphosylase. (Principles of Biochemistry 4/c ©2006 Pavzon Peeniice Hall)
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Insulin's indircct cfTects include reduction of glucagon sccrction 81 the pancrcas (110 cr. af,, 1995),
inhibition of lipolysis in fat (which reduces circulating lipids and glycerol availability for
gluconcogenesis) (Sindclar ¢f, al., 1997), and decicased proicin catabolism in muscle (protcin
sparing c(ect) lurlhcr reducing gluconcogenic substratc availability ( Wolfc and Volpi, 2001), and
in addition, recent studics in the tnousc and rat suggest that hypothalemic insulin signaling may
also play an important rolc in insulin's ability 1o indircctly regulate HGP (Obici et. of., 2002a;
Obicl ¢2. af. 2002b), Insulin's indirect hepatic clTects were well demonstrated in lhe dog, swherc an
acule seicctive increasc in oricrial insulin level while the hepatic insulin level was kcpt constant,
resulted in inhibition of HIGP (Sindclar ¢r. al., 1996), This was shown 1o be partiolly duc to
insulin’s cfTcct on lipolysis, since when plasma FFA levels were prevenlcdl from folling, HIGP only
decreascd by half as much (Sindelar ¢, al., £997), In rats, intracercbral ventricle (1CV)infusion of
insulin suppressed glucose production, and this cflect was independent of circulating insulin levels
(Obici et. al., 2002a). In addition, in mice, 1}GP was supprcsscd by insulin despite 95% reduction
of hcpatic insulin receptors by antiscnsc oligonucleotide treatment (Bucliner ef. af., 2005). These
studics, and others, demonstrate that in addition to insulin’s direct effects on the liver, the hormone
also regulates HGP through indirect means.

The amount of glucose taken up by the liver is regulated by circulating glucose and insulin
concentrations and by 1he arterial-portal vein(a-pv) glucose gradicnt (Pagliassotti and Cherrington.
1992). 1t has previously been demonstrated (Pagliassolti ¢r. al., 1996) that the increase in net
hepatic glucosc uptake (NHGU) induced by the portal signal is a result of the stimulation of hepatic
glucosc uptake processes and not a suppression of hepatic glucose production, The rise in hepatic
glucosc uptake results in increased intracellular concentrations of glucose 6-phosphaic and other
hcxose monophosphatcs, which in tum stimulatc glycogen synthase, Icading to signilicant
glycogen deposition. [n fact, ~75% of the cxtra glucosc taken up by the liver in response o the
portal signal is stored as glycogen, whereas the remainder primarily Icaves the Liver as lactate.
Other metabolic pathways (oxidation. pentose phosphale cycle, conversion to lipids) appear to play

minor roles in theintrahcpatic fate of glucose.
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Effects Of Insulin On Target Cells
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Figure 2 Tissue targets of insulin action ( http:/rwww runiv. et physiology ook 'chapter)
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In the lalc posiabsorptive state as occur in an overnight fast. Glucagon 1s sccreted by the cells of
the pancreas in responsc 1o low blool glucose conceitiration. Glucagon restores the blood glucose
conccniration to a sleady-stale lcvel by stasmulating glycogen dcgindation and gluconcogenesis-
The liver cells almos! cxclusivcly possess glucagon receptors (Geneh, 1993), so glucagon is
exircnicly selective in its larget. The effiect of glucagon is opposite 10 that of insuiin in that o
inggers cAMP synthesis leading 1o the shutting down of glycogen synthesis whilestthe same time
stimulnting glycogen degiadation lo make more glucose availabie for utilisation by glucose
Jependent  lissues such as  the bmin  (Biom ond Grves.  2001).
Glucagon activates the glycogen dcgmdalion enzyme glycogen phosphorylase by pbosphorylating
1 from glyeogen phospbotylasc b in its unphosphoiylalcd form to glycogen pbosphoiylase a the
aclive form (Hendrickx and \Villcms, 1996). There 13 a reciprocal relauonship of the glycogen
synthase and glycogen phosphorylase cnzymes. \When both are phosphorylated, glycogen
dcgradnlion is acive and glycogen syathesis 1s not. When both are dephosphorylated, glycogen
synibesis is aclivcand glyeogen dcgradation is blocked suggesting a sinular but mutuallyexclusive
mechanism of regulatioo for the two eazymcs { Aiston ¢7. ail., 2003). Epinephnnchas similar c(lects
on glycogen butisrcleased by the adrenal glands in response to neural sighals that tiigger the fight-
or-{light response. Epinephiine sutnulates the breskdown of glycogen to glucose i-phosphate,
which is conveited to glucose 6-phosphaie. The increase in intracellular glucose 6-phospbate
incrcases both the e of glycolysis 1a muscle and the amount of glucose releascd into the blood
stream from tbe liver.

While epinephnine tiggers o responsc to a sudden energy 1equirement; glucagon ant iasulin work
in 1andem over longer periods to mainiain a relatively constant coocentration of gluo;xc in
theblood. Epinephrine binds 10 B-adrencsgic receptors of liver and muscle celis and to al-
adrencrgic rcceplors of liver cells. The binding of epinephiine to (-adrencvgic rxeplots or of
glucagon to its receptors activates the adenylyl cyelase signaliog pathway. The sooond @cssenger,
cyclic AMP (cAMP), then  aclivmies protein kinasc A which in tum acuvates giycogen
phosphorylasc by addmg a phosphate group to it (figure 3)

13
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Figure 3 Schematic diagram of liocmonat action on liver enzyme in the tae post sbsoepeive slalc
{(overnight fast). Principles of Biochemistey 4/¢ ©2006 Poancn Mrantice Hall
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Figure 3 Schematic diagram of hoamoaat action on liver enzyme in the late post absarpeive sale
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Apan from glycogenolysis for hepatic glucose production the process of gluconeogcnesis is also

stimulated by glucagon and to a lesser extent epinephrine, coitisol and growth hormone which are
collcclively known as counterregulatory hormones. The broin has been found lo consume about
balf of all glucose produced in the body (Eiscnberg and Scltzer, 1962), even though it can neither
synthesizc nor storc morc thon a few minutes’ supply of glucose. Normal cerebral function
therclore requires a continvous supply of glucose from the circulation. As the plasma glucose
levels reaches alow threshold, it is sensed by thc bmin even while the drop in blood giucose is still
asympiomatic causing the secrciion of counterregulatory honmones that act sn concert Lo incrcase
glucose production ond decrease glucose utilization (Bolli ¢t «d., 1984; Amiel ¢. al., 1987). The
broin moniors plasma glucose levels by both direct (Anand ct. al,, 1964) and indirect mecana
(Hevener et of., 1997). Ocmura ct al. (1964) and Anand ct al. {1964) identified ncwions wuthin
areas of the latcrn] hypothalamus (L.H) and ventromedial hypothalumus (VMH) that alteied their
finng mtes when plasma glucose levels changed. Gomum ¢t al., (1969) showed that directly
applied glucose altered the firing rate of select neurons. They defined “*glucose-responsive™ (GR)
ncurons as those that increased and “glucose-sensitive’ (GS) neurons as thosc that dccrmsc(li their
fi1ing mtcs when ambient glucose levels rose. In areas such as the LI{, VMH. and nucleus of the
soluaty tract, 20-40% of pewons sampled show such glucosesensing propertics
(Mizuno and Oomura 1984). Studies have demonstroted that neural pathways linking the brain and
cndocnne oigans arc involved in the contro! of secretion of the countenicgulatory bhormones
(Frolunan ond Bcemardis, 1971; Niyma, 1975; Kntafuclu eL af. 1985). This was spily
decmonstrated 10 o study by Biggers et al, (1989), in which petipheral hypoplstomia was
mawntained while cerebral hypoglycemin was selectively cluminated by the infesion of ghumse into
the corotid and vertcbral aitenes of conscious dogs. They observed that the countetregulainry
response ¢ hypoglycemia was almost climinoted when cercbral euglycemia was mainteined. In
[urther supportof a glucose-sensing role for the brain, Boig and co-workers (Baig ¢t af_, 1994;
Borg et af., 1995) conducted several studics in the conscious mt They firstcbsaved that bilalesal
lesions of the ventromedial hypothalamus (VM) abolished the counlavegulamry spogse W0
hypoglycemia (Borg ct af.. 1994), They then created localized glucopenia withis the VMH and
observed the initiation of a counterregulatory response in the absence of penpheral hypogly@
(Borg ci. ai., 1995). Taken togclher, thesc studies provide cvidence to suppon the hypothesis that
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the counterregulatosy honinone response to hypoglycemta ts iitinted in, or at least involves, the
bmit

2.1.1Gluconcoycneils

Gluconcogencsis Is the fosmation of 'new glucose® by tissues in the body (liver, kidney ll‘ld'G")‘
Theliver, kidneys and GIT are able to rclcasc glucose into the circulation hecause they exclusively
possess glucosc 6-phosphatasc (Mayces, 1993 Mithicux ct. «/,, 2004). Glucose 6-phosphntase (G-
6-Pasc) is a crucial enzymc in tho conirul of glucose honicostasis. It catalyzes the i35t biochemical
reaction of gluconcogenesis and glycogenolysts, {.c. the hydrolysis of glucosz 6-phosphate {G-6-
[') into glucosc and PPhosphatc. Gle-6-Pasc 15 therefore unique in thot ii confers upon the ussues 1n
which 1t is cxpressed the capacity to relcase glucose inlo the blood. Glucose-6-phosphatase
catalyzes the hydiolysin of glucose-6.phosphaic lo produce glucosc and phosphate. The eszyme,
is expreased mainly 10 the liver, kidney and GIT ia cniica! 11 providing glucose (o other organs
dunng prolonged fas! or stasvation. More recenlly, the cnzyine has been found In the small
intesunc (Rajas es. a/., 1999; Croset ¢4 al., 2001, Muhicux et. al., 2004) wbich 15 also now knowp

1o contnbutc to glucose homcostasis particularly in the fasung siaiec. This exxyme i1s sbuemt n
muscle and other tissues, whicb therefore caimol relesse glucose to the blood steam. Activity 18

inhibited by boih insulin and glucose, which become elevaled afier f(eeding. thereby raducing

endogenous glucose production in the fed state. Levels arc increased by glxagm and

glucocorticords (Christ et al., 1986; Lange ef, al, 1993) which are ceovlcd in Lhe fnm; state.

The erzyme 1s membranc-bounded, essocioted wilh the endoplasmic reticulum. The exryme

glucase-6-phosphatase translocale acts 0 tansport G.6-P bom the cytoplasmn to the kimien of the
endoplasmic reuculum

Release of glucase mio the circulatuon cccurs through 1wo main processes; the de novo synths me
of glucose from noo-glucose preawsors (gluconcogencesis) snd the breakdown of ghoogea
(glycogemolysis) (Genich, 1993). In porma! Iumans wn the ovesnight fashing styae ghaxmrogersn
and glycogenolysia cach contnbute approximaiely S0% of the ghxome deinvored mio the systemic
circulatioo (Landau e/. af ., 1966). /n vifro shudies lmve dhown (hat on a prams ¢ gYED tissae bavis
the gluconcogemie capecily of the kidaey cicoxds tmt of the bBver (Krebw 1943)
Gluconeogenesis provides glucose to the tissues of the body in the fasted state when dictary
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catbobydizizs e not availatde, by formapon of ghxose or glycogen from aoncarhahydiale
waress. In addDon, the ghxoxnpanx pracess clan s metabalic products. such as lactate produced
by muscie and erythrocytes aad glycaol produced bry et tissue, from the cuculauon: The
regulanon of codogenan ghcoss pradicTan 1s cama) 1 the control of blood glucose
coaEmiratioas, and the liver and kadoey wre (be prncpal organs respoasible for gluconeogenens.
Many of the enzymes of glyolyms and ghxrncogaxsis wr shared including those from
phasphoenoipyruvaie 0 Gunase 1 &agtxegpioae, In liver, gluwose-6-phosphatase catalyzes the
ratc.ltmiting step of ghxnosogenrcs However. for ghaxmewgancsls 10 occur, the enrymes
pyruvale avborylase and phosphormn| pyravate cadoxylsse must be present and can limat flux
through the glucomogenc pathway (Basthe) and Schrmoli, 3003).

2.1.2 Glucose phospborylatico and glycolytic pathways

A balance between bepmiic gluconcogenesis and perwphera) glyeolysisis an unponant homeostatic
functson, expexially during a projonged fast. Glyeolysis eccnas m virrually all living cells with the
oxistion of glocose w0 pynnvaicand lactale. A continuous supply of glucose iS necessoiy os a
sowve of coergy,cspecially for the nervous system whose cells liave minunal stomge capabilities
and (or erythrocytes, which are unable (0 store glucose or use other subsitales as fuel,

a Pyruvate formation

G-6-P is phosphorylated byphosphofrucickinase to form fructose |.6-diphosphate. The reaction is
subject o allosicnc contio] by cellulas levels of ATP, AMP, and phosphate,

b Krebs cycle/acaobic glycolysis.
Under aciobic condttions, theie can be compleie oxsdation of carbohydmtes, Ially acids, and
proteina 0 carbon dioxide and waler, although glucose that enters the cycle con be released as

lactate, pyruvetc. and alanine particularly during eonditions ofa pralonged fast. Aerobic glycolysis
yields Uie net producuion of 38 molecules of ATP per molecule of glucose consumed. Pyruvnic

crusses the mitochondnal membraae to supply fuel for the Krebscyele or for glucoocogencsis. Tlie
pyruvate dchydiogenase complex dctaouses the tansformation of pyruvele to ocetyl-CoA
(coenzyme A). This enzyme complex is inactivaied by ATP when cellufar energy stores ore high
and by pytuvate dehydrogenase kinase (PDKJ (Rondle er, at.. 1994), PDK |4 can regulate the
pyruvate dchydiogenase complex by inhibitory phosphorylotion of the complex. The enzymcs
PDK2 and I’DK4 arc expressed 1n mosi tissues, whereas PDK] and PDK3J disuibution s more
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Ihniled, Levels of PDK4 arc up-regulated during staevalion, thereby inhibiting the complex wlhien

glucose conscivation is necessery (Sugden ot uf, 2004, \Vu ¢t af., 2000).

Figuse 4 Kreb's (Citrie acid) cycle (from Wikipedia inage:citricacide yeic bali svg)
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Aclivity of the pyruvale dchydrogcnase complex is a mipjor determinant of the glucose oxidation
rate. Glucose oxidotion can then procced though the Krehs cycle, a sequence of reactions in which
acelyl-CoA is metabolized to CO: ond hydrogen sioms. In brief, acetyl-CoA s lirst condensed
wilh oxaloacetole lo form citmlc. In o series of seven subsciuent reactions, two CO2 molecules ore
splil off, regenemting oxnloacciate (Colemian ond Kuzava. 1991). Exercise con increase the activity
of pyruvate dchydiogenase (Nokoi ¢f. af,, 2002), and pytuvatc dchydrogenase octivity 1s less
responsive o insulin slimuloton both in polients with diabctes ond in their offspring (Moslert e/
al,, 1999). Becouse phosphorylated compounds are charged, most do not cross membrones, and
py1uvolcdehydrogcnoscoctivity rcmains witlun the mitochondria, Likewise, nicotinamideodenine
dinuclcotide (NADil) is not diflusible scioss mcmbranes, so the reduction cquivalenis pioduced
by Krebs cycle oxidalion must be tansierred to 1he cyloplasm by complex oltcrnate reducuon-
1coxidotion cycles involving & membrane diffusible substioic such as malate. The nner
mitochondrnol membranc conlains the respiratoty chom proteins, which consist of a scries of
clcctron acceplors that are reversibly reduced ond then rcoxidized as they receive eleclrons pnd

form ATP. Mitochondrio ore ofien located near subcellulnestnictures Uil require energy or psovide
o subsirate source (Moslernt er. al., 1999). Moreover, mitochondrial processes are coupled (o

penpheral glucose uptike, phosphotylotion. ond glycolysis by the spatial proximity to hexokinases

(Wilson, 1995).

The Rondle cycle provides on important link between glucose and faity acid metabolism (Randle

ct. al., 1963) whereby latty acid or ketone oxydation leads o elevauon of mitochondnal acctyl-

CoA and NADH, leading 10 increases in cytosolic cilrale. Increased cytosoliccitrate could irhibit

glycolysis ot the levelof phosphofructokinase,thercby decreasing the use of glucose as a fuel while

increasing glucose incorporation into glycogen (Rnndlc etz al., 1994, Maizels et al., 1977)

Malonyl-CoA, which is involved 1n the regulation of the transfer of long-chaia fatty acwds into the

mitochondria has been proposed to ploy a cenuzal role 1n this process mediating fuel sensing,

glucosemctabolism, ond wnsulio oction (Rudcrman e?. al., 1999; Rudcrman et of . 2003).
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Mitochondnia and glycolylic processes are also coupled with insulin sccretion. As a result of
glycolysis, nsing ATP levels leod to the closure of ATP-dcpendent potassium cliannels and
opening of calcium channels, which triggers insulin sectetion. The role of mitochondna in insulin
sccretion i3 highlighted by the finding of defective insulin secretion followed by B-cell loss in
transgenic rodents with pancreatic B-ccll-specific disruption of itochondrial transceiption foctor
A (Silva et af., 2000).

Krebs cycle activily is not regulated solely by the mitochondrial acetyl-CoA concentralion. ,
Pathway activity varics over o wide range depcnding on the substrate soutce; for example, acetyl-
CoA levels may be 10-fold lower with glucose compared with latity acid as a substratc source for
the same cycle Mux {Williamson end Cooper, 1980). Cilrute synihase, isocitrate, ond o-

Kctogluterate dchydrogcoases ore generally considered to be impor.ant tegulotory enzymes
controlling (Tux through the entire Krebs cycle (Rustin ¢f af.. 1997). The pynidine nucicotide

, ADP
redox potential (%‘* ralio), the matrix phosphorylation potentiai { * ATP "~y ). and the Ca®*

concentralion actas key regulatory lactors at sevcral steps of the eycle (Rustin ct al 1997). Krebs
cycle octivity is fiuther influenced by thyroid hormone, adrenergic compounds, and
glucocorticoids (Williamson ond Cooper, 1980; Rustin e7. of.. 1997).

Few cases with pnmaiy disorders of enzymes of the Krebs cycle have been repoited in humans.
However, increascd pyruvate dehydrogenase kinase (PDK4) aclivily seen in insulin resistance and
type 2 diabetes, may be a direct or indirect target of Peroxiseme proliferator-activated receplors-
n (PPARa), and could seprescnt an additional drug targel for these medical conditions (Sugden
ond Holness, 2002; tluang ct. al., 2002). Deficiency of a-ketoglutarate dcbydrogenase, succinate
dchydiogenase, atid fumarase bas been reported in rare patients and leads to neurological
impayment with or without muscular involvement. Germmline mutations of succinste
dehydrogenase causc hereditary paragonglionia ond pheochromocytoma (Astuti et al., 2001)
More recently, muiations of furnaiate hydratasc have been assocuried with utertne fibroids, skin
leiomata, and, (0 a lesser exient, popillary renal cell cancer (Tomlinson et al., 2002), Becnuse
ncural cells are most dependert on glucose oxidation for fuel, it is ot surprising thel disorders of
these key enzymes are climcally manifest in these tissues, without abnormalities in blood glusose

or insulin levels
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c. Anacrohic piycolysis: the Embden-Meyerhof-Parnas pathway.

In crythsocytes. Llic glycolytlc pathway always termimles in the fonnation of lactare, because thesc

cells lack cnzymes ol the Krebs cycle, However, in other tissues under anaerobic conditions,

glucose is uscd to genamic high-ancrgy ATP as fucl, with formationof laciate as a by-producy. The

reoction is calnlyzed by lactote dehydropenase, and in contrast to the Krebs cycle, which occurs in

both ¢ytosolic and mitochondrirl compartments, ali the enzymes of thc Embden-Mcyerhiof-Parnas

pathway are found in 1he cytosol.

|

|
|
|
|
|

Embden-Meyerhof
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Figure 6 Embden-Mceyerhof-Pamas pathway (Source- classes midlandstech odu)
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Under ansetobic conditions, glucose is the only fuel source that can be used by skcletal muscle,
and during muscle contmction o contnuous supply of ATP is necessary. Anacrobic glycolysis
yiclds the net production of only 1wo moleculesof ATP and only two molecules of reduced NADH
per moleculc of glucose consumcd. Thus, anacrobic mictabolism is inefYicient and connot be
sustnincd for long inlervals of time. In addition 10 erythrocytes and skclelsl muscle, other tissues
thet produce Inctate include byain, gastroiniestinal tmet, rcoal medulln, adipose tissue, and skin:
Laciate can be converted back into glucose by the gluconeogenesis pathway, requising ATP {Duke,
1999), or con be used in muscle to help restorc glycogen after intense exercise (Mclanc and
Holloszy, 1979). The enetgy poiential of lactic acid con only be recovered in the presence of
oxygen with conversion back 10 pyruvic acid. In wm, pyruvite con ten be mctabolized in the
citric acid cycle. '
2.2 GLUCOSE HHOMEQOSTASIS

Blood glucose concentration 18 onc of the most lnely regulated physiological parameters
of the masumalion orgonism. Glucose homeostasis is achieved by aphysiological balance betwecn
glucose production and intake in the form of carbohydrates and uiilization by the penpheral tessucs
(Seclay ¢r. nl.. 1998). Whcreas most tissucs can readily utilize free fatty acids or other substrates
when glucose becomes unavailabic, the red blood cells and the brain utilize glucose almost
exclusively as their sole energy source {Ciyer, 1981; Zierler, 1999). Consequently, sustained
hypoglyceniia can lead to coma. and if not cofvecied immediately permanent binin damage and
cventually death (Andres er. al.. 1956). Abnomusl clevation of plasma glucose levels
(hyperglycemia) does not pose an usgent thredl 8s does hypoglyccmia, yei prolonged
hyperglycemia is also ulumoicly life threatcing. Therclore blood glucose bas 10 be kept within a
aarvow range for the proper fisnclioning of the body in general and these two tissues in pasticular.
Blood glucose homcostasis is achicved by the inleraclion between insulin and the
counterregulatory hormones (glucagon, contisol, epinephrinc and growth hormonc) dunog periods
of feeding and fasting (Clarke er. af., 1979, Mitrakou et. al., 1991; Zierler ¢t. al., 1999; Sacca «t
al., 1979). The normsal {asting level of plasma glucose i pesipheral venous blood is 80.90 mg-dl
(Guytlon and Hall, 2000). Following o mecal, such as brenkfast, glucose ts rapadly clevaled 30-50
percent above this level; but within iwo hours glucese Icvels hias been restored to nonmal. and it
remains at 80 mg/di unul the ncxt mea! ond the paitem (s tepented (Schewndery e af.. 1949,
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Under anacrobic conditions, glucose is the only fuel source that can be used by skefetal muscle,
and during muscle contmction a conlinuous supply of ATP is necessary. Anacrobic glycolysis
yields the net production of only two molecules of ATP and only (wo inolccules of reduced NADH
per molccule of glucose consumed. Thus, anaerobic nictabolism is inelYicicnt and cannot be
sustaincd for long inlervals of time. In addilion 1o erythcocyles and skeletal muscle, other 1ssues
that produce lacute include brain, gastiomtestinal tract, renal mcdulla, ndiposc |issuc. and skin-
Lactate can be converted back into glucose by the gluconeogcnesis pathway, 1equiring ATP (Duke,
1999), or can be used in muscle to help restorc glycogen after intense exercise (McLane and
tiolloszy, 1979). The encigy potential of laclic acid can only be recovered in the presence of
oxygen with conversion back to pytuvic acid. In 1um, pyruvale can then be mctabolized in the
citrie acidcycle. .
2.2 GLUCQOSE ITOMEOSTASIS

Blood glucose concentiation is one of the most finely rcgulated physiological parameters
of the mammalian organism. Glucose homeostasis is achieved by a physiological balance between
glucose production and intnke in the form of catbohydries and ulilization by the penpheral Lissues
(Scelay et al., 1998). \Whcicas mosl lissues can rcadily utilize (ree fatty acids or otber substrates
when glucose becomes unavailablc, the red blood cells and the biain utilize glucose almost
exclusively as their sole energy source {Ciyer, 1981; Zierler, 1999). Consequently, sustained
hypoglycemia con lead to coma, and if not corvecled immediately permencnt brain damage and
eventually death (Andres ¢t al. 1956). Abnormal clevation of plasma glucosc levels
(hyperglycemia) does not pose an wigent threal os docs bypoglycemia, yet prolonged
hyperglycemia is also ultinialcly life theeateing. Therefore blood glucose has to be kept within a
narvow range for the proper funclioning of the body in general and these two tissues m particulas.
Blood glucose homcostasis is achicved by the interaction beiween insulin and the
counterreguintory hormones (glucagon, cottisol, cpinepbrine and growth hormone) duning penods
of feeding and fusting (Clarke et al.. 1979; Miuakou ¢t al., 1991, Zierler ¢t al., {1999, Sacxa ez,
al, 1979). The noimal fasung level of plasma glucose in peripheral venous bleod is §0-90 wmg/dl
(Guyton and Hall, 2000). Following a meal, such as breokfast, glucose is rapdly elevated 30-50
percent above this level; but within (wo hours glucose levels has been restnred to noqmal, and it
rernains at 80 mg/dl uniil the next incal and the peitem is repested (Scheinbetg ct al.. 1949,
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Nowdlicer. ai., 1999). Aftercach meal ond in the immediatc post absorplive state, insulin stimulates
thc conversion o [ glucose o glycogen (in skclcinl muscles nod the liver) and lots ond redixcs or
prevents hepatic gluconcogencsis (I'roger cr. of., 1987; Ader and Bergman 1990; Vikeni et of.,
1999). Insulin has been shown to be the only hormone which tends to reduce blood glucose
concentrution while the countcricgulatory honnones have the reverse eiTect by increasing blood
glucose concentration (Woll ¢z of., 1957; Soskin and Levine, 1987).

High or low blood glucose con cousc thabceles or hypoglycemiarespectively. When glucose
is not becing ingested, it is the role of the liver o produce this nutnent, either from ts stores
(Blycogcnolysis) or de novo [rom thrce coibon precursors (gluconcogenests). This inaintcnancc is
aclucved through a bolence of scvcral factors, including the rate of consumpiion ond intestinal
absorption of dtctory carbohydmle, the mie of utilization of glucose by penplicral tissues and the
loss of ylucose through the kidney tubulc and the rate of removal and rcleose of glucose by the
liver (Zicler, 1999),

Sources and Sinks of plasma glucose
2.2.1 Sources of pinsma glucose
The great majority of ghucose in the plasina comes ftom two sources: intestinal absorption
of diclary glucose ond ils precussors and the rclease of glucose from the liver.
Sources of plasma glucose:
Glucose per sc (o minor sowce)
Glucose contoining disaccharides
Sucrose (fructosyl glucose) commonly called table sugos
Lactose (golactosyl glucose) called milk sugar
Moltose (glucosyl glucose)
Glueose-contauing polysaccbarides (2 major source): starch rom plants and glycogen fiom
asumol ussues
Sugars readily converted to glucose: Fructose and galaclose
Gluconeogcnic amino acids
Glycerol motcty ol tnglycendes
2.2.2 Sinks of pinsma glucosc
All body ussucs can and do use plasma glucose, but some such as the nervous sysiem ‘which

1equues obout 120.150g of glucose daily under most conditions and the tvd cells are obligatory.

24

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




users. In prolonged starvation. studies show thal the broin undergoes an interesting metabolic
switch that ollows it 10 utilize ketone bodies (f}-hydroxybutyrate nnd aceloacetate) in place of over
50% of its usual glucose requirement (Owens ct. al., 1967). Fotty acids are continuolly mobilized
[rom the huge stores of odipose tissuc triglycerides ond n portion of them nre continunlly converted
to kctone bodies in the liver. Thisodoptation in meiabolismof the brain ensurcs that it con survive
without rcquiring drastic depletion of muscle protein 1o provide substrates (or gluconecogenesis
(\West, 1998).The red blood cells, the intestinnl mucosa (wnner cpithelium) ond the renal medulla
usc glucosc Intgely exclusively via onoerobie glycolysis. Most of the body issues however, arc
focultative users of glucose. During (asung, these tissues con and do switch to use free fatly acids
(FT'A) as theirr primory metabolic fuel (Zieler, 1999). The liver 1s both a souice ond o sink of
glucose and both uptake ond rclcase are occurring ot oil tinses with the net bolance being under

homional control (Zieler, 1999). Under normal circumstances, no glucose 1s lost m the unne

through thic kidney, so, the kidney is not nonnally o sink. Although glucose is freely filiered by the

kidney, it1s reabsorbed into the blood strcam unless the capacicy for glucose reabsosption by the

kidney 1s exceeded. If plasma levels of glucose ore greatly elevated above the renal threshold for

glucose (180mpg/100ml), then thot amount of glucose that cannot be reabsorbed is lost in the unnc

{Zicler, 1999).

2.2.3 The Role of the Liver in Glucose ilomeostasis

The liver plays o unique role in the regulation of carbohydrate metabolism because it is able both
1o tnke up ond rclease glucose, thus helping to dampen vasiations i n blood glucose (Soskin et al._,
1938). In the postabsoptive state (wben oll nutrients from the last meal bave been absorbed from
the intestine), the liver is o net produccr of glucose. If ndequate omounts of glucose are
administered at tys point, the liver swilches from net glucose production to oet glucose uptake.
Hyperglyccmia, hyperinsulinemio, and o negative aricrial-portal venous {a-pVv) glucose gradient
("ponol signal™) ore known to posilively allect the rate of net hepatic glucose uptake (NHGU),
These three factors when present simultancously result in peak rateso (NIGU (Myems et al.. 1991,
Poghassoiu et al., 1996). Circulaung insilin increased NHGU m o dose-dependent mamner in the
presence of o fixed bypeiglycemin ai all insulin levels tested (Mycrs et al . 1991), NHGU was
greater 1in the prszuce than i the absence of the portal signal. If srictial insulio was maintained
consiant, both ot basal (Adkins-Marshall et. al., 1992, Pagliassott et. /., 1996) and at fouwrfold
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basal Icvels (Myers er. al.. 1991), NHGU increased as tho glucose levels were progressively
incrensed. and again NHGU was greater in the presence of the portal signal than 1n 1ts absence
(Myers ¢t. al., 1991),

The modulation of nel glucose uptake by the portal signal afso extends {o extrahepatic tissucs. A
dccrease 1n nct glucose uplake by nonhcpatic tissues in the presence of the porial signal was
indircctly demonstrated in several previous studies (Adkins-Marshall ¢2. al., 1992, Pagliassoiti ef.
ai., 1996). This reduction was of tlic same magnitudc as the increase in NHGU, thus suggesung
that the portal signal contiolled the whole body distribution of glucose. Galassciti ¢. af., (1998)
reccntly demonstintcd that the reduction in extrahcpalic glucose uptake caused by tie poral signal

was pramanly 1he result of a decrease in glucose uptake by skeletal muscle.
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Fig. 7 Sources and sinks of plasma glucose (Steinberg, 1988 with madificetyons)
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Although oll previous studies investigating the portal signal were conducted under hyperglycemic
conditions, indirect evidence indicates that its cllects may bo present even under cuglycemic
conditions. Severnl studies (Donovan ci. af., 1994; Hamilton-Wessler ¢r. al.,, 1994) showed that
tho sympothoodrenal response to hypoglycemia was blunted when systcmic hypoglycemia was
allowed 10 occur, but the hcpatoportal region was kept euglycemic by porial glucose infusion- In
the process of mointaunng hepatic cuglycemin, the nuthors created a negative o-pv glucose
Bmdient, Thercflore, the dectease in the sympathoadrenal response may well have been due to the
effcets of the portn) signal. If the portal signal con be octivotcd under euglycemic conditions, it
should inercasc NHGU in response to insulin aod possibly exer its inhibitory effect on glucose
uptake by nonhcpolic tissues even in the absence of hypcrglyeemia.

In the postprandial state, the liver becomes an imporiant sile of glucose removal. The omount of
glucose taken up by the liver is regulated by circulating glucose and insulin concentrations and by
the a-pv glucose gmdient (Pogliassotti and Chestington, 1992). It has beem previously
demonstiroted (Pogliassolti ¢t af.. 1996) that the incrcose in net bepatte glucose uptake (NHGU)
induced by the ponal signal i1s a rcsuh of the stimulation of hepatic glucose uptake processes and
not o suppression of hepatic glucose production. The rise s hepelic glucose uptlake resulls in
increased intracellular concentrations of glucose 6-phosphatc and other hexose monopbosphates,
which in 1um stimulate glycogen synthase, leading to significaat glycogen dcposition. In fact,
~75% of Uic cxira glucose takenup by the liver in response to the postal signal is stored as glycagen,
whercus 1he remainder pnmasily Jeaves the liver as lactate, Other metabolic pathways (oxidation,
pentosc phosphote cycle, convession 1o lipids) appear to play minor roles in theintrahepatic fatc ol
giucose.

2.2.4 Contro) of Hepotic Glucosc Production

Insulin is known to reduce hepatic glucose psoduction (HGP) by acting both direcily and wdireetly
on thc liver (Chcrringlon es. al., 1998).Insulin acts directly by binding 1o bepatic insulin receptors
and thereby activating insulin signalling pathways in the liver, These cliects have been
demonstrated in various models. In isolated ral hepatocyies, insulin inhibits glucose production
through inhibition of gluconcogenesis (Claus and Pilkis, 1976) and glycogenolysis (Marks and
Botctho, 1986). In thedog, onacute sclective increase (Sindelar et al., 1996} or decremse (S indevias
et al,, 1998) in hepatic insulin level (such that artenal insulin level remained cons@ol) resulied in
very rapid suppression or stimulaton, respectively, of HGP. Funbamae. liverspecific tasulin

28

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




receptor knockout (LIRKO) mice, swhich Jock hepatic insulin secepiots from birth, demonatrate
severo hepatic insulin resistunce (Fisher and Kahn, 2003). These studies, und others, demoasimte
that insulin acts directly on the liver to regulate FIGI,
Insulin’s indirect cffects include reduction oglucagen secretion ot the pancreas (Ho cf- al., 1995),
inhibition of lipolysis in fat thereby reducing circulating lipids and glycerol avmlability for
Bluconeogcnesis (Sindclar c1, af., £1997), and decreascd protein eatabolism inmuscle which fusther
reducces gluconcogenic procursor avollability (Wolfo and Volpi, 2001). Studees 1n the mouse and
ratsuggest that hypotholamlc insulin signalling inny also play on imporiant role In insulin’s ability
10 Indirecily rcgulotc 1IGI (Obici ¢r. ai., 2002,), Insulin's indirect hepatic effects were well
etnonstrated in the dog, where an acute selective incrcose in articnal nsulin ievel (so 1hal the
hepat.c insulin level was kept constant) resulted in inhihitlono { HGP (Sindelar et. al,, 1996). This
was thought to be partlolly duc to insulin’s eflect on lipolyals, since when plasma FFA levels were
prevenied from falling, HGI onlydecreased by holfasmuch (Sindelas o2, al., 1997). In mice, HGP
was suppressed by insulin despite 95% reduction of hcpotic insulin reccptors by antisanse
oligonucleotide trestunent (Bucitner er. af., 2005). These siudies, and others, demonstrate that m
additlon to insulin's direct efTects on the liver, the hormone also regulales 1IGP (brough indhaexct
means
Despite evidence demonstrating both direci and indirect elfects of insulinon the liver, it has been
hypothesized that conwol of the liveris pnmanly indirect (Bergman, 2000), To addrexs the reianive
importance of insulin‘s direct veisus indirect effects, an cxpenment was designed w0 determine
which elfect dommates conxoi of basal HGP. Expeniments were camed oui using the ovc;:qﬁl-
fasted amsciousdog, in which, during a pancraaiic clamp, 1nsulin infusion was swikched Gom the
hepatie ponal vein to a peaipheral vein. This resulied in 2 doubliag of the artonal sl devel and,
al the same tme, o 50% decrease wn the insulin level within the beymic simamouda. It was
hypothesized thot if HGP (s primarily regulated by Ensulin's indirecs eifects. then enow)
hyperinsulinemia should cause a decrease in HIGP. despile a nekection of wnsulin’s diext effect at
the liver. On the other hand, if insulin’s direct hopstic elfects are dominat, incnased HGP should
ocaw. Despite mild hyperglyoanis and penpbaal bypennsulmemia, HGP mpafly exrvascd more
thhan 2-fold and remained elevated thsoughow (he J.how ecxyjowmsll poxd Becdy
demonstreting thatinsulin's direct clfect on (be liver was domnat sad wes the Pramany cowmolier
of basal HGP tn the nondiabetic dog
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In an effort i determine which mode of insulin action is most impoitant 1n the regulation of HGP,
Buettner e¢. al.. (2005) recently showed that 95% ablation o (bepat c wasulio receptors by testment
with wsulin receplor anusense oligodcoxynucleolide over 1 week did not ympair the abulity of
insulin totohibit glusose pioduction during a b} perinsulioemic clamp. The conclusion drawn (rom
this study was that hepatic insulin receptors are likely o play an important role in the long-term
regulation of HGP. mainly vig changes in gene manseniption, but rapid eontiol can still occur1n
the presence of a severe impaurment in liver insulin signalling, Thus, as pseviously demonstraied
(Sindelar ¢t. al.. 1996), in the mouse, HGP can be selecttvely inhibited by insulin’s indirect eflects,
but these findings do not directly address whether insulin’s direct or indirect etfecis dominate the
acute control o[ HGP. Gupin e al.. (2002) found that the prevailing glycemie level 1s a deierminant
of the balance between insulin's direct and indirect effects on HGP in individuals with type
Idiabetes. They suppested that when glycogenolysis is already maxumally supprcss::d by
hypeiglycemia, hepatic insulin may not firther suppress HGP, whereas, with correcnon of
hyperglyccmia, glycogenolysis s restored, ollowing for the duect elfect of insulin on
glycogenolysis (o become marufest. In other studies, cbese patients with type 2 diabeles were
found 10 liave defects in both 1he durect and the indirect eflects of insulin on tlte liver (Stacbr ¢t
al., 2002). When the estimated hcpatic sinusoidal insulin levels were increased by §1 uli/ml, in
those studices, the impairment in the direct c{feciof insulin wasovercome, but the defeciive indirect
lesponsce persisted as a result of impaired suppression of FFA and glucagon levels. Thus, while the
duccteflect of wsulin on HGP is dominani in the nonnal individual. 1n the diabetic state, insulin
resistance of cxtrahepalic tissues and the ptevailing glucose levcls become factots.

In studics in the rat. Obici ez &, (2002) sbowed thot ICV infusion of insulin resulted in increascd
hcpaticiosulin senstlivily (so that glucose producnon fell during 8 cumsulincmic pancieatic clamp
during [CV insulin infusion). In addition, when insulin receptor antisense oligonucleotide, insulin
antibodies, or PI3K inhibitors were infused into the third ventricle, glucose productioo was not
suppressed by a rise in ancnal insulin as much as in o control Soup (Obici ct. al., 2002]."l'hcsc
findings led the authors to conclude that hypothalamic insulin signalling is 1cquired for nonnal
inhibition of glucose production by insulin {(Obict ¢f. al., 2002).

The blood.brain banier is pemmeable to insulin (Woods er. al., 2003), and previous studies in the
dog have demonsuated Ihat infusion into the carotid aod vertebml aricnies resultcd in eveo

disinbution throughout the blood (lowiog thiough the head (Biggers et. af., 2003). 1n adduion, o
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ropid chiange in sympathctic out(low frorn the broin wanr previously demonsiriced in response o
head insulin infusion in the dog (Davis ¢1. «f., 1993). I'revious studles in the dog demonstiated that
cercbrospinal fluid ihsulin levels increase (afler a 30-minute ng) during a hypennsulinemic clomp
(Schwartz ¢t af., 1990). n that study, when the plnssna insulin level was cinmped at opproximately
90 1U/m], cerebrospinal Muid insulin was opproximately 2 jil)/ml after |80 minutes. Okamoto ¢.
rl., (2005) recently demonsimted liepatic insulin resistunce in insulin receptor knockout mice with
restored diver Insulin signalling, but reduccd signalling in the hypothalamus. This suggests thal
hypothalamic signalling plays an important role in insulin’s ability 1o regulate | IGP in the mouse,
Thus. background hypothalamic insulin signalling may determine the acute ability of the liver 1o
duccily respond 1o insulin, but not be involved 1n the minute-to-minute reguiation of HGP.

2.2.5 Aulorcpulation of hepatie glucose production

A mojor factor allccting blood glucose 18 the ability of the liver to make glucose available in
sinations of bypciglyccmin evenin the absence of direct or indireci insulin action. In response
hyperglycewa, net hepatic glucosc output can be decreased by as much as 60:9% by nonhormonal
mechanisms. Under conditions in which hepatic glycogen sioies are high (i.c. the overnighl-(asted
siolc), o decrease in the glycogenolylic mtc and an increase in the rale of glucase cycling within
the liver nppear (o be the explanauon (or the decrease in hepatic glucose ouput secn in reSponse
to hyperglycemia. During more prolonged fasting, when glycogen levels are 1educed, 8 decrense
1n gluconcogenesis may occur as o part of ihe nonhormonal response 10

hyperglycemin. A substantial role for hepauc autoregulation in the response w0 insulin-mndocod
hypoglycemio is most clearly evident in scvere hypoglycermn (<2.8 mmol/). The noubswusraal
response lo hypoglycemin is thought 1o 1involve cnhancament of both glucoacogenes:s and
glycogenolysis and may supply enough glucose 10 meet ot least half of tbe requramens of the
brain. The nonhormonal response can include omml signaling, &5 well s actoregulstion.
However, even in the absence of the ability 10 segee countaregulatry bhovizsnses
(glucocorticoids, catecholamines, and glucagon). dogs witb darxa vated livers (0 EemgR ocwal
pathways between the liver and brain) were able to raspond to bypoglyciznia wigh incresses in net
hepetic glucose cutprit. Thus, even ibough the codocrire system jwovides the prenary ropoase ©
changesin glycemia. autoregulstion plays an important adjunctive role (Moore et al. 1995),
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2.2.6 Counter-regulatory FHormoncs
The countetregulatory honnones are a group of honones that tend to act on blood glucose levels
in & reciprocal monner {0 insulin. Whilc insulin tends to lower the blood glucose concentration,
the countcrregulntory hormones which include glucagon, costisol, cpinephrine ond gtowth
hormone tend to clevate 11. The brin is dcpendent on a continuous supply of glucose lrom the
circulation (McColl, 1993), depending almost exclusively on glucose for 1ts encigy prodtiction
undcr physiological conditions. Glucose oxidation normslly accounts for almost oll of the oxygen
consunicd by the hrain (SokolofY et al., 1989), and the brain respitnlory quottent epproaches 1.0
(McCall, (993). The bruin cannot synthesize glucose ond it can store only a lew minutes’ supply
os glycogen (McCnll, 1993). Therefore, it depends on the circulntion for s minule to minute
supply of mctabolic fucl. Furthcrmore, the brain cannot quickly increase its extracuon ol glucose.
Normally, the ratc of caavicr-mediated (GLUT 1) fncilisuted glucose trensport across the blood biain
basrier down n concenimtion gradient exceeds the rate of bmm giucose mctabolism, therefore,
transport is not rote limiting. However, if the plasmn glucose concentration falls below o cnucal
level (orifbrain glucose inctabolism increases substantially) glucose tiansport from blood tobrain
bccomes rate-limiting to brain glucose mewbolism and, 1hus, bram function and survival (McCall,
1993). Hypoglycemia, sensed in the brain itsell (Biggers et. al.. 1989) and in penpbernl stuctures
such as thc liver (Donovan ¢r. al., 1991), imggers o scrics of central nervous system (CNS)
mediotcd changes (Schwartz et. al.. 1987; Mitrakou 199]; Ciyer, 1993). These include, but are not
limite! to, changces in hormone sccrcuon, symploms, cognitive dysfunction, coma and, Gltimately,
decath. Given the survival value of maintenance of the plasma glueose concentration, it is ha:dly
surprising that physiological mechanisms tiat vety effectively prevent or conrect bypoglycemin
(Cryer, 1993) have cvolved. The counlerregulatory horinones ore vital defence components that
prevent lifethreaicning hypoglycacrio which paradoxscally occurs asa side effect or complication
of insulin replocement therapy for insulin dependent diabeles mellitus (IDDM). Oexoments in
plasmo glucose within the physiological range decrease insulin sexcetion (Schwanz ec al. 1987;
Ciyer, 1993). Glucosc decremcnis just below' the physiological range increase the secretion of
glucose countcrrcgulatoly hormones (Schwariz er. al., 1987, Minakou, )991). Funher ghicme
decrements clicit symploms of hypoglycemia (Scbwaitz es. al., 1987; Mitrakou, 1991), while even
further dccrements cause cognitive dysfuncton (Mitrmkou. 1991). However, these glyvemic

threshelds are dynanuc rather than static
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Phsma levels of glucagon (Gench et atf, t1974), calecholomines (Vendsalou, 1960), growth
honnone (Roth et. ul., 1963), and cortisol (Grccnwood et af., 1966) increase in sesponse (o
hypoglyccmin in man. Although cach of these counterregulatory honnones has mctabolic actions
which may potentiolly reverse hypoglycemia, their individual contnhution (o the restoration of
nonnoglycemia is uncqual. For instance, Garberet. of,, (1976) using a sensitive isotope denvative
method, found that carly incicments in plasma catecholamine concentrotions duning insulin-
induced hypoglyccmio in human subjecls preceded the major compensatory changes in glucose
fluxes mising the possibility thet adrencrgic mechanisms may be unporiam in initialing glucose
counlcrregulation, l1fowever, apparcatly normal glucose counteiregulation has been obscrved 1n
calcchohuninc- delicicnl paticnis with spinal cord Icanscctions (Brodows ¢/ al., 1976; Palmer c.
al., 1976), cpincptuine-dclicient adeenalectomized potients (Ensinck et al.. 1976; Gerich et. al.,
§979), and normal subjecis during the infusion of a or (-adrencrgic blocking agents (Walter er
al.. 1974; Clarke ¢t al., 1979). 1 has therefore been suggesied that factors other than
cotecholomincs must be capable of rcstonng normoglycemin, 1t s commonly thought that
glucagon, growih hormone, and cortisol atso play some rolfe in acule glucose counterregulation.
The adminisuation of somatostatin, an nhibitor of glucagon and growith hormone secrection,
impairs but does noi prevent recovety of plasma giucosc from hypoglycemia m baboons and
normal man (Gerich et af., 1979; Christcnsen et. al., 1975). However, somatostalin infusioa did
prevenat tccovety of plasma glucose from  hypoglycemia m dexamcthasone-treaied
edrenalectiomszed potients (Gerich ¢t al., 1979). Although chronic growth hormone and cortisol
cxcess may cause resistance (o 1he actions of insulin (Lull es. af., 1967, Cahill et. al, 1971), the
imporance of acute changes m growt: hormone and cortisol secretion in counteracting the acute
hypoglycemic aclion of insulm can be questioned becousc normal plasma glucose recovery fom
insulin-induced hypoglycemia has heen obseeved under conditions in which acute relesse of these
hormones was not possible (Ensinck ¢r. af., 1976, Geach e, al., 1979; Feldman 1, al., 1975) N
has since been shown that it is glucagon 1thot plays the primary mole in counioTegulstion and that
adrencrgic mechanisins, through adrenomedullary cpinephrine, play a sccondary rolc by pastially
compensating for glucagon lack (Genich et al., 1979). This was demonstrated by Rizza et al.,
(1979) when thcy showed resioration of normoglyecmia afler tnsulin.induced hypogiycemis
primarily duc o o compensatory 1ncrease 1n glucose production where e was intact glucagon
secretion, but not growth hormone seceetion and that adsener gic mechanitms did oot sormally play
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an cssential role in restoring nornoglyccinio but only became critical to recovety’ from
hypoglycemia when glucogon sccrction was impnired. Therefore, glucose homeostasis is
mainisined by a hormonal network in wihich insulin and glucogon ofe the main agents: Synthesis
and sectcuonof insulin is stimulaied by increased glucose levels, particularly afier feeding. Insulin
release nllows the quick removal of glucose from circulatinn by stimulating the cnuy of glucose
mto periphernl ussues, mainly in muscle and adipose tissue cells. In parallel, insulin increases
cnergy slorage by inducing glycogen synthesis in liver und muscle, and falty acid synthesis in liver
ond adipose tissuo (Dcsvergne of. af,, 2006). Post-pmndisl surges onid inlcr-prondial declines of
insulin lcvels nghilycontrol glucoselevels such 1that both hypoglycemia and hypeiglycemia, which
orc intoleroblo for most lissues, ore prevented. Ono key to glucose contro] 1s the ability of
pancrcatic (cclls o react quickly o changes in blood glucose by alienng insulin secretion. A
primary cifect of insulin on adiposcand muscle cell functlion is its stimulation of glucose transpoit
aclivily (Levine and Goldslcin, 1955; Park cr. al., 1959; Crofford and Renold, 1965). Glucose is
transpotled across Lthe cell's plasma membrane by a faciliteicd diffusion process in both the bassl
ond insulin-stimulaied siates (Jcansensud, 1968). When insulin levels are low, heiween méals or
upon fasting, the hormone glucagon increases the hepatic production and release of glucose by
increasing glycogenolysis and stimulating gluconeagenesis. The pancrcas is the chicf oiganof
these dual regulations, as it senses glucosc icvels and produces wosulin aod glucagon occordingly
(Desvcrgne ct. al., 2006).

2 PHARMACOLOCY OF CAFFEINE

2.3.0 Iniroduction

CAFFEINE (1,3,7-stimethylxoenihine) is the most ubiquitous member of a gioup of plant alknloids
found in coffce, lea, chocolate, sol dnnks, coergy dnnks (EDs) ond many over.the-countey
medications. A liige perceutage of the human population consume caffeine chronically as o
regular part of iheir dict (Fredholm cf. al.. 1999). While 1he estimatied mean consumption of
caffeine in American adults is. 3.0 mg/kg/day with two-1hisds ofi1 coming from coflee. 1n children
0.5 10 1.8 mg/kg/doy of coffcine 1s consumed mainly n formm of solt drinks $5% and chocolate
products 3540% (Fredholm et. af,, 1999). More recenily eneigy dricks (EDs) such as Red Bull
(80 mg of caifeine per ean), have been gaining promioence as means of calfawne coasumpticn
(Finnegan, 2003). Oiher means by which caflcitieis consumed (sometimes unknowingly), inchsde

proprictary onalgesics, eold and *flu remcedies. diet pills and diuretics. For example, Anadin Extra,
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o well known brand of analgesic contains 90 my of colfeine per doso. In persans who are habial
colfee dnnkers (2-3 cups/day), cnough calfeinc is consumcd o posilively atlect human
psychomotor and cognitve perfonnance (Jomcs, 1997). However, high doses of eaffeine (>300
mg/kg/dey) ate known lo produce ncgaiive effects such os nervousness, anxicty, ond sleep
disturbance (Benowiiz, 1990).

Caffeine being simifor in struciure to seversl endogenous meiabnlites, crosses the blood-brain
bacrier and the placenia, ond 1s distnibuted in inteacellulor Nuid (Amoud, 1987). Thesc propenies
altow calleine to nflect many humon tissues, including the centinl ncrvous system, cardiovasculor
sysiem), nndd smooth as well as skelewsl muscle (Aenoud, 1987, Hordman et ai., 1996).

2.3.1 Chemilsiry

Calfcine, Theophylline ond Theobromine ore methylaied xonthines wiieh are dioxypunnes

structurally related 10 Unc ocid. Colleine is 1,3,7-inmethylxonthine; Theophylline, 1.3-

dimethylxanthine ond Thcobromine,3,7-dimethylxonthine. The sofubility of the methylxonythines

is low and 1s much cnhanecd by the formouon of complcxes with o wide vanety of compounds

(Goodmao ond Gilmon, 1996). A lasge number of denivatives of the methyl xanthines have been

prepared and exomined for theis ability 10 inhibit ey<lic nucleotide Phosphodiesterases (Beavo and

Rsnifsnyrer, 1990) ond 10 antagonize receplor-mediaied actions of Adenosine (Daly, 1982; Linden,

1991).The stuctural formula of caffeine i s shown below
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2.3.2 Absorption and Distribution

Calfcine absorption from the gostroiniestinal tract i1s rapid and reaches 99% withm 45
minutes of ingcsuon (Blonchard aod Sowers, |983; Amoud,1993) in humans. Although it 1s almost
completicly absotbed 1 the purc form in animols (Amoud, 1993) when taken as coffee the
abso:ption is incomplcte (Morgen ¢, al,, 1982). Caffeine is hydrophobic and is thcrefore able to
poss through oll biological membranes, Furtheimore, there is no blood-brain bamer to cafleine in
the adult orthe fetal niminl (Lachence ¢f. e, 1983; Tanaka ¢t. af, 1984) ond blood-to-plasma ratio
is close to umity (McColl ¢4. ai, 1982), indicoting limited plasma protein binding and frce passage
into blood cells, Similarly, there s no placentol bansicr (o calteine (1keda ¢4 al, 1982, Kimmel et
al, 1984), lhus high levels ofeaffeinc have been observed in premature infants bom io women who
ore heovy callcine consumers (Khanna end Somain, 1984). '

For calfecine doses lower than 10mg/kg, half life ranges from 0.7 to 1.2 hours in rals and
mice, 3 ta 5 hours in Monkeys (Bonali £ al., 1984;1985) and 2.5 10 4.5 hours in humans{Amaud,
1987). While there is no dijference in callcine half-lifc in young and elderly humans (Blanchaid
nod Sawecrs, 1983), 1he haif-lifc is increased dunng the Neonntal period due to lower acliviues of
some demethylation and oacetylntion pathways (Aranda ¢, of., 1974; Camier L al., 1988) and of
cytochrome P-450 (Aranda et. af.,1979). For 1hese reasons, half-{ife of cafleine is about 100 bours
in premalurc infants (Parsons and Ncims, 1981) and 23-80 hours in the fitll-term oewbom iofants
(Arando ¢r. al., 1977; Le Gueance and Biilon, 1987). As the pathways mamre, the half life of
caffeine dccreases with postnota) age (Poire ¢t al.. 1988 ond Pearlman ¢f. al., 1989). Other factors
such as smoking (Murphy e/ al., 1988), use of orsl controccptives (Patwaidhan e al.. 1980) and
piegoancy particularly in the Jast trimestcr (Aldndge ¢t. al., 1981; Brazier es. af., 1983) 1educe,
increase and further increase the hall life of colfetne tespectively in the body.

2.3.3 Metabollsm and Excrction

Studies indicotc 1hat cafleine is metabolized by the liver 1o form dimethyl- and
monomeihyl-xanthine, dimethyl and monomethy! uric acids, timethyl- and dimetbyl allantono,
ond uracil derivatives (Amaud, 1987; 1993). The dimetihylatioo, C-8 oxidation and Usecil
formalion occur mostly in liver microsomes and the metabolic dillerence between 1odents and
husmans is that. in the rat, 40% of the caffeine mctabolites are inmethyl denvatives as compancd
with less than 6% in humans (Ammaud, 198S; 1993; Fredholm et atf.. 1999). It was also shown that
some mciabolites of cafleine have marked phamacological activity. Tbacfore, 13-
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dimethyixanthine (theophyllinc) ond 1,7-«dimethylxonthinc (poraxanthine) must be tnch into
account when considering he biological actions of calfeine-contnining beversges (Fubr et of.,
1996, Fredholm ct. al, 1999). In rodents, poraxanthinc is the major mctabolites in plasma (Miners
and Bitkett, 1996).

K has been observed that afier long-term callcine ingestion, the levels ol theophylline 1n
the broin of mice might be lagher than those of calfeine during a substantial part of the day ond
usually higher thon the levels of pamxonthine. It has been suggesicd that callewc in the brain is
mclabolized partly vio specilic, local enzymntic pathways and that coffeine administrotion leads
0 high central nervous system (CNS) concentrations of Theophylline (Fredholm e/ 2/.,1999). It
was also reported that dimethylotion ofcaffeincto paraxonthine in ratsappears 1 be predominantly
entolysed by cytochrome P-450, whereas dimethylation to theophylline and theobromine may also
1ake ploce via Flavin-contoining monoxygenase (Chung and Cha. 1997). The local ecntral nervous
sysiem conccenlrations of Theophylline or Paraxaniiunc have been observed to be higher after the
ingestion of Caffcine (Benowitz ¢f. al.. 1995), Fredholm ct. af., (1999) reported that Theophylline
is theeo to live umes more potent than Caffeine os an inhibitor of boith Adenosine Al apd A2
receptors ond Paraxantlune is also at [cast ps potent as Caffeine (Fredholm ef, al., 1999; Beoowitz
ot al., 1995). This then implies that the CNS cliects of caffeinc through adeposine reecptor
ontagonism 18 dependent on S metabolism tn the liver Rurther implying that the observed
dilferences in the clfect o [caffeine on vanous individuals may be due to dilfereuces in the abiluy
of their livers 10 mctabolize caileinc.

2.4 ACTIONS OF CAFFEINE ON DIFFERENT BODY SYSTEMS

2.4.1 Effects of Caffclne on the Cenitral Nervous System

The elfect of caffeine on cognitive and psychomotor funclion is the most extensively evaluated
action largely beeause coflcine is constmed in many beverages and formulations for its psycho-
stimulant eflicets. The documented effects of catfetne on the'eentral nervous sysiem showed a greal
deal of variation depending on dosc of caffeine administered, the (orm ( pure or in form o [ collee
orother beverages) in which it is adminisicred and whether the expctuncntal subjects were caffcine
naive or hobitusicd.

In single-dose experimental studics, doses as low as 1.8mg of calfcine had a significant ¢ Hect
compared to 1hat of placebo (Mumford ¢ af., 1994). Consumpuon of cafleine as low as -0.2
mg/kg in the pure (orm improved mood anil cognitive performance (Smit and Rogery. 2000). and
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0.4-0.6 mg/kg as cithcr pure coflcine or in colfee, lea, or energy drinks (EDs), increased oletiness
ond iproved mood and psychomolor performance (Quinlan ct. al., 2000; Smith, 2009). tlowever,
consuinption of os little as 0.7-1.4 mg/kg coffeine was associaled with tncreased nnxicly, reduced
psychomotor performance, and/or decrcosed hand steadiness in some subjects compared (o
placebo (Rogers cr. al., 2003). Adverse renclions such as anxicty (Smith ¢t al., 2006) visual
disturbanees (Coren, 2002), increased hand nemor (Huma-yun es. al., 1997), ond impnircd 'motor
leaming (Mednick et al., 2008) were often reported (0 result from intokes of 2-3 mg/kg caflcine.
Howevcr, many other studies did not display the adverse psychomolor effects from similar intakes
(Smit ond Rogers, 2000; 1loward and Marczinski, 2010;). This wade vanation i tesulls hos been
nltnbuted 10 polymoiphisins in the genes coding for the adcnosineand dopamine receplors, which
mcdiaie the effects of caffeine (Childs er. al.. 2008), as well as the CYPIA2 and NAT2 genes,
which code for two enzyines important for ¢afl eine metabolisin.

Higher doses corresponding 10 ~4-7 mg'kg caused jilteriness, imiabtlity, nauses, poor motor
stcadincss, paipilations, and panic attacks in indsviduals wirth psychological disorders, in addition
10 heightened onxicty (Rogers et. al., 2008, Masdmkis et. /., 2009;).

Frank life threatening toxicity have been observed with single day intakes of ~7-17 mg/kg cafleine
as coffee, cola, or ED with efliects including scizures, metabolic acidosis, tachycardeta, and
rhabdomyolysis (Trabulo et «i., 2011; Mortcimens ¢. al., 2008). In an individual who ingested
caflcine tablets ~143 mg/kg convulsions, cordiac arvest, and ultimotely death resulted despile
medical treaiment (Shum et. af., 1997), whereas onother who ingested o similar amount had
nausca, vomiling and cotdiovascular collopse, but survived with medical beatment (Kepur and
Smith, 2009). However, considcrably lower doses --2.4-14 mg/kg/day calfeine for onc or meore
doys, have been found ko be toxic to subjects who bad psychological disotdets, thewr conditon
dcterioratcd after ceffcine intake of with effects such as manic episodes, insomnia, aggression,
delusions, poranoia, and scizures (Kaufmaon and Sachedo, 2003; Chelben et al.. 2008) Individuals
who were no! coffeine-habitusied tended 10 have more adverse subjective eflects than cegular
colfee consumers at given caffeine challcnge dose. Objectivc measuses (cognitive performarce,
BP) were similar in tite two groups in some studies, but othcrs found that babitusted subjects
perforined beiter on cognilive assays, especially at the beginning of the (esl. Some investgators
speculate that the benclicial elfects of callcine were metely a reverml of calleioe withdrowal
cfTects such as headache, diowsiness, dysphoric mood, deocasd alaber, fatiguc, and Ntu-like
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fecling (Jomes, 1995; James and Gregg, 2004). This theoty, however, was shown 10 be invalid, as
coffctnc induced similar, cognitive and psychomotor (ond other) changes in habitunted and non-
habituated subjects (Smith ef. af., 2006).

The consumplion of caffeino contoining beverages in order to enhance alertness and ward offslcep
has been justified by vonious studies which showed that coffcine treatment resulted in increascd
arousal, from intokes as low as ~0.6 mg/kg, with the response dose dependent up o ~8 mg/kg, for
both habitual and non-habitual caffeinc users (Rno ct. ai., 2005: Seidl et al., 2000). EtTect of
cafleinc intakc on sleep occurred with doses mnging from ~1.4-17 mg/kg/day with cffects ranging
from dclayed slecp onsct, slecp distuption. shorter slecp duration, enhanced night time body
tcmpceraturc, melotonin suppression, and ahered FEG octivity being documented Bonnet.ct. al.
(2005) considered usc of catlcine as a sumulant to be warronted, under medical supervision, when
public healih and safety personnel are responding to o disasler or when militasy personnel must

engage in prolonged opcrations.

2.4.2 Effects of Caffeinc on the Cardiovoscalar System

Theteis o dichotomous heart rote (HR) response to caffeine, with caffeinc doses as low as 1 mg/kg
in children and 1.4 mg/kg ih odulis causing slowing of the heart rate (Temple er. al., 2010) while
higher doses greater than 1.8 mg/kg caused increased HR. This response has been attnibuted to a
vagolly mediated bradycasdin by barorclcx activation, and also a direct cardio-acceleratory efTect
on the heast. Numcrous studies show Ibat there is 10lcrance (o the cardiovascular effects of chronic
caffeine consumption (Robertson ef. al,, 1981) which have been otinbuted o upregulation of
adcnosine receptors (Binggioni er. al.. 1991). Tlus hypothesis sccm to be supported by o study by
Kennedy and Haskell, (201 1)in which calfcme was found to decreasc cerebral blood Oow greatly
in non-habitual consumers while having no signilicant effect on blood flow ia habitual consvmers

Their findings thus suggested that caffeine's effects arc subject (o tolerance.

A lmsge number of cpidemologic studies have been done focusing on the rclationship between
dictary coflce and calleine intakc and cardiovascular function (Echevern ct. al., 2010). Caflaac
consumplion increases blood pressure and contribute to cardiovasculor mortality or mocbidity
(James, 2004) How-ever, there atemany inconsistencaes in the results from the studies, coatnbutiog
to the controversial problem of ciudiovascular toxicity of caileine {MostoBsky et al. 2014: Di

Rocco ¢ al, 201 1). Case conirol studies have demonstraicd a significant relatonship between
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coffec consumption and cardiovasculor discase with an increased nisk usunlly observed for an
intake of live or niore cups of cotfee duting the day (moic than 5500 mg caflcine/day). Severl
studies dcrnonsiruted a discct effect of calfeine on the cardiovasculor system, translating into an
increasc in the incidence of catdiac arrhythmisas, increased hcart mfe, scrum cholesterol and
homocystcine, as well as inggered hypertension (Baylin et. al., 2006; Nawrot ct. al., 2006). The
cl¥ects of cafleinc on blood pressure differ tn habitual or nonhabitual caffeine dnnkers, ond this
has been intensively investigated using different types of colfee (boiled, filiered, espresso, and
decafluinated), CafTeinc intake was founl to be positively assoctnted with cosonary ertery disease
(von Dam. 2008). Higher consumption of cafleine has a}so been associated with hypertension 10
women. (Bonita ¢t af., 2007). However, the ctfect on blood pressure is sttonger among people
who do not consume coffee on a rcgular basis and the pressor effect of cofleine was smaller if
ingested through collee (Nurminen cf. af., 1999). Studies focusing on Lhe consumption of
decaffcinated cofTee, 13, and non-paper-liltered colfee found no significant associations between
coffec consumplion and coronary heart discase (van Dam, 2008) In studies ivolving the
consumplion of decaffeinated and regular coffec intakes, the resulls were similar between
individuals who wcre not usual cofl'ee consumers and individuals that were decafTeinated-coflee
consumers, thus, indicating that the blood pressure-mising elfects are due to calfeine rather than
other components of coffee (Bomia ¢r. /., 2007). Cafleinc is thought to exent this effect by
adenosine recepior anlagonistn rcsulting o vesoconstriction and causing increased sorrenon of
stress hormones in plesma, such as cpinephrine, norepinephnne, and cortisol. The sympalhetic
nervous sysiem is also nctvated by caffeincintake and can have an impottant role in the regulaton
of the cardiovascular sysicm.

Caffeinc oveidose bas been linked 10 coronary vasospasm, as well as (0 a vancty of
supraventncular and veniricular asthytbmias (Pelchovilz and Goldberger, 2011). Caffeinc toxicity
in cases ol aticmpied suicide produces inchyoithyiunias, including supraventnculsr tachycardia,
atrial librillation, ventricular tachyeardia, and ventricular fibrillation. Risk of acute myocardma)
infarciton 1n middlc-aged men frce from symplomatic coronary beart discase is increased by beavy
consumption of calfcine<ontaining eolfcc (daily amounis cxcoediog 800 mi). Elevatled

concentrations of caffeine may have adverse local effects in the ischemic myveasdium, by blocking

adcnosine receplors (Happonen et al,, 2004)
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2,4.3 Eflects of Calfcine on the Reproductive systcm In lfumans

Although conflicting evidence was found rcgarding the toxicity of cafleine 10 human gonads and
reproduction, the weight of evidence indiceics tint there is a positive associstion with chronic
caffeine intake. Epidcmiological studies showed delayed conceplion ordecreased fecundability in
non-sinoking men and women, and in smoking women whose only source of caffeine was coffee,
with on intakc of 2300 mg/dny (Jensen cv. af., 1998), in women with en intake of >500 ";S/d“)'
(Bolumar ¢t. atl.. 1997), and in non-smoking wonicn who consumcd 2301 nig/day. Florack e af.,
(£994) found that fecundability was decreascd in women with on intake of 5 cups of tea/day (-4
mg/kg/day) and in men wilh an inlake of >700 rng caffeinc/day ( [ 0 mg/kg/day), but was incezased
in womnen with an intako of «/60.700 mg caflcine per day. Curis ¢t. al. (1997) obscrved decrzased
fecundability among women who were coflee drinkers and among men who were heavy lca
drinkers, but found no association wilh total cafleincintoke. Anintake of > 1 cup colfee/day had
no cllect by itself, but cnhanecd the negative effect of alcohol on fecundnbility (Hokim et. af.,
1998).

Other coffcine associsted adverse cffects tn women 1ncluded an increased incidence of
endomctriosis with an inteke of 2300 mg/dey (Berube ct. al.. 1998), uterine lciomyomata in

women <35 ycars old with an intake of 2500 mg/day, decrcased menses and cycle length with an

intake of >300 mg/doy (Fenstcr et af., 1999), incrcascd premcensirual anxietly nnd mood changes

with an intoke of 24 1-320 mg/doy (4-5 mg/kg/day) (Gold er. al., 2007), and dysiocia from o daily

coffcine intake of 200-299 mg (3-5 mg/kg) (Kjacrgamd et. af., 2010). Several studies noted

caffcine altesicd hormone levels in women including estradiol, progesterone, and/or sex hormoane-

binding globulins from an intake of §-3 mg/kg/day (Kotsopoulos et al.. 2009; Lucero ef. al-, 2001 ;

Fermini ond Barreit-Connor, 1996)

Conversely, some studies found no relationship of caffeine iniake with various reproduchve

paramecters. Caficine intokc did not allect ovulotory disorder infertility (Chavarro cr. af., 2009).

Kinney ¢ al. (2006; 2007) found no cffect on age at menopausc from an intake ol >400 mg/day.

and no clfect on ovarian agc during the reproductive years in women wilh an inlakc of >160

mg/day

Scveral stydies noted ndversc reproductive/gonadal calfeine-related cifects tn malex. An insTease

was secn in spam ancuploidy for the X and Y chromosomes fiom an intake of 21 cup/day coflee

(Robbins ct. a/., 1997), spenn DNA double-strand breaks were increased with an inteke of >308
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mg/d callcine (Schmid et. al., 2007), and there was a weak association of “high" cafleine intake
and spcrin motPhology altcrations (Vine cr. af., 1997). Jensen ¢1. af. (2000) observed that o high
intokc of cola (>14 bottles of 0.5-liter per week; ~1.4 mg/kg/day) ond/or cofleine (>800 mg/day;
11 mg/kg/day) was essociatcd with reduced spesm count. However, Kobeissi nnd Inhom, (2007)
concluded that caffeinc intake was not oa important sisk factor for male infestility.

Ruder ¢t al., (2009) concluded thal exposures associntcd with oxidalive siress and with evidence
to influence the timing and maintenance ol a viable pregnancy include alcohol, tobacco, and
caffeinc intake. Andesson ¢t. al., (2010) asser.cd thnt a pcrson’s time (o pregnancy and their chance
of having a henlihy, live birth inay be alfccled by fnctors including colfeine consumpuon. in a

comprchensive teview of caflcine effects, Nawruolt ¢f. af., (2003) concluded that for healthy edulls.

caflewne intake up 1o 400 mg/d (6 mg/kg in 0 65- kg pcrion) i's nat associated with clfects on male

ferulity, but recommended lower consumption for two 'at risk' subgroups: reproductive-aged

women should consume <300 mg cafTeinc/doy (4.6 mg/kg body weight for 0 65-kg person) and

children should consume 2.5 mg/kg body weight. Similarly, Sedeau er. al., (2010) recommended

e ]
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that couples uying to conccive should limit their consumption to no more than 3 cups of .
colfce/doy, despite the conflicung dotn of the eliecis of calfeine on reproduction in humans.
Conversely, Peck et al.,, (2010) felt that the weight of evidence docs not support a posive

relotionship between caffeine consumption and edverse 1epioduciive or perinatal outcomes, due

to the ingbility o rule out plausiblealtcmatve explanations for the obses ved associatioas, namely =

confounding by pregnancy symptoins end smokiag, and by expasure measusement error.

2.4.4 Eftects of Callcine an glucosc metabolism
The clfect of calfeinc on blood glucose remains a controversual topic of discussion amoungst
researchers with widely dilfening results observed on caflcine odmuunstration. Moreover,

administration of coflcine in the pure form produces pbysiological effects which are ot vanance

with those that occur on edmintstiatioo of substances such as coffee in which caffeine is a major
constituent (Tuniclitfc and Sbearer, 2008), The lasge numbess of studics investigaung the cilects |

ofcafleine have used diflering methodologies in human and animal subjects with diflenng routes
ond dosages of odministration and duration of the cxperiments (Salabdeen and Alada 2009;

Tofovie et at., 2001; Grahom ¢t al.. 2001: Thoag et. al, 2002) .

A large number of studies have reproricd that scute eaffeme ingestion induces a degeass in | psulin”

mediated glucose uptake (Gmham et, al, 2001; Greer et of,, 2001; Kcyzars ¢t af.. 2002; Lee et.
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al., 2005). [t remains unknown whether this cffect is meduted either entirely or in part py the
small, albcit significant, increasc in adresalinc concentiation (0.6nM) following caffeine ingestion
(Giaham et. al., 2001). Thong and Groham, (2002) showed that when calYeine was administered
simuftincously with proprenolol, the effect of caflcine was abolished suggesting that caffeine
cxetts 1ts eflect indirectly via odrennline. A large body of evidence show thnt adrennline, by
activating thc [}-Adrenergic reccplor, counteracts insulin stimulntion of whole body glucose
meiabolism (Baron ct. o/, 1987; Lankso ¢/, al.,1992; Avogaro ¢t. ul..1996; Aslescn Jensen, 1998).
Apait fom this, the possibilily also cxists thot calfeine may influcnce another promncnt efiect o f
Insulin, the inlibition of endogenous glucose production (EGP). Cafleine-induced increase in
sympathetic ncuvity may stimulatc EGP (Clutier ¢+ af.. 1980; Galster er. af., 1981; Saeca ¢t. af.,
1983). Thus, if the Caffeine exerts o gcnerl suppressive elfect on insulin action (Batwsam ¢r. al.,
2005), one would expect that EGP would be less inlubiied by insulin i.e an incrcase in EGP would
be observed. Caflcine has been shown lo stimulate adrenaline release in vivo (Grakam and Spriet,
1995, Greer ct. al., 1998, Thong, 2002) by incrcasing ndrenal medullary secrelion in response o
direct stimulation (De Scbacpdtyver, /939) or indirecily by increasing eentral stimulation, causing
increasing sympathetic outflow (Graham e¢t. 0/,,2000).

Recently, Batiram et. al., (2007) examined Ihe effects of caflcine and adrenaline (ADR) in
concert to determine if their efTects would be additive with respecl lo their imparment on whole
body Insulin-mcdiated glucose disposal and therefore to elucidate the 10le of adrenatine in
cafYcinc's actions. They found theithe mechanisms by which CAF and ADR impair insulin actions
while not being idenucal are likely 10 be closely related and share some common pathways. If they
were acting via independent mechanisms a fully additive cifect on whole body glugose disposal
would have been observed. They bave demonstruicd that both caffeme ond edremiline
independently elicit similar relative reductions in whole body glucose disposs| m sccoidance with
previous findmgs (Greer et al., 2001; Keijzers et al.. 2002, Lee ¢t al, 200S; Bartram et al.
2005). While caflcine ingestion resvlted in a plasmn adrenaline concentration of 0.62nm, this
concentralioo was 50% that achieved by adrenaline tnal (1.2nm). Due (0 the fact that adrenalioe
impairs whole body glucose disposal in a dose-dependent manner (Deibert and Defrenzm, 1980,
Baron ¢t al., 1987; Loureat ¢r. al,, 1998), if edrenaline was solely responsible for calleine’s elfcet,
one would expect a lesser response with CAF compared to ADR rather than a similar response,
These findings suggest that the action of cafleine on tnsulin scasitivity are oot solcly goveroed by
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indircc! actions of adrenaline and thot odditional mechanisms arc likcly 1o be involved, o finding

confitmed by carslicr work of Battram ez of ., (2005).

Studics conductcd on both rodents and humons hove demonstruted an abolition of
caflcine’s cffcct on glucose mcwbolism when cither the collcino induccd release of adrenaline 1s
prevented (vin adicratectomy or duc to tcuaplcgio) or the actions of adrenaline on Peripheral
tissucs 1s antagonized by adrencrgic reccplor cntagonists (Struhelt, 1969; Sacco et al.,:197S:
Thong and Graham, 2002; Banram ¢t. 1., 2007). This suggesis shat caffeinc must clicit some
adrenaline-indcpendent cllccts on whole body glucosc disposal.

With Lhe present dose of callcine, adcnosinc receptor aningonism is suggested 1o be the
prcdominant incchamisin by which caffeme clicils sts cflcets (Fredholm, 1995). Coffeine, in
oddition to bcing an importont constitucni of the dict, 1s widely used cithernione orin combination
with othcr drugs ns a Liicrapcutic agent.

Wihile scveml published studies have repotted a hyperglycaemic eficct of calleine (Checraskin &
Ringsdorf, 1968; \Vachman et. a/., 1970) ond impainncni of glucose tolcrance in man, othess hove
revealed oither no dillerence between calleic.treated subjects and controls or actual improvement
in glucose tolecrance (Feinberg ct. al., 1968; Daubresse c. al., 1973). Epidemiologic studics have
shown that cofliecconsumplion can reduce theisk of type 2 diabetes (van Dam and Feskens, 2002;
Tuomilchio ct. al.. 2004). The resulis of most studics of the acute cllccts of caffeine ingestion on
glucosemetabolism ond insulin sensitivity, as measurcd by using an o1el-glucose-tolerance test or
hyperinsulinacmic euglycemic or hypoglyccmic clamp shontly sher caffeine 1atake, are ot odds

with lhe cpidemiologic study findings that long-term coflce consumplion can increase tasulia

scnsitivity and decrease dinbeies risk. Lanc et al., (2004) cavtioned that the consamption of
callcinoted beverages by persons with diobetes could increasc tbe nsk of diabetes complications.

This finding is consistent with findings in most studies 10 humous thot glucose metabolism ¢s

impaired shortjy ofter the ingestion of colfeine (Kcijzers and Galan, 2002; Lape ez «f., 2009;

Pizziol e1, al., 1998). ground cellcinated cofTcc (Battram et. 81.. 2006), or instant caffcinated coffee

(Johnston ¢t. al.. 2003; Wotchmann er. al.. 1970; Jankclson ¢t. ol 1967). A minonty of ibcse

studies have found no imtpairment in glucose metebolism aficr ingestion of caffeioe (Daubsesse ez

al., 1973; Oraham ct. al., 2000) or instant caffeinsicd coffee (Astrup o al, 1990, Kovacs et al,
2004)
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Two humen studies that distinguished between catleinated ond decafTeinoled coffee
suggest o possible resolution of the dillerence between caflcinc’s negative shont-lerm cffects on
glucose metabolism ond coflec’slong-tenn ability o decrease diabetces nisk. Natsmith ¢f. al. (1970)
found that consumption of decalfeinoted coffee for §4 days decreascd blood glucose in healthy
volunteers accuslomed to consuming 560 mg calfcine/day. They used a ciossover design without
rondomiZation, and the 20 volunleers served os their own controls. Banram er. al. (2006), using o
similardesign with randomization nnd 10 volunteers, found that the ingestion o [ caffeine increascd
plosmo glucose and snsulin more then did that of ground caffeinalcd colfee and also thet the
ingestion of ground cofTeinated colfec increased plosma glusose more than did that of ground
decafleinated coffee, which actually decreased plasma glucosc. Ther findings suggest thal there
asre non-cofleine compounds in coflee thal counicract cafleine's acute impairment of glucose
metabolism and hence contnbutc to the ability of long-lerm consumption of ggound coflce to
cnhance glucose folerance ond insulin sensitivity, The findings of Boatwarn el al., (2006) olso
suggested thot ground decafleinaled collee has sitonger poicntial than does ground cafleinaled
coffec 1o enhonce insulin scasitivity and reduce disbeles risk over the long term. It s possible
that lojerance develops 1o caffeine’s impairment of glucose metabolism, although no cvidence of
this exists as yelin humans (Keijzers and Galan, 2002). In o 1andomized cantrolled tnal, van Dam
et. al., (2004) lound thot such tolerance did not develop in o period of 4 weeks. Chot er. af., (2002)
found that rats fed coffeinalcd cola for 28 wk had wasulin scasitivity significantly higher thon that
of controls, which suggested that such tolcrance does develop in rats. Peuic et af,, (2004) and
Robinson et af, (2004) found evidence that, when tolerance does develop in humans, it is revcrsed
by <48 h of abslinence.

Evidences sugges! that cofleine induces o decrease in insulin seasitivity pnmanly by
diminishing the giucose uptake in skeletal muscle. Coffeine 10gestion has been shows to icraase
glucase uptake in the liver m dogs (Pencek ¢t «i,, 2004), and to iocrease it in dog skeletal muscle
(Solahdeen and Alado, 2009) and docrease it in human skeletal muscle (Thong er. a/, 2002).

Because caffeine is known to antagooize adenosine receptors, ond adenosine is known (0 [acilizate

the acton of insulin on the glucase uplake by adipocytes, it 1s passible that adenosine-roccptor
blockade 13 o key mechanism by which callcine uitske docreasss insulin sensstivity (\Wynne et af ,

2004)
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Two human studies that distinguished between caflcinated ond decaiTenated coffee

suggest a possible resolution of the diflerence between colfeine’s negative short-term eflects on
glucose mctabolism and coflee’slong-lenn ability to decreasc diabetes risk, Noismith et. at (1970)
found that consumption of decalfeinated coffee for 14 days decreased blood glucose in healihy
voluniecrs accustomed (o consuming 560 mg coifeine/doy. They used a crossover design without
mndomization, nnd the 20 volunteers served as their own controls. Baitmm et 2f (2006), using o
similnrdesign with mridomizotion nnd 10 voluntcers, found that the ingestion of caffctnc increased
plasmn glucose ond snsulin more than did that of ground celfeinated colfee ond alsa that the
ingestion of ground ceffcinaled colfce incrensed plasma glucose more than did that of ground
decaflewrated coflfee, which octually deeressed plasmo glucose. The:r findings suggest that there
are non-caflcine compounds in coffee thot countcract calfeine's ocule impairment of glucose
melabolism and hence contribute to the ability of long-icnn consumption of giound coffee to
cnhance glucose tolcrance ond insulin seasitivity, The findings of Bauram et. al., (2006) also
suggesied that ground decafllcinated colfee has sttonger potcntial than does ground caffeinoted
colfce to cnhancc insulin sensitivily and reduce diabetes risk over the long term. 1t s possible
thot toterance develops (o colfcine’s impairment of glucose metabolism, although no evidence of
this exists as yetin humons (Keijzers and Galan, 2002). In o 1ondomized controlled irol, van Dom
ct. al., (2004) found that such tolerance did not develop in a period of 4 weeks. Choi et al., (2002)
found that rats (ed colfeinated coln for 28 wk had twasuiin sensitivity sigguficontly higher than thal
of controls, which suggested that such iolccance does develop in ruis. Peuie er. af., (2004) and
Robinson ¢, al. (2004) found evidcncethal, when tolerance does develop in humans, it is reversed
by <48 ho(abstinence.

Evidences sugpest that caffeine induces a decrease in twnsulin sensitivily primardy by
diminishing 1he glucose upiake in skeletal muscle, Coffeinc ingesuon has been shown (o waoease
glucose uprake in the liver indogs (Pencek ct. al., 2004), ond (0 10crease it in dog skeletal muscle
(Solahdeen ond Alnda, 2009) ond decrease it in human skeletal muscle (Thong et a/, 2002).
Because cafleineis known o antagonize adenosine receptors, orkl adenosioe i known lo facilitate
the ocuon of msulin on the glucose upiske by ndipocytes, it 1s possible that 0denosine.nerpioy
blockode 15 2 key mechanism by which colfcine intake decreases insulin gensitw'ity (Wynne et af

2004)
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Lvidences also suggest that caffeine acutely inhibits insulin seasitivity and glucose
tolcrance pnmatily by increasmg cpinephrine in humens. First, there arc reports that cafleine
increases circulating concentrations of cpinephrine (Benowitz ct. al., 1995; Giaham ¢2. af., 2000;
Kcijzers ond Galan, 2002; Thong and Grahom, 2002) and simultoneousiy dccreases insulin
scnsilivily (Benowitz et al., 1995; Kijzers and Galan, 2002) in human subjects. Secondly, some
studies in humans showed tha! adrenalin activates the (-adrenergic receptor and decreases insulin
stimulation of whole-body glucose metabolism (Avognro e1. al, 1996; l.aaskso er. ul., 1992),
Thirdly, rcpoits cxist thnt calfeme ingestion in humans with impairex) cpincphsine response has no
eflect on glucoscor insulin concentrations (van Soren ¢/, af., 1996). Fourth, Keijzers end De Galan,
(2002) found thnt ingestion of cafleinc by human subjects increased cpincphrine and decreased
insulin sensiuivily, whereas ingestion of dipytidamole, an adenosine rcuptake mhibitor, did not
induce either of thesc changes. FiNh, Thong and Graham, (2002) found that insulin sensitivity in
human subjecis was reduced and plasma concentrations of insulin were increased wben caflcine
was administcred alone but not when caffeine was administercd togcther with propranolol, a
nonsclective -adrencegic reccpior blocker.

Vergauwen ¢t al, (1997) found that adcnosine seceptor antagonism by caffeine sumulated
rather thaninhibited net glycogenolysis in a contracting isolated rat hmdlimb pet fusion. This srudy
demonsirated that adenosinc inhibits glycogenolysss in contracting oxidative muscle {ibers and
may be a potential modulator of cartbohydrste metabolism. Funhermore, Raguso et al., (1996)
uscd stablc isolopes and inditect calontmctry to detetmine the effect of theophylline on subsirate
melabolism duting 30 min of modcrate submaximal cxercise.

Three possible mecbanisms through which the methylxanthines may excit their metabolic effects
include increased intmce llular Ca?* release (Bianc hi, 1961), inhibition of cAMP pbosphodiesacra<r
(Butcherand Suther!land, 1962), and antagonism of adenosine receptors (Sattin and Rafl, 1970). 11
is now eswblished that adeaosinc reccptor enlagonism is the most relevatt mechanisn in vivo
(Fredholm, 1985) because pbannacological doses of methyixanthines (mMM) ratber than
physiological dosecs (mM) are needed 10 elicit a Ca?" or phosphodiesterase tahibition effect
(Smellic e1, al., 1979). However tecent (indings tend to coptradic these assevtions, slibqugh a
functional role for adenosine has been shown tn isolated adipocytes (Joos! et gl 986, Kurods et

al., 1987), canliac muscle (Law er. al, 1988)), and rodent skelclal muscle (Vergauven o1 al.,
1994, Han e1 al, 1998), its rolc in insulin regulation of glucose Lranspott in bumans is unclewy
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since whole body insulin sensitivity (Kesjzers er. ai., 2002) and glucose uptake in the forcamm
(Nauli et 0l., 1994) werc unaffected by infusion of dipyridamolc (an adcnosine reuptake inbibrtor)
and adenosine, respectively. Morcover, the presence in human skeletal muscle of the adenosine At
receptor, which is proposed o med:nte ndeoosine interaction with insulin, is uncertain (Lysdge er.
al., 2000). Thong and Graham, (2002) Iherefore hypothesized that reduction in 1nsulin action in
vivo afler calTeine ingestion was mediated by clevated epinephrine levels, and not by adenosine
receptor antdgonism. They administered caffeine in the presence and absence of o B-adrencrgic
receplor blocker, propragolol aid observed that despite similar levels of cpinephrine and caffeine,
snsulin nod C-pcptide concentrations were comparable to those obsenv'cd w1 placebo tn response 10
on oral glucose load, suggcesting that the greatcr insulin response to cafletne was indecd secondary
to clevated epinephnnc levels. A large body of evidence indicates that elevaied cpinephiine levels
acting via f-ndrencrgic receptors selectively induce whole body insulin resistance by transicnily
increasing hepatic glucose production and impoiring glucosc clcarance by skeletz! muscle (Deibert
and DcFronzo, 1980; Jamed er. af., 1986; Bason et. al., 1987, Lankso et al., 1992; Avogaro ct. al.,
1996). [t hns also been found that epinephrine enhances B-ccll responsitivity © glucose during an
intravcnous glucose tolerance test (Avogaro ¢ af, 1996). Thong and Graham, (2002) thus
proposcd that enhanced insulin response with caffeinc ingestion was likety duc to epinephrine's
opposing aclions on (nsulin-stimulated glucose clearance by periphcral ussues and, possibly, an
increase in hepatic glucose output, in s cftort 1o maintain glucosc homeostasis. The dota from the
studies of Thong and Groham, (2002) d:d aot support the notion that the insulin antagonistic effects
of caffeinc in vivo are mediatcd by adcnosinc receplor antagonism in skeletal muscle Instead,
findings (rom the study and prcvious (Thong ¢t al.. 2002) studics suggest that the ncgative effeets
associoled with caffeine ingestion on insulin action are coupled to increased epiacphnne
production and its subsequent inhibition of insulin-mediated glucose uptake in skeletal muscle
Studies on the «fect of caflcine on glucose are many and vaned. Tlic following are just a few of
such studics.
Greer ct. al., {2001) cxamined the cflect of caffcine on whole-body glucose disposal in humans
using a hyperinsulincmic-euglyccmie clomp technique. The most significant finding was a 24%
decrease in glucose uptoke and & 35% dccrease in cacbohydrie storoge after calfeine ingestjon
compared with placebo ingestion. Calleine ingesuion also resulted 1 highcer plasma epincphrine

levels than placebo ingestion (P < 0.05). The dota thus supportcd their hypothesis that caffeune
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ingestion would decrease glucose disposal and suggest that adenosine plays a role in regulating

glucose disposa) in restmg humans

Gmbam et af., (2001) found 1hat eaffeine ingestion resulted in an increase (P < 0.05) in scrum
{orty acids, glycerol, and plasma cpincphrine prior to the OGTT. Duting the OGYT. these
parameters decreased to placebo levels. With caffeine the serum insulin and C- peptide
concenirations were incrcased (P <0.001) for the last 90 min of the OGTT and AUC were 60 and
37% grester (P £0.001), respectively. However, the prolonged incicase in insulin did not decrease
blood glucose; in {act, the AUC for blood glucose was 24% gteater (P= 0.20) in the caf I'cinc‘gmup
suggesting that calfeine ingestion may have resulted in insulin resistance.

During n 100-min cuglycemic-hyperinsulinemie (100 microl/mL) clamp, wholc-body glucose
disposal was reduced (P < 0.05) in cafleine vs. placcbo; the AUC over 100 min for insulin-
stimulated glucose uptake in caflcine was reduced ~ 50% in resicd aad excr-cised muscle. Calleine
also reduccd glytogen synthasc activity before and durinp 1nsulin infuston in both Jegs. Exercise
incrcased insulin sensitivity of leg glucose uptake in both calleine and placebo. Cafleine did aot
alter iasulin sigoaliog in cither leg. Plasma epinephiine and muscle cAMP coocentrotions were
increased with eaflcine(Thong er, af.. 2002).

When overweight subjccts were given caflcine a greater (P< 0.05) OGTT insulin responsc and a
lower (P< = 0.05) insulin scasitivity mdex both before and afier weight loss were observed. The
proinsulin-insulin ratio indicated that neither weight loss nor cafleine affected the naturc of the
bcta cell secretion of insulin. Thus, a nuliition and exercise uwervention smproved, wbereas
caffeine ingestion impaired, insulin-glucose bomeostasis in obese men (Petie ct. al., 2004).
CafTeine significantly increased scrum insulin, prosulm, and C-peptide dunng the OGT'I: (758
CHO) relative 10 placcbo. losulin AUC was 25% greater afier cafleine than placebo cven in the
face of increascd blood glucose in the calfeine tnal. Aflcr cafleine ingestion, blood glucose
remained clevaled at 3 hr post-glucose load (8.9 = 0.7 mmol/L) vs. baseline (6.7 £ 0.9 mmol/L).

The insulin seasitivity indcx was lower (14%) aftcrcaffeine than afier placebo ingestion (Robinson

ef. ai., 2004),
Calfeinc incrensed glucose and insulin during the mixcd-meal toleranec test (MMTT); oo eflect

on the fasting levels of plasma, glucose, or insulin compared to placebo; the 2 hr AUC values
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showed significant calfeine effects for both plasma glucose (P<0.04) ond plasma insulin (P<0.01)
responses (0 the MM 'T'T. Lane et of 2004

Bottram e1. al. (2006) found thot AUC for glucose and insulin were higher (P€0.05) oftcr ingestion
of colfeine capsules thon placebo or decaf during an oral glucose tolerance test (OGTT). A similar
but less pronounced elfect was seen ofier colfee intake. However, decaf collee intake resulted tn
o 50% lower glucose responsc (P<0.05) than placcbo suggesting that the cffects of pure caflcine
ond coffce was ot identicol 1hus providing cxplanalion as to why oaculc pure caffeine ingestion
impnurs glucose 1olecance while chronic colfee ingestion prolects against type 2 diabetes.

Withun the lirst hour of the glucose (75 g) test, glucose and insutin were higher for decal thon for
ploecbo (P < 0.05); decafl yielded higher insulin than plocebo and lower gluccse nnd o higher
insulin scnsstivity index than caffeinc (Greenberg cr. af., 2010).
2.4.5 Recent studics on cficcls of caffelne on glucose metabolism '
Solalideecn and Aloda, (2009) showed that caffeine increased glucose uptake in the canine hind
limab at rest ond dusing coantiuction and that the inereased uplake was duc 10 increased glucose
cxtraclion

Kolnes et. AL, 2010 tested the hypothesis thnt coflcine ond thcophyllinc inhibit «asulin-
stimuloted glucose uplake in skcletal muscles by ineubaung rot epiiochlensis muscles and
soleus suips with wsulin and different concentrations of caffeine and theophylline for
mcoasurcmenl of glucose uptake, foice development ond PKB phosphorylation. They found

thot ceffcinc ond theophylline complctely blocked insulin-stimulated glucosc uptake ia both
solcus and epitrochlcaris muscles at 10 mMf. Insulia-stimulatcd PKB Ser'” and The® oad
GSK-38 Ses® phosphorylation were also blocked by caffeine and theophylline Caffeine
reduced and Lheophytiine blocked insulin-stimulated glycogen synthase actuvation.
Danteolene (25 pm), a well-known inhibitor of Ca**-release. prevented caffcine-induced force
development, bui cafeine inhibited insulin-stimulated glucose uptake in the presence of
donirolene. Caffcinc and theophylline reduced contiacuion-sumulated glucose uptoke by
obout 50%, whereas contraction-stiniulated glyogen breakdown was nomul. They thus
concluded thnt colfeinc and thcophylline block tnsulin-stmuloled glucose uptake
indcpendently of Co?* release, and thot the hikely mcchenism is vio blockade of insulia-

stimuloted PI3-kmase/PKB activation. CalfTeine and theophylline also reduced costraction-
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stimulated glucose uplake, which occurs independently of Pl3-kinase/PKD, They futher
hpothesiscd that caflieinc and theophylline also inhibit glucose uptake im skelctal muscles via

an additional ond hitherto unknown molecute involved in GLUT4 translocation.

Egawa ct af., (201 1) invcsdgalcd the effects of incubation with cafleine on 1asulin signnliné in rot
cpiuocblcmis muscle. Calleine suppressed insulin-stmulnted insulin receptor substiate (IRS)-]
Ty1612 phosphorylation 1n a dose- and time-depcadent manner. These responscs were assoctated
with inhibition of the insulin-stimulated phosphotylation of phosphatidylinosito] 3-kinase {PI3K)
Tyrd58, Akt Serd73, and glycogen synthase kinasc-3_ Se1t9 and with inhibitioa of insulin-
stimulated 3-O-mcthyl-D-glucose {(3MG) tmansport but not with inhibition of the phosphoiylation
of insulin receptor-_ Tyrl 158/62/63. Thc results indicated that eaffeine inhibits insulin signaling
pattly through the IKK/IRS-] Ser307 pathway, via a Ca2_- and AMPK-independent mecbanism
in skeletal muscle senne phosphotylation; Aki; S=-AMP-aclivated piotein.

Soacramento et. al., (2013) investigated whether the mechanism thai contibutes (0 the differences
hetween acute and chromc coflcine cffects on tsulin seositivily s mediated by altered
insulinfAMPK signaling patbwoy 1n skeletal muscle. Expeciments were perforined) in 3 months
Wistar rais Glutl expression decreased by 59.35% i high sucrose HSu animals, an effect not
modified by chronic caffcine. In contrast, acute cafleine administzation decreased significantly
Glutd cxpression at 0.51M of caffeine {p<0.91). [ISu and HT diets decrcascd signifi::nntly
AMPKal expression by 70.45% and 33.93%. respectively. Chronic calfeinc intoke increased
significantly AMPKa! in [ISu animals (42.54%) and in HF group AMPK al expression was
restored (o control levels. AMPK al aclivily decreased significantly in HF animals {(44.74%),
however chroniccalleine (ntakc did modifythose valucs. In opposite, acute caffeine intoke did not
alter ANMPK al expression. Ensulin reccptor decreased significantly in HF animals (59.43%) but
chronic caffeine intoke did not alter this value. Acute and chronic caffeine did not alteied insulin
receptor phosphor-Tyr1322 cxpression. In conclusion, the eflect of chronic caffeinc intake on
mnsulin sensttivity 1s not mediated by altered insulin and/or AMPK signaling pathway. In cootrast,
the efl'ect of acute caffeine ndministration on insulin scasitivily scems (o involve a decrease in
Gluid transporters. Sacramento ¢, of., (2013) invcstigated the involvement ofadenosine receptors
on insulin resisgance induced by single-dose calleine administrauon. They tested the effect ofthe
administation of calfeine, and various odenosine receplor anlogonis's on whole-body msulin

sensibivity, Acute caffcinc decreascd insulin senswivity in a concentration dcpendcal manper an
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effect that was mediated by At and A adcnosine reccptors. Additionally, acute calfeine
odministration significantly decreased Glutd, but not AMPK expression, in skclctol muscle. Based
on their findiags they suggested that insulin resistance induced by acute calfeine administration

was mediated by A1 aad Azs odenosinc receplors.,

Solahdcco cz al.. (2014) cvaluated the effect of chronic consumption ol ethano] cxtract o fkolonut
on cordiovoscular functions in rats ircated over a period of six weeks. kolanut extract
and coflcine reduced the controctilc response 10 nomdrenaline, snd reduced the relaxation
response (o both ocetylcholine ond sodium nitroprussidc. Since treatment with hoth kolanut
cxiract nnd calfeine had similor charactcristics between the two groups, they suggesied thot the

action of kolonut extract was due 1o its cofTeine contenl.

Rustenbeck ct. al., (2014) designed o controllcd experimental study in order o confirm or rclule
thc cpidemiologicel evidence shows that chronic colfee consumplion in humansis corrclated with
a lower incidence of type 2 diabcles mellitus. The onuns]l modei oftypc 2 diabelcs used was high
fal led mice basically beeausc of their short lifespan, Chrome coffee consumption retarded weight
gain and improved glucose tolerance in a8 mouse mode] of type 2 diabetes and cosresponding

controls.

Coclho, (2014) in her PhD Thesis using prediobetic Wistor rots which were given to 35% of
sucrose (high sucrose FISu) in drinking watcr over a period of 28 doys, 0.5, 0.75 and 1pA of
calfeine given 10 control rats and in lSu model over a period of 12 weeks, Insulin sensitivity,
bosua] glyccmio. glucose tolcruncc. adipose tissue mass, Glutd transportcrs and nitric oxide (NO)
content in skclctol muscle and in the liver werc determined. They found that calfeine restored
1asulin sensitivity and glucose tolcronce in HSu mis, Caflcine (1g/1) restored Glutd cxpression
levels in skclctal muscle in HSu animals. Based on these results they suggested that calfcinc could

be used ag a therapcutie 100l for the ueotment of prediobetes and prevention of T2DM.

Socramento ¢t a/, (2015) invcstigiicd the involvemcnl of odcnosine receptors and the
mcchanisin behind their mediation of insulin resistance in skeletal muscle induced by single-dose
caffcine administration. They tcsted the effect of the administration of calfeine, and various
adenosine receplor antagonists on whole-body insulin sensitivity. Acute cafleine decrrased

insulin scnsilivity. in a concentralion dependent manncr an cffect that was mediated by A; and
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Azs adcnosine receptots, Additionally, acute caffeine administration significantly decreased
Glutd, but not AMPK expression, in skelclal muscte. The results suggested that insulin resistonce
induced by ncutc caffeine administration was mediated by At and A3p adenosine receptors and
that both Glutd end NO may be downstream eflectors involved in the insulin resistance induced

by acule collcine.

Kim et al., (2015) investigated the clinical changes induced by a high fat diet (HFD) and caflcine
consumption vl a ml model. The mean body weight of the HFD with cafleine (HFDC)-fed cat was
decrecased compared to that of the HFD-fed i without cafleine. The levels of cholesterol,
triglycerides (TGs). and fice falty acid. as well as the size of adipose tissuc aflered by HFD, were
improved by cafleine consumpuon. caffeine might potenuzlly inkibit HFD.induced obesity and

we suggest possible biomaskcr condidates using M S-based metabolite profiting.

2. 5 Pharmacology of Koelanut

Cola Schott & Endl. (Stereuliaccac) is a genus of about |25 species ol wrees indigenous o the
tropical rom-forest Aftican cegion (Ratsch, 2005). Phylogenctically the genus was formerly
clossified i1n the family Malvaceae, subfamily Stercultaiccac and svas loter transfesred into the
scparate family Sterculiaccac, Cala 1s one of the larpest 1a the fam:ly Sterculiaceac and is related
10 the South Amcncan genus 1frcobroma. It compnses of evesgreen moderately sized trees olten
growing to a height of 20m with glossy ovotd leaves up to 30cm long. Cola specics are found
mostly ia the relatively dry pacis of the rain forest, although Cela millenii and Cola giganica ore
widely distributed in svet and dry forest enviconments (Kuoamc and Saconde, 2006; Olorodc,
t984). Chevalier and Pesrot, (1911)ercotcd the Subgenus Eucela containing five species of edible
kolanuts —~ Cola nitida (irnportont for trade), Cola acuminata (impoctant for socio-cultural values),

Cola ballay;, Cola veiticitlata and Cola sphaerocarpa. 1loweves, of these five, only Cola nitida

and cola gcuminata are kown to be cultivatcd. -

The matuse fjuit of Cola species is a nut known as kolanut (Duke, 2001), 1t has a bitter lavour and
high caffcine content (Bladcs, 2000; Bcnjamin ¢t al.. 1991), It is chewed 1n many West African

cultures indivrdually or in a group sciting. It is ol\en used ccremonially, presented 1o tribal chiefs

ot to guesis Chewing kolanut 1s thought to easc hunger pangs, and have sumulant and euphonant
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qualities effects similar to other xanthine containing herbs like cocoa and 1ca. However, the ellects
are distinctivcly di!Terent, producing a strongcer siate of cuphoria and well being (Benjamin ¢, ai,,
1991). They have stimulant cflects on the ccntal nervous sysiecm ond heart and are widely
consumed among Muslims as a substitute for alcoholic beverages which are prohibited Kolanuis
orc used as a source of alkaloids 1n phannaccutical preparauons (Newsll ez al.. 1996; Opcke,
1992),

The sccd of kola compnses 13.5% water, 9.5% crude protcin, 1.4% fat, 45% sugar and starch,
7.0% ccllulosc, 3.8% tannin oand 3% ash. ltisalso 1ich in caffcinc(2.8%) and thcobromne (0.05%)
(Purscglovc. 1968). Chromatographic analysisofkola nuts haveindicated the prescnceol phenolic
constitucnts 1n quantitics that arc highcr than those typica? for many fruns. Whcreas apples contain

0.1 -2.0g/ 100 g fresh wesght of polyphenolic compounds (van Buren, 1970), kola nuts conlain

an excess of 4.0 g/ 100 g fiesh weight of polyphcnolics. Many polyphenolic compounds are highty

reactive with human body constituents and have an impact on meisbolic processes. Nyamicn ¢t

ai., (2014) determined the polyphenol (flavonoids i paniicvlar) and caffeinc content of vanous

specics of Cola nitida nuts fiom Céte d’Ivoire. Red Cola nitida (RCN); Whitc Cola nitida (WCN);

Puiple Cola nitida (PCN) were extencted using dillcrent extrncuon solvents such as waler,

acidificd water (0.0IN cinic acid), mcthanol, cihano!, acctone 60% ond mcthanoVacctic acid 1%

solution. Phytochcmical screcning showed that kola nuts contain antioxidanis such as flavonoids,

tannins and alkaloids in varying proportioas according to the specics. Spectrophotomctiic analysis

rcvealed Phenolic contents are 26.7640.54; 23.08+1.06 anif 17.06£1.03 for WCN, RCN. and PCN

respectively. Flavonoids, levels were 803.03%14.48, 697.13+12.76 and 647.76+21.16 for WCN,

RCN and PCN respectivety. Cafleinc contcm detemuined by reverse-phase high peiformance

liquid chrometogrmaphy (HPLC) analysis indicated thet concentranons are higher in RCN

(10812.546 27 mg/kg FW). The findings suggest that kola sceds can be used as a possiblc sourcc

of antioxiclant anc! cafleinc for Afincan populations and Europcan industries.
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Nyamienl et al, (2015) determined caffeine content [rom varieties of kola nuis (Cola nftida)
using UV spectzophotometric method and also examined the effect of exuraction solvent and solid-
liquid 1atio for the optimal cafficine extraction from kola nuts. Six solvents (Water, Ethanol 100%,
Methanol 100%, methanol 50% in water, ethanol 50% in water and Water/Ethanol/Methanol
(WEM) (2/1/1, viviv) and five solidiquid (w/v) rauo (1/100, 3/100, 4/100, 5/1 00 and 6/100) were
used to evaluate calfcine content and determine the effect of each solvent. Results showed that
extraction solvent ond solid/liquid ratio had significant effect on coffeine content with optimsl
extraction obtaincd with WEM solvent, solid/liquid of 3/100 aud stiiring at §50 trs/min opplied for
20 hours. Coffeinc contcnt observed under the conditioas was between 1.84% and 2.56%. The
amount of caffeine cxuactcd from ko!a nuts caficine depended on the type of solvent and
solid/liquid rauo uscd 1n the extraction. They recommended Kola nuts area good sourcc of caffeine
particularly for beverage producers who are intcresicd in other sourccs of caffeine other than the

common Coffea canephora,

Odcbunmi ¢t al (2009) compared the proximate composition and the mineial content of kohmut
(Cola nitida), biticr kola (Garcinia cola) and alligator peppes (Afromamum melegucta). The tesulls
show that C. nirida has the highest moisture, crude {3t and crude fibre contents of 66.4, 5.71 and
7.13%, respecuvely. /. mefegneta has aon-detecinble quantity of powssium and phosphorous but
has the highest quantity of calcium (388 mg/Kg d1y matter), magnesium (960 mg/Kg), iron (37.8
mg/Kg). zinc (32.93 mg/Kg) and monganese (68.53 mg/Kg). C. nitida had the highesi content of
potassium (3484.67 mg/Kg) and phosphorous (4]11.43 mg/Kg). G cola also recorded the Jeast
content of all minemls except K and P which were absent in 4. melcguera. Manganese was vol
detected in either ofkota nut or biiter kola.

Muhammad and fatima (2014) pbytochemical rnalysis of red nnd white Cola nitida (kola nut)
extracts were cvaluatcd using qualitative and quantitive method. This layer chromotography
(TLC) was used 10 evaluate the phenolie conicnl. Streptococcus anginosus and Pseudomonas
acruginosa) obtatned from stock cultures. Pbytochemicol screening revealed the presence of
alkaloids, flavonoids, saponin, 1annins, glycoside, steroids, volatile oil and balsams. Higher
content of alknloids, ssPonin and glycoside was obimined 1o the aqueous extinct 1han the methanol
for both red and white kola nut. The results of TLC analysis revcaled the presence of quercetin

ond coumatrin 3n red kolo and kcamferol and coumerin in white kolo tespecuvely,
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Annlyses by Odebode, (1996) showed that the two major species (acuminara and nitida) dilfered
maskedly in the amount of lotal phenol and that differences also existed between difYerent colour
variants within the same species. The towl phenof content was greater in C. aitida thon C.
acuminata . In Cola nitido, the quanuty of 1otaf phenol in red nuts was up 1o three 11mes tbat o
while and pink nuls; but in Cola acvnnnara the difference was not significonL Investigations
support the general view that Cofa nitido is more astingent thon Cola acuminata, because
astringency is rcioted (o the phenolic content of fruits (Odebodc, 1996). Atawodi er. af, (1995)
analyscd botls C. acuminata and C. nitida for 1heir content of primary and secondary amines, and
nssessed for their rcloive methylaung potential and found that seeds of both specizs contained
high quantities of both pnmasy and secondary amines. Methylating aclivity was significontly
higher in kola nuts (170-490 pg/kg) than has ever been reported for a fresh plant product. The
authors urge that the possible role of kola nut chewing 1n human cancer aetiology should be
explored in countries where kola nuts arc widely consumed es stimulants. Ibu et al, ¢1986)
reported thot both species of cola induced significant increases in gastic acid secrclion They
odviso sufferers from pcptic ulcers 10 avoid eating %olo nuts. Kolo nuts arc widcly consumed in
West Africa because they contoin two alkalowds, calTcine and theobromine, which are powerful
stimulonts that counteract fatiguc, suppress thist aod hunger, and ore belicved 1o enhance
intellectial activity (Sundstrom. 1966; Nickalls, 1986)

Due to their unique bilter taste, kola nuts are effective for refreshing the mouth, and the 1wigs ore
uscd as “chewing sticks” 1o clean ihe teeth and gums (Lewis and Elvin-Lewts, 1985), Kolo nuis
ore also uscd as o source of nlkaloids in pharmaccutical preparetions (Opeke, 1992). Lorge
quantities o (' the nuls are exported to Europe and Notth America, where they are used elue(ly for

Navouring cola drinks such as Coca-Cola, which are refieshing or stimuloting substuitutes for tea

or coffee (Irvine, 1956).
Socio-cultural valucs ond uscs
The Cola ncuminata is more popular in the Igbo and Igedde tribes of essicrn and middle regions

of Nigerio, while the cola nitida is more common in the northem port of the country nmohg the

Hausa Fulnni (Ibu et af., 1986). Chewing of kola nuts is o widcspread babit in the Sub.Sohaten

countiies of Aftica, cspecially in
nking or cigorcilc smoking in Western countres (Russell, 19535;

northem Nigeno and Sudao. Kola chewing ploys o simihar social

10le o ten ond coffee dr

Purseglove, 1968; Roscogaricn, 1984). C. acuminolo 1s widely used ceremontially and socially by
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the people of Westand Ceoual Africa. At buth a koh: tree may be plonted for the new-bom child,
The child remains the lifelong owncr of the tree. A kola tree is also often planted ot the head of 2
grave as part of local death nites (Tindall, 1998). Russell, (1955) described cultural uses of kola 1n
the Yotubaland of western Nigeno. He reporicd that the sced is normally kept in the house 4sid an
offering ofkola forms partofthe grceting to anhonowed guest The older the kolathemoze highly
it 1s regorded, and white and pink nuts are kept for particularly favoured guests. The gift of kola
and especially the splitting ond sharing ofkola nuts between two or more people signifies o special
bond of friendship (Achebe 1958). Similarly, the shoring of kola nuts is a necessary prerequisite
to busincss dealiogs thot uivolvc a sinct eliquette in prescoung, dividing, and eating of the fruits.
Proposals of marriage moy be made by o young man’s prescntation of kolo nuts to the prospective
bride’s father and her acceptance or refusal may be conveyed by o reciprecal gift of nuts, with the
meaning depending upon the quality and colour, Kola nuts peesented by the bride's family signify
fcaility, productivity, prasperity, contentment and desire for the union (Sundstrom, 1966; Johnson
and Johnson, 1976).

Kola [tgures promincatly in rcligioo ood magie. It is used in divination and to lcam the mind or
intent of o god for healing the sick or against basrenness [t is oflen offercd to Ifo along wath goats
and chicken insecking the favour of theoracle. In some ascas it is 0 component of an oath-taking
process, In many socielies the posscssion and usc of kola nuts may be o symbol of wealth ond
prestige (l.ovejoy, 1980).

Medicinal uses of kolonut

Traditionally, the leaves, twigs, flowers, frits follicles, and the bark of both C. nitida and C.
acuminata were used to prepare tonics as remedies for dyscnlery, coughs, diarthoea, vomiting
(Aycasu, 1978; Burkill, 1995) and chest complowits. The nuts hove considerable potcotiol for 1be
development of new phsmiaccuticols and foads (Fereday ct. ., 1997). Exuacts of C. nitida bark
hove been iested on various psihogeme bacteria (Staphylacoccus aurcus, Klebsiclla pneumoniac,
Proteus mirabllis. Psctidomonas aeruginosa, beto-bacmolytie sireptococci, Escherichia coli and
Neisseria ganorrhiocae) (Ebana et al., 1991), with the extmels showing inhibitoty octivity ogmnst

all the organmisms. Benic ¢f al, (1987) report thot stcm bark exiraets of C. nifida inhibited the

releaso of lutcinizing hoimonc (LH) from rat piwitary cells and may tberefore regulate

gonadowopin relcase suggesting that it may be used as a naturnl ferulity regulator.
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Kolenuts are oflen used 1o freat whooping cough and asthma. The caffeine present acis as a
bronchodilator, expanding the bronchial air passages (Joycola, 2001; Kim, 2001). Kolanuls are
also employed 1n the treatment of malana and fever {Odugbemi, 2006). Experiments using animals
indicate that kolanuts have analcptic and lipolytic propeities and stimulate the secretion of gastric
juiccs (Osim et. al., 199t). Odugbemi, (2006) seported that the leaves of Cola miillenit are uscd 1n
the trentment of ringwormi, scabies, gonorrhoca, dysentery and opthalmiz.

Cola nitida ias been used in folk medicine o5 an aphrodisiac, an appelite suppressant, to weat
monung sickness, imgmine headache, and indigestion (Esitnone et. al., 2007). It has also been
opplicd dircctly 10 the skin to lrcat wounds and inflammation (Newall er. al., (996). The tree's
bitter twig has been used as well, to clean the tecth and gums (Esimone et ai., 2007). In Alrica,
duodcnal and peptic ulcer is common among southemn pan of Africa, Burundi, Rwanda, ond

costern Zaire, high land of Eiluopia, cenim] Sudan and east Afnca especinily around Kilimanparo

Mountain. Howcver, in Nigeno there 15 no record on the incidence of peptic ulcer, bul

scioprevalence of helicobacter pylon in pancents with gastric and pepuc ulcers was camed outin

the westemn part of Nigena. Of the 92% potients screened 41% represented with peplie ulcer

discase. They arc commonly used to counteract hunger and thust, in somc cases to conwol

vomiting in pregnant womecn also as a principal sumulant to keep awake and withstand faugue by

students, drivers, and other menial workers (Chukwu er. al., 2006). Cola nitids is act advised for

individuals with stomach ulcers duc both to is caffeine and its tanmin content (1bu ez af.. 1986,

Newall e, eof., 1996).

2.5.1 Experimental studies on kolanut
Ajarem (1990) injccted kolanui(Cola nitida) extract intrapenitoncally (i.p) into mice and observed

that wlute a medium dose of S mg/kg significanily inccreascd the Jocomotor activity, a low dose
(2.5 mg/kg) bad no effect and a ligb dosc {£0 mg/kg) showed depressive eflects on the locomoior
activities. Tlic results suggested 1hat the Kolanut.extract induced biphasic changes in the locomotor
activity of mice depending on the dose and the treatment duration

Osim et al., (1991) found tha Kolanuts (Cola Nitide Alba) stimulated gasthe acid seaeton ig
cats to an cxtent thot was greates than an equivalent amount of caffeinc which had 42% of the
potency of kola nuts in Inducing Acid Secretion. Furthennore, they found that AUPine end
cimclidine were cfYecuve in suppicssing kolanul-Induced Acid Secretion. While this indiogs gave

1isc (o the speculauon that componenis in the kolanut other than calletnc may be the cause of the
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increased gostiic acid secrction, tticy did not 1est the cffect of decalTeinalcd kolonuton gastic ocid
sccretion.

chdcji et al., (2012) studicd the effect of aqucous cximet Cola nitida { Kol nut) on reproductive
paramcicrs of molc albino mis. They found significant decrcasc in testosicrone levels, spern
motility, sperm vinbility and spcrm count relolive to the control but there was no significam change
in spcrmt moiPhology, The testicular histopathological study revealed that there wns moderatce to

severe necrosis with the dissolulion of nunicrous seminifcrous tubules in (cstis.

Salahdcen et af., (2014) cvalunied the eflcct ol chronic consumpuon of ethanol extmci of kolanul
on cardiovascular funclinlis in rols Ircated over o period of six wecks. Kolanut extracl
and cofTeine reduccd the contracule response to noredrenaline, and reduced ihe relaxation response
to both occtylcholine ond sodium nitsoprusside. Since Ircatment with botlh kolanutl cxtiaci
ond calfeinc hod similar charactesistics between the two groups, they suggested thol the acyon of

koltvnut cxtracl was duc 1o its calfeine contcny

2.5 Adcnosiae nad Adcenosinc Receplors

Adenosinc is on cndogenous nucleosidc mctabolite thal i released from ol tissues and cells
Including liver, pancreas, muscle and fo1, particularly under swess, inicnse cxercise, or duning cell
damagc. It compriscs 0 molccule of adcrunc attached by a glycosidic bound to a nbose sugar
molccule. Being ubiquilous in nature, punnes havc evolved as imporiarit molecules for both
fatreccllular and cxtmeellular signoling. roles that ore distinct from their activity related W0
cnergelic metabolism, as ndenosine diphosphntc (ADP) and adenosine wphosphaic (ATP), and
synthesis of nucleic acids (Khakh and Burnsiock, 2009). Within the extracellular space, odenosine
acts on four dilferent G-prolcin coupled receplors that ore classificd as adenyly! cyclase inkibiting

(Aiend Aj) or adenylyl cyclasc activating (A2aond Azs ) (Tucker o1d Linden, 1993).
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In genenal, adenosine has been found fo act in concest with other hormones or neurottanSmiliers
in esther on inhibitory or a stimulatory way, The myriad modulatory actions of adenosine suggest
thot: 1) adenosine may simulioneously produce mulliple effecis within the same cell; and 2)
activolion of A} receptors miay lead to cither a decrease or an increase in the coupling of other

receptors to their G proteins (Linden, 1991), Signaling through the A ,AR 1salso central to glucese
tolerance and insulin clcarance. Faulhaber-\Valter ¢4 ai., (201 1) showed thot climination of A : AR

from mice ot young age (8 weeks) on standand diet Icads 10 delayed plasma glueose and nsulin

clcamnce. The effect was sustoined st older ages (20-29 weeks) on both regular and high jot diet.

The ovemll cffect of adenosine signaling through A, AR resulis in tmproved insulin sensitivaty

(Vonnucci et. al., §989; Vannucer ct. al., 1992; Green of. af., 1997; Dong ct. al,, 2001; Schoelch
ct. ul., 2004;), and pronounced reductions of plasma [ree fotiy acids, glycerol, and triglyccndes

(Jobansson ct. al., 2007). Ovemll, A, AR is impartan for insulin sensitivity, glucose homeostasis

and lipolysts.

2.6.1 Adenosinc receplors

Adenosine rcceptors arc a class of specific purinergic receptors with adenosine as the s
codogenous ligond. There are four adenosiae receptor subtypes omong vcrtcbrates, which have
been cloned ond charactcrized Lo date: adenosine As, A2a, Awn and A3 receplors that belong to the
G.protein coupled receptors (GPCRs) fomily (Fredholm ct. al., 1994, Frodholm er. al, 2001)
These receptors ore ajso known as Pl recepiors (odenosine selective) distinet (rom P2 recepiors
which are ATP selective {Bumstock, 1978). Neuromodulniion by sdenosine is cxerted through
nctivation of high-aflinsty adenosine receptors (Al and A2A) which arc probably of physiological
importance, ond of low-alfinity adenosine seceplors (A2B), which might be relevant 1n
pothological condtions. The AR is a high-afftnity seceptor in humaas, but it has & low densaty tn
mos! tissues (Ribeiro & Sebastido, 2010)
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Adenosine Receptors in Organs and Tissues lnvolved in Glucose Mctabolism

2.6.2 Adcnosine receptors In the panereas

Stimulation ofthe Ajreceptor on the B-ccll inhibits insulin secrction (Bertrand ¢f_al., 1989). Using
two stable Pz2receptor agonists, a,f-methylcne AT and ADP]S, which are more specific for the
P:x and the Pyv receplor ogonists, respectively, Petitand colleagues have shown that both of these
receplors eXist on the f=cell (Petit er. af,, 1998). Their nction is o polentiolc glucose-sumulated
insulin secretion: OF the purinergic recepiors only the A) has been shown to be important in
pharmacologicnl action in the f*cell, ns it is untagonizcd by the group of compounds %nown-as the
methylxabthines Neuwsomodulotion by sdenosine is exerted thiough activation of high-affinity
adcoosine receplors (Al and A2A) wluch are probably of physiologicel impostance, ond of low-
aflinsty ndenosine receptois (A2B), which might be relevant in pathological conditions. Compbel!
ond Taylor, (1982) showed hat adenosinc.end its modified analogues, 2-deoxyadenosine and N°-
phenylisopropyladenosine, strongly inhibiled insulin release from mi islets, probably becsuse of
their ability 10 inhibit the accumulation of cyclic AMP. They proposed that the ficells, likc many
othcr lissues, moy posscss two dilferent sites m which adenosine nucleosides interact to picduce
their  biological eflects. Bacher, (1982) investigalted the cffect of adenosine-5'-N-
cthylcaiboxamidc, (NECA), s long-lasung adcnosine derivative with pronounced vasoacuvity on
glucagon and insulin release ftom the in situ isolated blood perfused panceeas n the anesthetized
dog. The found insulin rclease was inhibited by NECA at low concenlrations, bul signyficanily
increased at higher concentiations o(the adenosine analogue. Similar e(fects were obsarved wilh
infuston of adenosinc st 10~ and 10 molll. Aminophyline (10~ mol/l) pioduced a {0-fold
atienuation of the actions of NECA. They thercfore proposed that glucagon release 4t low
concentralions of NECA ond adenosiae in contrast to that of insulin release at high capeantrauons
may represent a locol panceeatic regulatoty mechanism of adenosine in glucose bomenstasis.
Similacly, Beitrond es_al., (1989), used mouse islets to study the clleets of adcmosioe and its stable
analogue L- N6 phenylisopropyladenosine (1.-PIA) on panereatic bew-cell fincuon. They found
that o high concentiation (S00 pM), adcoosine augeented glucose-induced clectrica! acuviry in
beta-cells and potcnuoted insuhn release. These clfects were prevented by the inhibitor of
nucleoside transport nitrobenzylihioguanosme. At o lower concentiauon (S0 p\). edcamin
caused o small and transient inhibition of glucose-induced eloctincal sctivity and isulin release.

L-PIA (10 pM) slightly and iaasiently inhibited insviin reicase, 45Ca cflhay ami 86Rb ¢ 11 ur (rom
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islet cells, and decreased clectricol activity in beta-cells. When adenylate cyclase was sumulated
by forskolin in the presence of 15 mM glugose, insulin relcasc was stsongly augmented. Under
these conditions, L-PIA and ndcnosine (with nitrobenzylthiogunnosinc) covsed a sustained
inhubttion. No such inhibition was observed when insulin release wos potentinted by dibutyryl
adenosine 3',5*-cyclic monophosphate (cAMP). These dota are consistent with the existence of Al
puﬁncrgic teceptors on niousc beta-cells, They could mainly serve (o attenuate the amplification
of nsulin rclease brought about by ngenfs ncling via cAMP. Chapai et al studied the cficcts of
analogue of adenosine, 5'-N ethyl carbox uniido adenosine (NECA) on glucagon sccretion in vitio,
using the isolated pancreas of the rut perfused in the presence of glucose (2.8 mM). NECA
provoked a peak of glucogon secrction, compamble to those previously obiained with ndcnosine.
The effect was concentrtion-dependent and appeared ot nanomolar concentrstions. The EC50 was
approxitnately 4 x 10-8 M. Theophylline (50 pM) considernbly decreased the peak of glucagon

secretion tnduced by 1.65 gM NECA and tomlly suppressed the cifect of 16.5 nM NECA

indicoting the involvement of an ndcnosinc receplor and provide evidence for an ademosine

receptor of the A2-subtype being involved 1n glucagon secretion

2.6.3 Adcnosinc receptors in the skeletal muscles

Al four adenosinc receptors ae known to be expressed in muscles, with the cxpression of
AIAR being the highest (LaNoue ond Martin, 1994; Johanssan ef. al.,2007). Since adcnoswe can
activate AJAR with ECS0 values in the rangc between 10 1M to | pM (Fredholm er af., 200);
Hasko cf ai., 2008), adenosine signaling 1 skeletal muscles is predominantly attributed 10 the
A1 AR. In muscle tissue activationof adenostoe signaling leads to reduction of insulin sensitivity.
measured by the ability of insulin to inhidit glycolysis. Insulin activation 1n muscle ussuc is not
only pssociated with inhibition of glycolysis but wilh traasport of gluease and ectivanon of
glycogen synthesis. Rcporis show: that adeniosuc had na effect on only glycolysis (Espinal et al.,
1983: Budohoski ez, at., 1984; Challis et al, 1984) and glucose Gansportby stwvlaton of the
insulin scasitive glucose trafisporicrs G LUF4 (Vanoucei et. al., 1992); 8lycogen synthesis was not
affectcd by adenosine (Challis et. al. 1984). 1n isolated solcus muscles from ms, it was fund that

depletion of adenosinc (by adcnosine deaminase) 1n the surrounding media unpreved nsulin

sensitivity. The obscrved clfecion insulin sasiivity was duc to decrease 1n ihe coovanbution o [
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insulin necessary to activate glycolysis (Espinal ¢z, al., 1983). Using the ssme mode] ond adenostne

analogs, reduction in insulin seasttivity was observed when insulin levels were reduced to half of

{he maximurn dose required to stimulate glycolysis in the muscle (Budohoski es. al.. 1984), Non-
specif ¢ adenosine receplor antogonists (methyl xonthines) reversed the inhibitoty etfect of

sdenosine on insulin signaling (Budohoski e/, ai., 1984). Interestingly, AlAR selcctive agonist

(ARA) in the gastrocncmius inuscle resulted in the amicliomtion of insulin seasitivity mcasured by
improvenicnt of glucose infusion mte and reduction of FFA levels in obese rats (Schoetch et al.,
2004). The patiem obsen'cd does not conimdict the earlier mcntioned observations (Espinsl et o,

1983), ns here the authors used on A AR specific agonist. More recent studies, using euglycemic
hyperinsulinemic clminp and A|AR sclective anlogonist (BWA!433, sclect’ve for Ao low doses)
rcported that adenosinc signaling through A AR improves ovemllbody glucose ctearsnce in obese

rats (Crist et. al,, 1998). In oddnion, with the help of mdioactively labeled glucose, this group
determined that there is a lissue specificity of glucose clearance under hyperinsulinemic
conditions. In the gostrocncmius (fast and slow witcling fibes) and the soleus muscles (slow
iwitching) of mts there was an inprovement of glucose uptake in obese aumals afler one week of

treatment with A, AR ontagonist. [n lean nnimols, however, glucose uptake under one week of

teatment was slightly but significantly lowered (Cnst ¢/, al., 1998). Oo the other hand, inhibition

of A, AR by sclective antsgonist has also been reported o improve overall body glucose tolcrance

(Xu et al., 1998). This observation contradtcs the studics that have shown an improved insulin

sensitivity ond overall glucose cicarance as a8 result of activation of A, AR by specific agomusts

(Vaanucci et. al., 1989; Vannucci et al., 1992; Green ¢, al., 1997; Cnsl et. al., 1998, Schoelch et

al.. 2004). [t is possible then. thot in owscle, these agonists activale the A, adtmosine receplors. an
cllect that can oppase the A, AR signaling. Overall, signahing by adenosine using pharmacolog,csi

reagents improves glucoseclensaoce (Crist ¢, al., 1998: Xu ez al.. 1998), but may resultin a asne

spectf ¢ insulin resistance (Crist et al., 1998).
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insulin necessary to activale glycolys:s (Espinal t. al., 1983), Using the same modcl and adenasinc

anologs, reduction in insulin sensitivity was observed when insulin levels were reduced 10 half of

the moxilnuin dose requircd to stimulate glycolysis in the muscle (Budohoski ct, al., 1984). Non-
specilic ndcnosine receptor antogonists (methyl xanthines) reversed the inhibilory cllecy of

adenosine on insulin signaling (Budohoski ¢t. af., 1984), Interestingly, A AR scleciive agonist

(ARA)inthe gnstmcncmius muscle resulted in the anieliomiton of insulin sensitivity measured by
improvement of glucose Infusion rate and reduction of FFA levcls in obese rts (Schoelch et af.,
2004) The potterm observed does not contrmdict the carlier mentioned observations (Espina! et af.,

1983), os here the authors used an A AR specific ngomst. More recent studies, using cuglycemic
hypennsulinemic clainp and A, AR sclectiveantagonist (B\VA 1433, sclective for A at low doscs)
reporicd that adenosine signading through A, AR improves overall body glucose clearance in obese

rats (Cnist er. al., 1998). In eddition, with the help of radioactively labeled glucose, this group
determined that there is a tissue specilicity of glucose clearnnee under hypennsulinemic
conditions. In the gostrocnemius ({ast and slow twitching fibets) and the soleus muscles (slow
twitching) of rats there was an improvemcni of glucose uptake in obese ammals afler one week of

ireatment with A, AR antogonist. In lean animals, however, glucose uptake under one week of

teatment was slightly but significently lowered (Cnst ¢t. al., 1998), On the other band, inhibition

of A1 AR by sclective antagonist has nlso been reported o improve overall body glucose tolerance

(Xu et af., 1998). This observation contradicts the studics thot have shown an improved insulin

sensitivity and overall glucose cicarance as a result of activation of A, AR by specific agomsts

(Vaanucci ef, of., 1989; Vannucciet al., 1992; Greenet. ol., 1997; Crist ez al., 1998, Schocleb et

al., 2004). Tt is possible tbeo, that inmuscle, these agonists acuvate the A, adenoninc receplors, an
cflect that can oppose the A‘ AR signaling. Ovcrall, signaling by adenosite using pharmacolofica|

reagents improves glucose clearance (Crist er. al., 1998; Xu et al., 1998), but moy resuli 1n g qissue

specific insulin resistance (Crist ef. af.. 1998).
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2.5.4 Adenosine receptors in the adlpose tissue

Joost and Stcinfeldcr, (1983) investigated the cifects of theophylline on insulin recepio’s and
insulin aclion in isolated rat adipocytes and found that thcophylline reduced insulin binding by
decreasing receplor allinity. Bosal as well as insulin-stimulated glucose transport were inhibited
by much smaller theophyllinc concenimuons (0.15-0.6 mM ) than those necessary to reduce
insulin binding and to lower ATP levels (1-4.8 mM), or to sumulatc lipolysis (0.3-2.4 mM)-
Insulin fully antagonized the clfect of thcophyllinc on lipwlysis but failed 10 reverse the inhibition
of glucose tronsport completely. Their resulis suggest that (8) theophylline iinpairs insulin seilon
nt 8 post-receplor level and, al higher concentrations, by a decrecase of receptor binding, (b) the
reduction of insulin receptor aflinily probably refcets ATP deplction of the adipocyte, and (c) the
xanliune tnhibits glucose ttanspor ! independently from its effecls on lipolysis

2.6.5 Adenosine receptors In the Liver

Gonzidlez-Benitcz ¢, «al.,, (2002) idcnulicd the adenosine reccptor subtypes involved in the

reguiation of hepatic glycogen mcwbolism in isofaled bepatocytes by challenging them with

adenosinc Ay, A2a, and Ajrcccplor-sclecuve agonists. They found that :n 1solatcd rat hepatocytes

acttvation of the adcnosine A, receptor inggered Ca’*-mediated glycogenolys:s, activation of the

adcnosinc A2a receplor stimulated cAMP-medialed gluconeogenesis. and acuvation of the

adenosinc As receptor increased cytosolic (Ca’*) and decreascd cAMP with munor changes :n

glycogen metabolism.

2,7GLUCOSE TOLERANCE TEST
The glucose tolcrance test (GTT) is a measure of the body’s ahility to clear a standardized glucosc

load from theblood. The assessinent of glucose lolerancce i3 an imporwni pan o fthe invesugatoo

of a varicty of metabolic and endoctine disorders. The glucose tolerance fest is used in clidical

practice and rescarch to identi fy mdividualswith normal or im§ aired glucose tolorance and pabents

3 diobeles. Itis the only ineans of idenlifying impaired glucose tolaance Thare are three
om|, intravenous and Jnt 8-peNancal

withtype

principal means by which the glucose load s introduced. the

routes. While the first two ase used 10 both humans and aniroals. the intia-pentooes! roule 1s used

exclusively in animals.
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2.7.1 The Oral Clucose Tolerance Test (0CTT)

The oral glucose tolcrance test (OGTT), the most commonly uscd method for cveluating whole
body glucose olcrance, is a method in which the glucose lond is introduced into the body through
the mouth and thercfore hos 10 be absorbed from the intestinal troet 1.e, this 1cst also takes into
account inlcstinal 8spcets of glucose absorption. Animals nrc madeto undergo fasting for 14106
hes, o glucose solution is sdministercd by oral gavage (Hedrich, 2004), and blood glucose along
withplasmn orscrum insulin concentration is measurcd at different time points ino pcnodofl 2 to
3 hrs. Plasmn glucose responscs during the OGTT arc the resulis of peripheml glucose utilization
ond hepatic glucose production (Mutrakou ¢, af, 1990), Masms glucose and insulin responses
duning the test are indicators of the ability of pancreatic ceils 10 secrete insulin end the sensitivity
oftissues to insulin (Reoven et al,, 1993), the OGTT has also been olkcn used 1o evaluate P-cell
functiou ond insulin resistonce (Giorda and Appendino, 1993; Motsui ¢t. al., 1996; Huang ct. af.,
1998:). Sonic cptdemiological studics (HolTncr ct. al.. 1996; Holluer ¢t al., 1997) have used
fasting plasma insulin conccnlrations as an iadex of insulin resistance and the 30min rauo of
changesin plasmo insulin and glucose have been used 8s an index of [$ccll funclion. Stumvoll et

al., (2000) demonstrated that on individual’s insulin sensilivity and Pf-cell funciion could be
dctermined from BM1ond values for plasma glucosc and insulin obtained duning an OGTT. While
the Ins30/Gluc0 ratio, which is widely used as as indcx of {cell function did oot correlate well

with actually measured cell function {Mitrakou ct. af, 1992; Holfner cr. at, 1995; Henriksen ot.

al.,, 1997), fasting and (20-niin plasma insulin concentrations, wluch arc commonly used as

indicators of insulin resistance, were found 10 correlatc well with f-cct] fuacaon.

In clinical practiceit is usunlio givethe loading dosc of glucose by mouth, and aprecise evalusnon

ofglucose tolerance (rom the blood sugor values then obtatned is dilficult, as absoiption of ghucase

fiom the gut is oot compleied for a vanoblc time. The nsing ond falling limbs ofthccurve do not,

therefore. reflect the true mtes of either absorption or disposal, siace the two pfocesses occur
simultancously over a period of time. :
Proceduies of glucose tolerance testing

In order 10 ensure unilormity and feproducibility’ of the prcedure, (NS 152 28 IUIRGIOSS e

be adhered t0.
() The subjects should fast loret Jeast eight bours and 0o more thap sixieen hours befose
eommcncemcnt of lesting.
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()  Timcof lesting

The tesis should be conducted between 7:00 am ond 10:00 om to avoid cisrcadian

vanation in glucose tolerance,

(i)  Size of glucose load '

A stendardized loading dose of glucase (1.75g/Kg) which takes into account the body

weight should be given paniculasly in children or when performing the procedure in
nnimals.

The area under the curve (AUC) is proportienal to the totat amount of drug absorbed by the body or
the total omount of drug that reaches the blood cireulation, The AUC during the OGTT represents
glucose that comes fiom hepatic glucose production nnd user glucose.

A number of foimulas for insulin scasitivily index (IS]) obtaincd from OGTT (1Stogry) hove been
developed ta assess insulin scasitivity. The product of the glucose arca under the plasma glucose
curve and insulin arca under the plasma msulin curve has been used as an index of insulin
resistonce (Levine ond Haft, 1970; Myllyacn et. af., 1987), Berson ond Yalow (1959, 1960), were
the Girst o suggest the use of the product of the area under the curves (AUCs) for glucose and
insulin as an index of whole-body insulin sensitivity. More rec e n t | y, Belfiore ct. al., (1998)
proposed a hyperbolic function conversion of the product of the glucose and insulin (AUC) to
derive an index of insulin sensitivity. However, the correlauon between 1Slocis and thosc oblained
from glucose clamp (ISIciexy) in previous studies may not corvelate well (Matsuda and DcFronzo,
1999: Stumvoll ef. al., 2000; Katz ¢t af., 2000). This is because the glucose clamp study is
designed for measuring peripherol glucose utilizauon (Baiginan ct. al., 1985), whereas plasma
glucose responses duting the OGTT are the results of penpheral glucose uulizauon and bepatic

glucose produciion (Mitrakou ef, af., 1990). The arca under the glucose curve during the OGTY

represents glucose it comes fom hepauc glucose producuon and unuscd glucose.

1o order to correct for the abnormalitics, Soenthompun cf al. (2003) developed a new exquatoa.
iSlogrr, [1.9/6 x body weight (kg) x fasting plasma glucose (mmoVliter) + 520 - 1.9/18 x body
weight x AUC goam (mmoVh litcr) - uninary glucose (mmol)/1.8] + [AUC maie (poVhLhiter) x
body weight], which would 1epresent peripheral glucose utilization only. They tested the equaucn
with ISlcump and found that Pcaisen’s correlation cocfficient beiween ISku:rt and 1Slongy was
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0.869 (P <0.0001) and concluded that 1Slogyy derived fiom their cquation was morcsuitablethon

others for assessing insulin sensitivityin subjects with normal glucose tolerance.

2.7.2 The Intravcnous Glucose Tolerance Test (iVCTT)

The test consists of tnjecting [.V. a bolus of glucose nnd frequenily sampling the glucose and
insulin plasmo concentrations aficrwards, for a period of about theee hours. Glucose solution (0.33
g Glucosc/kg body weight) 1s rapidly injccted (over a periad tess than 3 minutes) through Oije ofm
line. Blood samples ore takcn for analysis at intcrvals through the contre-letcral arm vern.
Following the introvenous admunistrauon of glucose, the maximsl hyperglycemia s tmmediate
and the subsequent fall in blood glucose s not inf uenced by simultaneous atiso;]stion as occuss (n
thc oral glucose tolemnce test (Duncan, 1955).

2.7.3 The Intra-perltonecal Glucose Telerance Test (IPGTT)

The intropeiitonecal glucose tolcrencce test {(IPGTT) measures the cicarance of an intrmpenitonally
injected glucose load into penpheral ussucs. Tlie administration of glucose via an intrapentoneal
injection incans that therc is no incrctin response that is known to signilicanily potentiate the
glucose-mediated insulin rcsponse. Compaied to the oral glucose tolerance test the IPGTT does
not address mcchanisms participaling in glucose absosption [rom the intesunc and hence can be
considered a morc “anificial” test than the OGTT. This procedure is petformed exactly as the
OG'IT. except that the 20% aqueous glucoso solution is administered by i.p. injecuon using o 25-
G x 5/8-in. ncedle (e.g.. Tesumo) and the sysinges. containing the calculated volume of glucosc,

should be preparcd for each animal with the needles already atiached and voided of dead volume.

Similarly to oral administyation, a 2 g glucose/kg dose is used, with an 1.p. injection voluroe of 30

nl/g body weight.
In a (ypical ipuaperitoncal glucose tolerance test: {miual peak glucose values should be at | cast
two-fold higher than the baschine value, but can be ten-fold higher or more, greatly dcpand 08 oo
the particulars of the expenmentnlset-up, including the Benclic background of the mice. \waasxd
AUC in on IPGIT indicotes whole-body IR, in which skclctol muscle plays a major role. A

significant increase in pcok glucosc (715-730) may be Indicative of P<ell dysfunction;

: his
simultanecus 1nsulin measurement 1S useful to support ¢
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lonicostatic Model Assessment {(IHOMA)
The homcostatic inodcl assessincnt (HOMA)
scvcra| panmincters known 1o clfect glucose homcostasis, It sclics on experimental human data, and

ollows for volucs of insulin sensitivity and f-cell function to be obiained when simultaneoua

fasting plasnin glucose and fasting insulin conceniralions arc known (Manhewa cv. w/., 198S5; Levy
e, al., 1998; Wollace cr. al., 2004), The solutions for the full model have highly significant
corrclation to cuglyccinic clamyp results in humans (Woellace ¢1. af, 2004), Duc to their nonkincar
notwe, Uiy are best calculaicd using o compuicnzed progam evailable At
kil davaxacak’. Two sinple fomulaa can be used to approximate the 11OMA Indjces,
one for insulin tesistance (HOMA-IR) and one for fi<cll funclion (HOMA-%). This protocol
descnbes these two simple formulas. It should be noled that the validation of | IOMA on mice is
lacking, 80 these indices should be used wilh coution until such validation becomes available.

Calculate the HOMA-IR and HOMA-%B resulis according to the following two equations: sheve
FPI is the fasting plasma insulin concentratlon (U/ml) and FPG is the fastiog plasma glucore

conccntralion (mg/dl).

2.8 Typc 2 Diabctes Mcllitus

Type 2 dinbetes metlitus (T2DM) can be said (o a8 diseasc i which there 15 8 relative deoemsc
insulin secretion in conuadistinction to type | diebetes mellitus (TI1DM) 10 which there 13 an
absolute decrease in fnsulin secrction. Whereastype 2 diabetes mellius used 10 be known as aduls
onset diabetes and 1ype | diobetes as juvenile diadetes. recent urads have given he lie to dus
nomenclature. T2DM now affecs childten and has bewome a major pediatric problem arveng from
the increasingly sedentary lifestyle of children particularly i the developed wovdd. 12DM s tbe
most coramon form of diabetes, accouating for 90%- 95% of all diagnmad cases 1 adalts. The

incideoce of T2DM has reached epidemic proportons worldende (Zimme e1. al.. 2001} T2DM
resulls from the iptoaction between a Sepctic predisposition aod behaviora) and arvrazmceeal
risk factors. It i3 currently thought that T2DM develops only in individuaks uho have 2 genete

pradisposition for defects in the pancredtic beta cclls (hay eocrete insetin (Hammam, 1992). The
natural course of the disease begins with acvoal glocose hampeoaasd @ pdividesls that have e

genetic predisposition, who develop insulin resistance (a stare of PIced TR asivemtns © nonmal
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Homeostatic Modcl Assessment (HOMA)

The homeostalic mode! assegpent (HOMA) is a @xhamaltical model that takes into account

gseveral parameters known (o elTecigluco bomeustags |1 reljeson cpaimenn! humag data. and
allows for values of insulin sensitivily and B<ell fanctiog to be obtained when simultaneous
fasting plasma glucose and fasting insulin amcenmations are known (Maohcws ¢z af., 1985: Levy
et al,, 1998, Wallacc ¢t ai., 2004). The solutions for the full model have highly sigoificant
corrclation © cuglyTemic clamp results in humans (Wallace o1, af., 2004). Due to their nonlinear
naurc, they are best calculsted usiog a computerzed Progam available at
hup./fwww dtu.ox ac.uk/. Two simple formulas can be used 1o approximste the HOMA mdiecs,
one for insulm resistance (HOMA-IR) and one for f<cll function {HOMA.%:8). This protocol
describes these two suaple formulas. k should be poted that the validstion oFHOMA on mice i's
lacking, so these indices should be used with caution until such validation becomes availabic.

Calculate the HOMA.IR and HOMA -%B results acconling (o the foilowing two ©quations: mhetc
FPI is the fasting plasma iosulin concentration (uU/ml) and FPG is the fasting plasma glucose

concenuation {mg/dl).

2.8 Type 2 Diabetes Mcllitus

Type 2 diabctes mellitus (T2DM) can be said 10 o diseasc in which there 1s a relative decreaso in
insulin secretion (n contradistinction o type | diabetes mellitus (TIDM) in which thete is on
obsolute decrease in insulin sccretion. Whereas type 2 diobetes mellitus used (o be known as adul;
onsct disbetes and type | disbetes os juvenile diabetes, recent trends have given the lie 1o this
nomenelaturc. T2DM now aftects children arid has become a major pediatne problem orising from

the increasingly sedentary lifestyle of cluldren particularly in the developed world. T2DM is the

most common §orm of dinbetes. occounting for 90%— 95% of all diagnoscd cases in adults. The

incidence of T2DM hos reached cpidemic proportions worldwide (Zimmet ¢f. al.. 2001). T2DM
resulls from the internetion between a genelie predisposition and behavioral and enviroomeotal

nsk factors. I1 is cutrently thought tho! 72D develops only in individuals who have o genetic

predisposition for defects in the pancreatic beto cells that secrete insulin (Homman, 1992). The

natuIl course of (he discase begins with normal glucose hoincostasis m mdividuols that have the

genctic predispOsition, who develop insulin resisiance (a swatc of teduced responsiveness (o normil
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Gitculdting fcveleol Wulio)yze conscquence of kife stylc factors such as dict. obesity, or physical

inactivity. ln orderto overcome the insulin resislance there 15 increased sccrcuon of insulin by the

pancreas 0 mnintain glucose 1ronspon Into cells ond normal glucose levels 1n blood. The
’

hyperinsulincmia couscs further loss of insulin receptor scnsitivity thereby worsening the tnsulin
fesistance, As @ result, insulin con no longer inhibit lipolysis in the odipose tissuc ond levels of
frec foityocidsand glycerol risc inthe plasma. Theincreascof plasma FFA results in their clevaied
uptake by thicliver wlich Icads tothcir oxidauon and conscqucnt accumulation of acetyl cocnzyme
A (Acctyl CoA). Theelevated levels of Acctyl CoA sn the liver stimulate the rate limitng enzymes
for gluconcogcnesis (pytuvate corboxylase and phosphocnolpyiuvate carboxykinise) and
glycogenolysis (glucose-6-phosphatasc) Icading to production of more glucose. swhich in tum
results in the production of more insulin by the pancreas (Kovacs and Stumvoll, 2005). On the
other hand, accwmulation of FFA in the liver gives rise to non-alcoholic fity liver discase. In that
sense, improper glucose homeostasis can couse tissue domoge and whole body deterioration
{McGarry, 2002). Over time, the underlying betacell dysfunction appears, ond insulin secreuon
diminishes to levels that can no longer mawntoin nosmal regulation of blood glucose in blood and
tissue. Abnormally high glucose values usuolly appear [irst afler meols, when casbohydrate intake
challenges the glucose regulatoty systern. The sequence of ilevelopment of 1hese absormahtics,
the eauses of failure of thc pancrcatic beta<cell and the noture of the signals from the insulin
resistant tissucs that fail to induce an appioprinte beta-cell respoase remain the subjectol ongoing
debate ond resecarch in both the aduli and the pedintric literature. However, there i3 o general
consensus that IR with compensatoty hyperiasulincmio 1s the earliest abnormality with the
subsuent step being impairment in insulin secreuon, resultng in hyperglyccmio and overt

clinical digbetes (Gungor et al.. 2005). Although the genctie basis ol 1ype 2 dinbeles tas yet to be
able 1isk foctors as obesity and physical

al., 1991; Siam. 1991).

identified, there is strong cvidence thst such modifl
INaCUvity aseihe main non geneticdctermansanis of tbedisease (Mansone!

| echansms
Insulin conirols glucose homcostasts through thice coordinated m

1. suppression of hepotic glucose producuon (HGP),

2. siimulation of glucose uptake by the splanchrue (hepatic plus gastoinicsunal)

tissues
3. stimulstion of glucose uptake by penpheral tissues.

3!

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




Glucose uptake, in tum, depends on 1wo major metabolic pathways: plucose oxidation and glucosc

storpge (or nonoxidative glucose disposal), Each of these processes may be a cause of the insulin
icsistance in NIDDM.

HGP

Ia the immediate post prandial period, insulin is released imo the portal vein and binds (o specific
1eccptors on he hepatocyte and suppress HGP. If this does not occur, there will be two inputs of
glucose tnto the body (the liver and the ingested glucose from the gastrointestinal tract), ond
marked hyperglycemia will develop (DcFronzo ¢t af., 2005). .
Splanchnic (hepatlc) glucose uplake

A sccond potenttal mechnnisnt that might account for the impairmeat in insulin action durng the
insulin clamp is ndecrease in glucose uptake by the liver

Periphem] (muscle) glucose uptake,

As a tesult of pglucose oxidation {(DcFtonzo et af, 1985) arxl giycogen fonnation (Bogardus,
1984) arc impaired in T2DM subjccts, an cxeessive emount of glucose 15 converted to lacuste
(Dc¥Fronzo ¢t ai., 1985). which s subsequently relcased and can scrve as o substiale 10 dnve
Blucoocogcnesis by the liver {Consolict. af., 19871 This aceclernied Cori cycie activily provides
an important mcchansstn 1hat suswins the occelerated rate of IHGP in diabetic individuals with
well-established fasting hyperglycemia. The increased glucose uplake by peripheral tissues is due

(0 the mass action effect of hyperglycemis, which passively dnves glucosc into cells {DeFronzo
and Ferrannini, 1987; Cheitington et a/. 1987).

1
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Gtueose clearance fom thec irculation d2perds on insulin and inaylj
and muscle lissue. Under certain physiological conditions such as o
insulin is unable to cfectively clear blood glucose. This 1nabil Ry

. “ 3 - ' o
the curu!n lon‘ c?usitmcf insulin resinanee (McGarry, 2002). As & result, 1nsulin can oo longer
inhibit lipolysis in the adiPOse lisue and levels o ffree {anty acids and glycerol rise m the plasma.

eorplor signaling in adipose
besity and/or type 11 diabetes,

of insulin to clear glucose irom

The tocrease of plasma FFA resulis in iheir clevated upake by the liver which leads to their
oxidation and consequent accumulationo f acctyl coenzyme A (Acetyl CoA). The elevated levels
of Acetyl CoA in the liver stimulate the rate limiung enzymes for gluconeogenesis {(pyruvate
casboxylaseand pbosphocnolpynivate carboxykinase) and glycogenolysis (glucose & phospba tasc)
leading to pioduction of more glucose, which in turn results in the produclion of more sulin by
the pancreas (Kovacs and Stumvoll, 2005). On the other band, accumulation of FFA in the liver
gves rise 1o non-alcoholic faiy liver disease. [n that sense, improper glucose homeostms'is can

cause tissue damage and whole body detenoretion (McGanry, 2002).

Tuomilehto ez. al., (2004) demonstisied that type 2 diabetes mellitus can be prevenied by changes
in the lifestyles of high-risk subjocis. They found that middle-aged. overweight subjeets with
smpaired glucose tolerance who received individualized counseling aimed at reducing weight, 1o1al
mwkc of fat, and intake of saturated (ot and ncreasing intake of [iber and physicol activity had
reduced nsk of dinbetes by 58 percent (P<0.001). The reduction in the incidence of diabetes was
directly associoted with the chauges in lifestyle There is no doubt hot the diel is an aspect of
lifestyle (hat affiects the developmeni of type 2 diabetes mellitus. Calfeincisonc ofthe most widcly
consumed components of diet which has been extensively stuldied. However,opinion remain
divided on whethereaffeine is hammful or beneficial @ persons sullcring from T2DM \Vhile some
investigotors reported that ingcestion of caffeine by lean, obcse, or type 2 diabetic individuals, 1-h
prior (o an ornl glucose tolerance test (OGTT) resulted in transient glucose intolemnce meinly by

reduced whole bod y glucase predominantly otthe level of the skelctal inuscle (Thong ct. al., 2002),

cpidemjological studies dcmonstrate {liat c hronic coffee ingestion decreases therisk of developing

type 2 digbctes (Yamaji ¢f. al. 2004) Salozar-Martinez ¢r. al., (2002) reporied that the

consumption of approximately 6 CUps of cofec per day decreased the relotive risk of developing

tYPe 2 diabetes in both men and women by 34 and 29%, respectavel Y,
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CHAPTER THREE
3.0 MATERIALS AND METRODS
The following matenals were used for the stady
(a) Ammals
(i) Malc Wislar rats weighing between 235- 350g.

(8)  Malc Swiss miec forthe toxieity study.
(b) Drugs/kits
(i) Caffeine, 99% (Allx Acsar USA)
() 50% Dextrose solution ( Dann pharmaceuticals Nigena)
(i)  Rat insulin (ELISA) lsit (Crystal Chem USA)
(iv)  Glycogea Standard
(v) 30% KOH
(vt) 88% Formic acid
(vii) Cone HCl
(viti) Anthionc reagent
(ix) 95% Ethanol
(x)  Glycogen Synthase (ELISA) kit (Cusabio China) '
(xi)  Glycogen Phosphorylase (ELISA) kit (Cusabio Chins)

3.1 PLANT MATERIAL AND EXTRACTION.
Kolonut (Coln nituda) was obtaincd from [lobu matket in Osun State, Nigerin. The seeds weie

outhenticaled ot the Depariment of Biology, [.adoke Akintola University of Technology

(LAUTECH ) Ogbomoso by Dr. Ogunkunle and o sample sumber LHO 442 was dcposited inthe

LAUTECH herbarium. The kolanut sceds were cut into thin njeces and air dried away from direct

sunlight. The dricd seeds weee then ground inlo powder and 500 gram of the powder dissolved in

2 liires o 70% cthanol for 72hrs (Murray and Hansen. 1995), The solution was fferccvath (23

1 cvaponrator.
mm filier paper and the 1csulting filienie concentrated with rotary €vapo

Exunaclion Yicld Froction (E Y.F) wos cafculated.

| weight of sample <100 = 58.5/500 x100 = 11.7%

E.Y Fu weighto fextract yicld/ inilo
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3.2 PREPARATION OF DECAFFEINATED EXTRACF

fidyfeat method of desallingyprrngs dhe s riefly, 500g of the Cota nilids powder was dissolved

in 2500 ml of distilied water for 72 hos. The selution was sieved and the residue left 10 dry while

70% dichloromeihane (DCM) was added o the soluison and Jelt for 24 bours in order to remove

thecaflcine from the solution. The resulting mixture was separated usmg o scparation flask on a

tetort stond nod the restdue tn the distilled water was remixed with the initial residue and dissolved

in 70% Ethano!, for 72 hrs nnd filteced (Murray and Hansen, 1995). The filtraie was then

concentrated with the rotaty cvaporalor as above.

33 TOXICITY STUDIES

Acute toxicity of the kolanut extract was cvaluated using tweny-five male Swiss mice (weight

range between 25 and 35 grams). Following a 24 hour fast, the mice were divided into live groups

of 11 mice per group. The mice in the groups 1,2,3,4, and 5 were given Img/Kg, 100mg/Kg,

1000mg/Kg, 2000mg?Kg and 3000mg/Kg of the extzact respectively, Observation for 72hrs after

administration of the extroct showed oo moitality in any of the five groups.

3.4 GAS CHROMATOGRAPIY- MASS SPECTROSCOPY (GC-MS) ANALYSIS OF
KOLANUT EXTRACTS

The GC-MS onolysis of the crude and decaffeinated kolanut exiracts was camicd out using o

Hewlcit Packord Gas chiomotogiaph (Model 6890 scrics) equipped with a {lame jonisation

detector and Hewlett Pocknid 7683 scries injectors, MS (tansfer line iemperature of 250°C. The
fused silico capilluy column-FP-5MS (30x0.25 mim), filn: thickness
ol 50°C for 5 minutes holding times mised from'50 to

GC was equipped with o

1.0nm. The oven temperature was held
250°C ot a rote of 2°C/min, employing helium gos (99.999%) as b catzicr gas at a consuanl flow

ratc of 22 emys. ) .gmg/ml of extract (1mg dissolved in 1m! absolute alcohol) & a splitzatio of 1:30
was injected. MS analysis was carricd out on Agilent Technology Neiwork Mass Spccitometer
(Model §973 senes)coupled to Hewlen Packard gas chromotograph (Model 6890 series) equipped

with NISTOS Jibrary software detabsse, Mass specirm were taken ot 70¢V/200°C; o scanning rute

of | scanss. Identification of compounds was conducted USIng the databosc of NISTOS libeury. The

mass spcctra of the unknown compounis WeIc eompatcd 10 those of the known conipo unds stored

10 the soflware.
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3.5 PREFARATION OF STOCK SOLUTION

Stock soluhotjls of.Cnﬂ'cinc (CAF), Kolamy (EEK) aad Decaffematcd Kolanut (DEK) were
preparcd by dissolving 0.45g cach of the CAF powder, EEK aad the DEK ia 100ml of distilted

water. The above conceatration was chosen 5o that no g would have 1o be given more than 0.5ml

ofthedissolved abstract daily in order toreceive 6mg/kg ofihedsug of exuact. The dose of sm@/kg
caflcire nnd exiracts adsminisicred corvesponds 1o the amount of calfcine ingested in 34 cups of

coffce which has been found to have signilicant effects in prevention of type 2 diabetes (Snlazar-
Marlinez et. af., 2004).

3.6 Body Wcight

The rats were weighed weckly for eight weeks using an clectronie digilal balance. \Veight gain
wasaccessed for each mi by subimcting the initial weight ftom Ihe linal weightafler cight wecks
ofdnigand exiract administration. '

3.7 Foad Intake/consumption.

Alliheanimals inthe fourgroups were fcd ad libieem with rat pellets obtained ffom Ladokin feeds
Nigeria limited Ibadan, Average daily foodintake of the rats was detcrmined by asscssment of the
weightof food consumed during a week of ad libitum feeding. The maximum average daily food
intake was then increased by 50% and presented to the animals daily. Daily food inlake was
determincd by subtracting the weight of food remaining from the weight of the food initinlly

presenicd. The food intake was assessed daily for a period of six wecis commencing two wecks

after commencement of the reatment.

3.8 Water Consumptlon/!Intakc
All the animals in the four groups were given walcr ad libitum. Avernge daily water intake of the

rts was detcrmined by assessment of the volume of water consumed during a week ofad |ibjlum

waler consumption. The overage maximum daily waler consumption was then incceased by 50%

and prescted to the animals daily. Daily water intakc was dctermincd by subtracting the volume

of watcr remmning from the volume 0 [ water smually presented. Th
fter commencement of the treaioient.

¢ waler 1ptake was assessed

daily for o period of six wecks commencing tWo et
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Table 1: Experimental design of the study

Acute
No of rats | Trcaiment

' —I 13 : , :

(1)Control = Six rats were cach given 0.3 mL of distilled water by oral gavage and blood collected
for oral glucose tolemnce test and determtnation of snsulin.
Another set of six rats werc each given 0.3 mL of distilled water by ol gavage,
sacrificed and used f(or liver glycogen, glycogen synihnse and pglycogen
phosphorylase determinauon.

(NCofleine | 12 Six rats were cach given CAF 6 mg/kg by oral gavage and blood collected for oral
glucose tolerance lest and determinaltion of insulin,
Another sct of six rats werc each given CAF 6 mg/kg by orol gavagc sacrificed and
used for liver glycogen, pglycogen synthase and pglycagen phosphotylase
dctermination.

(IHhEEK 12 Six mis were cach given EEK_Gmgfkg by oma] gavoge and blood coliccted (or oml
glucose tolerance test and detcomiination ol 1nsulin. \
Another set of six rats were cach given ECK 6 mg/kg by oral gavage, sactiticed and
used for liver glycogen, glycogen synthase and glycogen phosphorylase
detenninntion.

(IVIDEK 12 I'Six rots were each piven DEK 6 mp/kg by otal gavage and blood collected fororal

glucose tolernce test and detenniantion of asulin.

Another set of six fts were cach given DEK 6 mg/kg by oral pavage sacnliced and

used for liver glycogen, glycogen synlhase and glycogea phosphorylase

detcnninntion.
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Tablc 2 Experimental design (Chronic)

No of ruis

Treatmem

-

$2

Six rats were coch given 0.3 mL of distilled watcr hy orol gavage doily for eight weeks.
A day afler completon of ircauncni. blood « ellected for oral glucosc tolermnce lest and

detcimunation ol snsulth,

Another set ol six ruls which had also undergone treatment with 0.3 mL dislilled waler
for cight weeks, were used for diver glycopen, glycogen synthasc and glycogen

phosphoiylase detcrmination

1)Calleinc

Six rats were each given CAF 6 mg/kg by oral gavage daily for eight weeks. A day afier
complction of treatment, blood collected for oral glucose lolerance test and

determinalion of 1nsultn,

Another sct of six mis which had also undergone the above eatment with CAF for eight
weeks, were uscd for liver glycogen, gly<ogen synthase and glycogen phosphoryiase

detenmination

Six mts were each given EEK 6 mg/kg by oral gav agedaily for eight weeks. A day after
completion of trcatmcnl. blood collected for ornl glucosc tolerance test and

determination of insulsn

Another six rats which had also undeigone the above ucatment with EEK for cight

wecks, were used for sver glycogen, glycogen synihase and glycogen phasphorylase

detcrmitnation.

.

[Sm were cachgiven DEK 6 mg/kg by oral gavage daily for ecight weeks A day after

| completion of treaiment, blood collecicd for orsl glucose rolaance 1est and
determination of insulin
Anothee six rats which had also undeigone the above treatment with DEK (or eight

weeks. were used for liver glycogen, glycogen syTihase and @iycCgen phosphorylase

determination
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3.9 EXPERIMENTAL DESIGN

Molc Wisinr rals weighing 235-350 g were used for the study. The study was carried out under

acute nnd Chronic conditions viz: tesis camed out immcdintcly nfter oddministiation of the cxlracts
and 1ests comed out afler 8 weeks of administration of ¢xtracts

3.10 Experimental Procedure for the acute studles

3.10.1 Group | Control

Aflcr an ovemight fast, cach ol the six rats was given 0.3 mL of disulicd water by oral govage,
Thirty minutes ofter the distilled water was given, a blood sample was token corresponding to
Ominute. Therealter, 50% glucose salution 1.75 g/kg (Perfumi ¢/, al., 199t) was given to cach rat
ond blood snmples were taken at 30, 60, 90 and 120 minuvics aficr 1he glucose load for glucose

tolerance test and plasmn insulin detezmination.

Another subgroup of six mis were each given 0.3 mL of distilicd water by ornl gavage. 'rrhmy
minutes after the distilled watcr was given 50% glucose solution 1,75 g/kg was given lo cach mt.
One hour after glucose loading, the rats were sacrificed and their livers harvested for glycogen
content, glycogen synthase and glycogen phospho:ylnse determination.

3.10.2 Group 1 Coffecinc treated group

Allcr an overnight fast, cach of the $ix rots was given CAF 6 mg/kg by oml gavage. Thirty migutes
afler the CAF was given, o blood sampie was laken corresponding 10 Ominute Thercafier, 50%
glucose solution ).75 g/kg (Perfumi ef, of., 1991) was gsvco 10 each rat ond blood samples were

taken at 30, 60, 90 and 120 minutes afier the glucose load for glusose tolerance test and plasma

insulin determination.

Another subgroup of six rats were cach given colleinc 6 mg/kp by ora! gavoge. ‘Ihifty minules

after the cafTeine was given 50% Blucose sofution 1.75 g/kg was given to each rai. Onc hour afier

glucose loading, the rats were sacrificed and their livers havested for glycogen cantenl. glycogen

synthasc and g)ycogen pbosphorylase dcienmination.

3.10.3 Group 111 Ethanol extract of kolanul (EEK) treated rats |
ARer an ovemight fast, cachof thesix 1als was given EEK 6mg/kg by oraf gavage. Thirty' misules

after the EEK was given, 0 blood sumple was tpken comesyOading to 0 m:m;;baun:. 0%
glucose ¢olution 1.75 g/kg (Porfumi ef al . 1991) was given to cach rstandb samples were
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laken at 30, 60, 90 and 120minutes after i c Blucose load for glucose folerance test and plasma

insulin dctcrminotion.

Another subgroup of six ruts were cach given EEK émg/kg by orat govage. Thirty minutes afler
L)

0% ghucosc solution 1,75 8/X8 was given (o cach . One hourofer glucosc

londing, the mts \ere sacriliccdand their livers harvested for glycogen conicnt, glycogen synthase

and glycogen phosphorylase determination.

the EEK was given §

3.10.4 Groub 1V Decaffelnnted ethanot extract of kolanut {DEK) treated rats

Alter an oventight nst, each of the six rats was given DEK 6 mg/kg by orol gavage, Thirty minutes
ofter the DEK was given, n blood sample was taken corresponding to Ominute. Thereafier, 50%
glucose solution .75 gkg (Perfumi et «f, 1991) was given to each ral and blood samples were

token at 30, 60, 90 and 120minules aflcr the glucose Joad for glucose totcrmnce test and plosma

insulin.

Another six rats were cach given DEK 6 rag/kg by oral govege. Thirty minutes aflter the DEK was
given 50% glucose solution 1.75 g/kg was given (o each ral. One bour after glucose loading, the

rats were sacrificcd and their livers hervesied for glycogen content, glycogen synthase and

glycogen phos phorylase delcrmination.

3.11 Expcrioicutal Procedure for chronic studics
3.11.1 Group | Conirol

Six rats were each given 0.3 mL of distillcd water by ora! gavage daily for cight weeks. At the end
of the treaiment period, afler an ovemight fast, following light aasesthesia with shiopentone
sodjum 40mg/ml, ¢ blood sample comesponding to 0 minuic was (aken by retro-o1bital puncture
from cachof thic six rats. Thereafier, 50% Blucose sofution 1.75 g/’kg was given o cach miby ol

govage and blood samples were waken by retro-orbital punctureat 30, 60, 90 and 120 minutes a Rer

the glucose load for glucose tolerance (cst asd plasma insulin detcrminstion.

Another sciofsix rats which had also undengone Ifeatment with 0.3 mL of dustilied water for eight

weeks, were subjceted 10 an ovciaught fast. On the mosomg of the procedure. each rat was Riven

50% glucose solution 1.75 g/kg by oral ga
sacniliced by cervical dislocotion and their

vage. One bour after glucose loading, the ruts were
livers harvested for glycogen conteot, glyTogen

$yWthase and glycogen phosphorylase determinalOD.
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3.11.2 Group [1 Caflelne treated

ST e wall SVMRGATAES mg/kg by or] govage daily for eight weeks. At the end o the
treannent period, alter an ovemnight fasy, following light anaesthesin with thiopentone sodium 40
mg/Kg, 0 blood sample eorresponding 16 0 minute was taken by retro-orbital puncture from each
of the six rass. Thereoficr, $0% glucose solution . 75g/kg was given to each mtand blood samples

were tnken for glucoso tolemnce test and plasmo insulin detcrmination at 30, 60, 90 ond 120
minutes nftcr the glucose lond.

Another set of six rats which had also undergone treatment with coffeine for eight weeks, were
subjected to an overnight fost. On the mormsag of the procedure, cach mt was piven 50% glucose
solution 1.75 g/kg. One hour ofter glucose loading, the rais were sacrificed ond their livers
harvested for glycogen content, glycogen synthase and glycogen phosphorylase determinauon.
Y11.3 Group 11l EEX (realed

Six rats were cach given EEK 6 mp/kg by orul govege daily for eight weeks. Al the end of the
treatincnt period, aflcr on overrught fast, following light enacsthesio with thiopentone sodium
40mg/m} ablood sample coaesponding to 0 minute was taken by retro-orbital puncwre (rom cach
ofthesix rats, Thercalier, 50% glucose solution 1.75 g/kg was given (0 cach rat and blood samples

were taken at 30, 60, 90 ond 120 minutes alicr the glucose load for glucose tolerance test nnd

plasma insulin determination.

Another sel of six rate which had also uadergone trcatment with EEK for eight weeks, were

subjected 10 an overnight fast. On the moming of the procedurc. each rat was given 50% glucose

solution 1.75 g/g8. Onc bour after glucose loading, the rots were sacnficed and their,livers

hasvested for glycogen content, glyxogen synihase ond glycOgen phosphorylase determiasuon.

3114 Group 1V DEK treated
Six rats were cach given DEK 6 mg/kg by oral govage daily for cight wecks. At the end of (be
fast, following light anacsthesia with thiopentone sodium

treatment period, aficr an overnight
s takca by retto orbilal punciure Fom each

40mg/ml a blood sample comespondingto 0 minute W0

of the six rats, Thereafter, $0% glucose solution }.758/k
were token £ ot 30, 60, 90 and 120minutes ofter the glusase load of glucosc tolewnce lest and

g ws given (o exch rat and blood sampics

plasma ynsulin determinatson.
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Another set of six rats which had also undergone (reatment with DEK for cight weeks, were

subjecied 1o an overight {as\. On the moming of the procedure, cach rat was given 50% glucose

solution 1.75 g/kg. One hour afles glucose loading, (he rats were sacrificed ond their livers

hacvested for glycogen content, glycogen synthase and glycogen phosphorylase determination.
3.12 Oral Glucose Tolcrance Test (OGTT)

The procedure wWas cafved out between the hours of 7:00 am and 10:00 am 1n all groups (Jamretes
af.. 1972). Cach ot was fitst anocsthetized with 40mg/kg thiopentone sodium intraperiloneally,
Then by rctio-otbital s:nus punciure, a blogd samplc approximalcly 0.Sm] was loken into EDTA
boltles and kept in ice packs. A londing dose of 1.75g/Kg 50% glucose (Dans phemaccuticals,
[.ag0s) was given 10 cach anitnal by oral gavage. Thereaficr, blood samples wera taken ot 30, 60,

90 and $20 minutes aftes the glucose loading. Plasma was scparatcd and stored at -20 °C afler
spinning the blood samples at 3000 g for t$ minules. Plasma glucose and plasma insulin were
dclemiined for each sample. The mean values for each time point were used to plot a graph of
plasma glucosc concentrotion agoinst ime 1o obtn the glucose talcronce curve '

3.13 Deteninlnntion of plasma glucose

AMer collection of the blood samples in EDTA Eppendor{ botiles, the plasma was extracted afler
centtifuging the samples ot 3000 g for |5 minules. The plasma glucose was determined by the

glucose oxidasc mcthod (Trindes, 1969).

Principles of the blood glucose detennination by the glucosc oxidase method.

In the presence of glucose oxidase, glucosc is oxidized to gluconic acid and hydrogen peroxide:

The hydrogen peroxide in the presence of peroxidase enzyme oxidizes a suitable oxygen acceptor

10 give chromogenic oxidation, the inteasity of which is proPOrtional 1o the An1ount, ol glucqse

inittally present. The intensity of the colour developed is maaswed using 8 specuopholometer

l- Glucose + Oz + Glucose Oxidase C ——>> Glucomc acid +:0;

2. K10z + peroxidose c———=2=1h0 +O;
—— cbromogen

3- O + oxygen acceplos €

83

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

‘.’._w.-s. -

"



3.14 Determination of Plasma Insylin

The blood samples obtained dunng the oral Blucose tolerance test were centrifuged at 3,000

revsiminute for 15 minutes aflcr which the plasma was cattoctod with Pasteur pipetics into

Eppendorf bottles and stored af -20°C forassay at alater date. Plastna insulin coocenirations were
determined with ELISA kits specific for rodent insulin (Crystal Cbem Inc USA).
Princaples o [ the Assay

i. The insulin in the plasma sample and the prepared standards bind to the guinea pig anti-

wisulin ontibody coaled on the mycroplate well. The microplate was theo incubated for 2

hours at 4°C Subsequent washing removes any unbound material.

!J

Horse radish peroxidaseconjugated anti-insulin anc bodyis then bovmd to the guinea pig

anti insulin antibody/sample jasultn complex immobilized to the miceoplate well. A second

washing is done to remove excess POD conjugale.

3 3,35 § tetramethylbenzidinc substrate solution (TMB) was added to the bound
peroxidasc conjugate to cause a reaclion .

4. The absorbance is measured withaidof the ELISA plate reader at Asso-Ass0

5. Insulin concentration is dctcrmined by readreg offa curve plotted hom the stanttard values

(Figure 11).

3.15 Determination of Liver Glycagen

Liver glycogen determination was done by the Anthronc method (Jermyn. 1975). Briefly, one

gram (1g) of cach of the liver were carcfully wcighed and keptin glass flasks. To this, 10ml of
J0% Potassium Hydroxide (KOH) was added in oo Erlenmeyer Rask aod heated for 26 minutes

unti] the tissue dissolved, After allowing the solution to cool. 4m! of
tube and Smlof 9% ethanol addcd to it The resulting solution wes centrifiged at 3000 revoluyons
pematant discarded leaving a while precipitate. 'The glycogen precipilate
wtion, 0.5m) aliquots were

it was measused into a lest

lor 15 mynutes and the su

was then dissolved in 2ml of distilled walcr. Fiom the glycogen sol |
d HCI, 0.5m] of fornic acid (88%)

rs
measured into clean samplc bottles and 0.5m) of concentrote S
o manner. O.5ml of distilled water trcoted

and 4n in 3 SIEPWIS
1l anthrone reagent were added [0 1t 0.0 3 .
na c cuwve was drawn b severa)

) which were simiarly treated as above. All the tubes

10 minutes 00d then atlowed to cool. Allqouls'o fthe

dilutions of the glycogen sipndon{ {mg/ml

were then heated in o boilinB \watcr batb for

84
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samples wete then poured info Cuvettes aficr allowing bubbles to disperse and absotbance read at
630nm on a spectrophotometer against blank. The corresponding absorbence is read off standard
curve constructed from values for the glycogen swandard (Figure 12).

Glycogen content was calculated using the formula below

mg Glycogen/100g Fresh liver = mg glycogen/ml x 10/4 x 20.5 x [100stiver wet wright

0.4S

04 - Py
¥ =0.0569x + 0.004

0.35 - Rta09620

o
~ o
wn W

Absorbance
o
[ Y]

0.15 -

g1

0.05 -

3 4 5 6 7

0 | 2
Insulin concentration (ng/ml)

Figure 12: Standard curve for lasulin
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Figure 13: Sinndani cusve for glycogen conlent
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3.16 Dctermination of Liver glycogen synthasc activity

0.lgrom of liver lissuc was weighed with digital scale end homogenised in 1mt of phosphate bulTer
solution on ice. Thereafter. the homogenate was centsifuged at 3000g for 15 minutes at S°C n a
refrigerated centrifuge. The supemotant was decanted into Eppcadorf bottles in ice packs. The
sUpCMont Was subjected to two ficcze thaw cycles and re<entifuged. The glycogen synthasc
scuvity in the supematant was detenuned with aid of ELISA kits (Cusabio China).

3.17 Determlnation of Liver glycopen phosphorylase aciivily

0.1gram of liver tissuc was weighed with digial seale end homogeniscd ia 1ml of phosphate bulfer

solution on ice. Therealter, the homogenate was centnfuged o1 3000g for |5 mioutes and the

supernaiant decanted into eppendorf botiles in ice packs. The supematant was subjected (0 two

freeze thaw cycles and re-centrifuged. The linal supematant was slored a1 -20°C for the assay a1 2

later date. Glycogen phospharylasc activilty was detcmiined with ELISA kits (Cusabio Chino)
IR STATISTICAL ANALYSIS.

Results were expyessed as mecant SEM, and were analyzed using ANOVA and Student’s t-test.
The level of signilicance was accepied st P<Q.05.

B7
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Figure 14: Sinndmd curve for glycogen phospharylose activity
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CHAPTER FOUR

4.1 Toxlcity studies

The results of acute loxic:ly aftcr administration of cthanol extracis of kolanut (EEK) showed that

there was no death recorded on giving giaded doses of the exuact ranging in conccntration from

Img/Kg 10 3000 mg/Kg.

4.2 Gas chromalograph) and mass speciroscopy (GC-MS) of kolanut extructs

GC-MS analysts of the crude and decalTcinatet kolaout extiacts showed thai the extsact preparcd
conwined 17.5% caffcinc whilc thc decalfemated kofanut extuact had 33196 cafieine content. In
the cthanol extract of kolanul, 39 compounds represcnted by 39 distinct peaks wero identificd by
GC-MS {Figure 15). The compounds identified thiough the NISTO8 databasc arc listed in Tables
3 and 4. The major compounds present in the ethanalic ciude extract of kolanut identified by GC-
MS were caffeine with retention time (RT): 19.601 and 19.761 of Total: 50.569% and quality:
96%. Other components identilied in the CEK weic hexadecanoic acid, cthyl ester (RT: 20.43), 9,
12 Octadecadicnoic acid, cthylcster (RT: 22.353), 9-Octadecadienoicacid, elhyl esier, cihyl oleate
(RT:22.422), cyclohcxanone, 2-mcthy{-5-(1- methylethcny?!) Octrdee9-cnoic acid decanoic acid,
10-(2-hex ylcyclopropyl).

Similarly, analysis of the dccafleinated extract of kolanut (DEK) (Figute 16) showed caffeine
concentiation of 3.31% and quality: 96 with 34 distinct peaks representing 32 compounds. TTte

mojor compound identificd in the DEK was methyl 9. 10. methyllenc-hexadecanoat with RT:

20.59, Total: 29.736% and qunlity 89
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Figure 15: GC-MS chromstogram of cthano] extract of ojunut (EEK)
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Tabte 3: GC-MS analysis of crude Ethanol Extract of Kolanut (EEK) showing the compounds identified by mnss spectra database,

retention time, total percentage and relative quality of compounds

rK Relention %
ne  time Vinss spectra data total  Qual ldentified convpound

) 14.565 178990 000057-09-0 11.90 43 Cctrimonium Bromide

) 19.240 E41185 1000282-82-8  9.00 53 Thiophenc-2-acctic acid. dodce-9-y-nyl estcr

3 19.555 112764 0001 12-69-6 11.50 43 1-iexadecanamine, N, N-dimcthyl

4 22.793 55116 000058-08-2 17.47 03 Caffeine

3. 23.091 87666 0067:0-88-1 55.71 91 Cyclohexanone, 2-(2-chlorophcnyl)- 2-(mecthylamino)-, (.44-.)-
6 23.234 150263 1000309-086 46.93 78 Phthalic acid, cyclohexylmethyl bigy! esier
7 24.258 161704 000084 78-6 8.13 83 1.2-Benzencdicarboxylic acid, butyl octyl ester
8 25.265 119605 017851-53-5 29.8 83 1,2-Benzenedicarboxylic acid, buty 83 ) 2-mcthylpropy!l ester
9, 29.185 199698 002122-26-1 2.8 S3 Chioromethyl 7-chlorododecanoatc
10. 29.225 122847 1000130-84-8 0.61 58 (S}#)-Z-13-Methyl-1}-pentadeccn-1 -ol acetate
1. 30.049 217985 055162-62-3 1.89 91 Tetracontane, 3,5,24-trimethyl-
12. 33.717 217985 055162-61-3 1.75 9l Tetracontane, 3,5,24-trimethyl-
13. 36.211 178619 100030898-5 13.55 86 Phthalic acid, 2-ethylhexyl isohex y[ ester
14. 37.127 47644 017301-29-0 142 53 Undecane, 3,7.dimethyl-
Total
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Tablc 4;: GC-MS analysisof Decoffeinated Ethanol Extiact o [ Kolanut (DECK) showing the compounds identified by mass spectra,

database, retention time, tolal percentage and relative quality of compounds

PK Retention %
no  time Mass spectra data  total  Quul [dentified compound

l. 16.974 58109000629-59-4 043 78 Tetradocanc

2 19.234 118091 1000293-64-1 0.46 53 2-Thiophencacetic acid, 2-isopropo xyphenyl ester

3 20.407 19134 005625-46-7  0.72 53 3.6-Dimethylpipcrazine-2.5-dionc

4 20.487 25224 038487-86-4 1.12 52 Benzoniuile, 2-amino4<chloro-

-r 21.729 58109 000629-59-4  0.51 80 Tetradecane

6. 22,725 55118000058-08-2  0.86 93 CafTcinc
7. 22.753 55116 000058-08-2 0.4« 95 CalYeinc
8 22.770 $511900005808-2 99 94 Caficinc
9. 23.091 87665 006740-88- 838 91 Cyclohexanone, 2-(2-chlorophenyl)- 2-(methylamino)-, (4/-.)\
10.  23.228 1I6£711 000085-69-8 d4.33 78 2-Benzencdicarboxylic acid, buty | 2-ethylhexyi ester
11. 24.247 150277 1000308-94-3 0.65 78 Phthalic acid. isobutyl cyclohexy! methyl ester
2. 24.556 113705 005129-60-2 9.3 98 Pentadecanoic acid, 14-methyl-, methyl ester
13, 25.259 119605 017851-53-5 8.4 83 1.2-Benzencdicarboxylic acid, buty | 2-methylpropy! ester
14. 25.551 102726 000057-10-3 1.77 99 n-Hexadccanoic acid Tridecsnoic acid

15. 25.574 102726 000057-10-3 2.3 99 n-fHlexadccanoic neid Tridccanoic acid

16. - 25.694 102726 000057-10-3 2.3 99 n-lHexadeeanoic acid Pentadecanoic acd

17. 26.003 70179 000627-90-7 $.9FRICAN DR\ HEALTH REPosITORY ARbarg noie acid. cthyl ester Ethyl ttidccanoaic
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135402 1000336-62<¢ 3.6

132282 002566-97-4 6.1

133702 013481-95-3 12.6

135381 000112-61-8 0.8

108922 056554-35-9 2.7
121324 1000130-904¢ 04
142890 007619-08-1 3.4
122814 1000245-7t-9 6.8
5953 002808-75-5 1.7
11317 004925-71-7 4.5
119881 014811-95-1 0.9
10583 000766-53-0 03
101000 1000159-93 09
110397 002423-10-1 0.5
37511 062183-55-5 0.6

178619 1000308-98-5 3.3

121324 1000130-904 1.05

58
99
99
25
83
72
95
49
62
93
78
76
52
87
53

86

58

g _-| - - o

1-Propy| 1 4.melhyl-penladecanoatce n-1icxadecanoic actd
9.12-Octadecadicnoic acid, methyl ester, (E,E)-
10-Octadeccnoic acid, mcthyl ester

Octadccanoie acid, methyl ester
9,17-Octadecadienal, (£)- Z-7-TetradecenOic acid

12-Methyi-E.E-2, 13-ocladecadicn- t- ol
9.12-Octadecadicnoic acid, ethyl ester 2-Chlorocthyl linoleate

E-11-Hexadecenoic acid, ethyl ester
1-Methyl-2-mcthylenceyclohexanc
9.Oxabicyclol6. b.0lnonane, cis- Olcic Acid
1,19-Eicosadicnc 8-Hexadecenal, 14-mcthyl-, (Z)-
Bicyclo[2.2.2]octane, 2-mcihyl-

Pentanoic acid, 10-undccenyl ester
9-Octadccenal, (£)-

Octane, 3-<thyl-2,7-dimethyl-

Phthalic acid, 2-cthylhexy! isohexyl cster

12-Methyl-E,E-2,13-ocladecadicn- | - ol

18. 26.638
19.  27.966
20. 28.109
21.  28.664
22.  29.065
23.  29.190
24.  29.305
25, 29.425
26.  29.483
27.  30.003
28.  30.243
29. 31.250
30. 31.250
3. 32.040
32. 33.705
33. 36.200
34, 47.506
Total
= T ATTEEEER————
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4.3 The eflects of Caffcine, Kolaoyt and Decaffeinased Kolanut extracts on body weight In

male Wistar rats.

Figure 17 shows tbe average weight gain in the four groups afier eight weeks of treatment With
the various cxtracts. All the ireated groups showed less average weight gain compared (o the
control wtth the caffcioe treated group showing the least wejght gatn buy there was no significant

reduction in Weigb( gnin CO(Bpnﬂfd 10 the cono! gioup.

&

Weight galin (g)
s ¢ 3

—t
(@]

' e DEX
Contro) CAF— oL -

Figuie 17: Avcrnge weight gain in coffeine, EEK, and DEEK treoted ras (n=6)
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4.4 The cffects of Caffeine, EEK and DEK op food consumption in rats

T
I I | I .I
| .
| i
|
' EER OEK

Conteok CAF

24

el ———— TN

Food cansumption (g)

10

: ' T LEK end DEK treated rats = 6(°**
Figure 18: Avemnge dnily food coasumption i caffeine, EEK and DEK treated i3

p<0.001)
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4.5 The elfects of Caffeine, EEK and DEK on water intake in rats,

450 - o -
Water consumption / group

&

Water consumption /day (ml)
g

18+1511021211314352527 1833303132

12 3.4 S6738 91011121314151617

: » ek and DEK brcated rals
Figure 19; Daily water consumption in Contiol, CAF, LEK

CAT
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4.6 Effects of Caffeine, EEK and DEK op Qry) Glucose Tolcrance (Acute)

b g
Figwes 20 and 21 show the effect of aCule administragion cafleine, EEK and DEEK on glucose

wlerance test. Glucose disposal of the oraf Blucose load was xignificantly reduced (as evidenced
by persistently raised blood glucose levels) jn the caffeine and kolanut treated antmals comPared

10 the control. There was no signilicant difference In Blucose load disposal in the decaflcinaed

geaied Broup of animnls. The Persisience of glucose tn circulation is more clearly shown in the
arca under the curve (AUC) for glucose in figuse 2]
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Figure 20: OGTT in CAF, EEX and DEEK trested mt (Acuic)
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Figute 21 AUC during OCTT in rals after acute treatment o i A4

P <0.0001)
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4.7 Effects of Calfeine, EEK and DEK on Oral Glucose Tolerance (Chronic)

Figures 22 and 23 show the cffect of chronic adminigcasion of caffeine, LK and DEEK o

, BL £K on
glucose tolemnce test. Glucose disposal ramained mackedily reduced in the caffeine Lieated animals
but was increased in kolanut extract ireate) rats compared o the contrp)

155

145 |

(=
W
w

125
=Control
&~ Kolanut

115 -a Caffelne
== Decaff |

105

Blood Giucose (mg/100ml)

95

85
€0 90 120

0 30

Time (mins)

ic)n="6.
Figure 22 OGTT in caffcine, EEK and DEK tirated U {Chionic) @
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14500
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AUC glucose (mg.min/dL)
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13000

12500

EEK DEEX

Control CAf

Figure 22 AUC during OGTT in Caffeine, EEK and DEEK treated rats {chronsc) 6 = 6 (**
P<D.01, * = p< 0,05)
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418 Plasma insulio concentration (acute)

Figures 24 and 25 show the insulin response toorzal glucose load dur

et : ing the ora] glucose (olerance
test on 8cule adminisiration of cafleine. Lolagu

: and decaffeinated kolanut extract, Admiaistration
of affeine and kolanut resulled insigniticamly rmysed Jevels of plasma insutin compared to control
in fesPonse (o Blucosc load. Tiic decalfeinnied kolanut treated rats did nat show' any significant

dilference in the tasulin respanse companed o the coniral,

5
S

3.5

3
25
£
~ — Control
E
E — CAF
52
g — EEK
r a—
£ / /A T DEEK
: /
2 |

0.5 90 120
30 60

Time (minutes)

. : g (acute)n =6
Figure 24 plasma insulin levels during OGIT in Q1S
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4.9 Plasma insulin concentration (chronic)

. 2 2 1 i
FiBures 26 and 27 show the insulin respogse 10 oral glucose lgad duning the oral glycose tolerance

test on Chroaic admunistration of caffrine, kolanut ang decafleuwted kolanut extract. While

cF @ penod of eight weeks resulied in sigruficantly (P< 0.001) raised
kvels of plasma insulin compared (o control in response 1o glusose load, the chronic administration
of EEK significantly (P<0.05) lowered the insulin level. The decaffeinated kolanut treated rats did

sdministiation ofcaffcine ov

pot show any significant diffcrence in the insulin respoase compazcd (o the control. ;

50

200 A

150

100

AUC insulin (ng. min/ml)

50

EEK DEK

CAF

control

. ;.u; <0.0001
o= 6(+4r 2p<O00LT* =P )

Flgure 25 AUC insulin during OGTT (ecute
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E 1.4
c
E — COnltrol
2 ——- CAF
g 3 —CEX
-
5 - DEEX
1
0.8
0.6
0 30 60 90 120
Time [minutes)
- wittesvaasn =6,
Figure 26 Plasma insulin during OGTT in P08 sficr cluonic treatmen
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4.10 Liver Glycogen Conteant.

FIBUrTS 28 and 29 show the liver gl¥ogen contenl after scute and chionic sdministration of
cgn’cinc, kolnnut and decaffcuated kojanut exiract. The glycogen conent of rats following aculc
reament with caffeine and with kolanut were significantly lower than the glycogencontent of the
control group while there was 1o significant dilllereace in the glycogen content of the decaleinated
xotanut treated group when compared to the conito} group upon acuicadminisiration of the exuact.
Afler chronic administration of callcine, kolanut and decoffcinated kolanut, it was only in the
kolanut cxuinct trcated group that there was significant elevation of the lives glycogen content
compared to the control, the coflcine and decafleinated kolanut trealed goups showed no

sigmlicant difTercnce in liver glycogen con tent compated to the contiol.
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Figure 27 AUC jnsulin during OG17T (Chrontc) n= G
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Figiure28 Liver glycogen conicnl [n Caffein,
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§.51 Enzyme Activity Studics,

Jcll.l cl)’COgcn S)'nlhase activit).

Figores 30 and 31 sbow the plycogen synthace activity 1n cofleine, kolanut and decafTeiusted

kolanut Wfeated rats afler acute and chronic aupistation respeciively Following ncute

administrotion of extrocts and caflicine. the glycogen Syuthase activity in the liver of caflieinc

weatedd and kolanut treated proups weie significantly less than that of the congol with the
decaflieinated kolonui trented group showing mo signilicant difference in glycogen synthasc
activity compared to conlrol. Howcever, following chionic administration of caffeine kolanut ond
decafT cinated kolanut, on!y 1he kolonut treated proup showed o significanily increased glycogen
synthdie acuvity while caffeine trealed ond decaffeinated kolunui (reated proups showed no
significant difference wn glycogen syathasc acuvity compared to the contiol.

£.101.2 Glvcogen Phosphorylasc Actlyity

Figures 32 and 33 show the glycogen phosphoiyasc activity in calleine. kolonut and dceeficinated
kolanut treotcd rats after acute and clironic admimisiration of extiacts respextively. Following acute
administration of cxtracts ond cafl cine, only the plycogen phosphoryuse ocuvity in the liver of
kalanul treatcd groups was sigm‘ﬁcantly greater than ihat of the contro] with the caffeine (;calcd
and decofleinoted kolonut treatcd proup showmg no significant dillcrence in glycogen
phosphoryase concentration comparcd 0 contiol, However, folfowing chionic admmistzation of
calfcine yolnnut and decaflicinotcdkolanut. onfy the kolanul treated group showed a sigtiticantly

. ' d
dogeased glycogen phosphoiyasc activity while calfeme trented and decatlcinated kolanutireate

v [
gioups showed no signilicant diffcrence N glycogen phosphorysse activity compared (o the

conlrot,
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Figure 30: Glycogen synthase concentraiion if glucose chatleaged mts of

(0000 2p <000;\!' too_p < 0.001)
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glucose challenged rats (Chioaic) o= 6,

Figute 33: Glycogen phosphorylose in
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CHAPTER FIVE
5.0 DISCUSSION

In this study, gas chromatogrphy -mass spectiomeiry analysis of the EEK and DEK prepared for
this study showed that the EEK contained 17.5% cafleine while the decaflicmatedkolanut eXtract
had 3.29% calTeine with about 97% quality. The caffeine concentration in the kolnut cxtract 1s
higher thon that previousty repoited by Ogutuga, ¢ 1973) and Somonn, (1973) who reporied 0, 5
and 7% respectively. It is however much lower than the concentiation of $1% reported recently by
Saishdcen et. al., (2014, 2015). Adeyeyeer. al, (2007) reporied 0.6.3%, Nyamien er, at,, (2015)
reported 1.84.2.56% concentration of caffcine in kolanut This wide voriation in catfcine
conccntiution in cxtracts of Cola aitida could have asisen fom the methods of analysis and the
state of the kolanut extracy used. For insiancc, Ogutuga, (1975) used Spocuophmomcuy..whllc
Nyamien ct. af., (2014) used high performance lipid cbromatography (HPLC) (0 dctermine the
caffeine concenliation of kolanut. Other factors such as lime snd period o feollcction, geoBraphical
origin, climatic conditions nad methods of preparstion of the cxtract could influence the
conccntidtion of the active constituenss particulasly alkaloids and pbenolic compounds present in
the kolanut (Hicks et. af., 1996; Arogba, 1999). Intcrestingly, the caflicineconcenttation in tea and
coffee rnges between 1-4% and 1 -2% respectively (Kaplan ¢z, al.. 1974). It must howeverbe notcd
that kolanut is noy tnade up of caffcino alone. Othersignificant biologically active compounds are
present in kolanul. Apor1 rom the calfeinc, GC-MS analysis of the extracts used in this study
showed that 1here asc 38 other compounds in the EEK while these are 32 other compounds w the
DEK following decoffcination (Saiahdcen er. al. 2015). Some of these compounds arc the
polyphcnols which are Chiotogemic acid, Quinic actd, Tannie acid, Catcclun, Epicotechin, Gentisic
ocid and Rubutin (Odebode, 1996), all vorious fomis of flavonoids which are known 10 have
significant biological activity (Matsumolo «. af. 2014). Interestingly. in this srudy, cven the
decafTeinsicd kolanut still had ps much as3.29% coflcine. Tn other woids. a decafTeinaled kolanut
may stll be able (o cxhibil some actions ofcalcine especiolly when adaudistered fora protracted
period.

The absence of mortality following the acute foxicity study of our extracts is consisteot whh
previous reports by Salohdeen and Alada, (2009) who also reporicd no monality at 3000meg/Kg.
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The dosage of 6mg/Kg used in this study, represenis the amount of calfeine estemated to be
contained in 3 cups of cofTee being consumed by a 70K g man (Donovan and De Vanc, 2001).

Effccis of caflelne, EEK and DEK on body weight, food consumption and water lotake.

In the present study tbere was no differencein the weight gained after eight weeks of treatment
with caiTeine, EEK and DEK. Other investigsiors have however found thai there was a reducuon
in the rate of weight gain in cofleine treated animals (Zheng et. ai., 2004) ond lumans (Conway
er. al., 2003 Greenberg et al.. 2005 Lopcz-Garcia ct. al., 2006). The weight Joss was attiibuted to
increased thermogencsis, lipolysis and fat oxidauon induccd by caffcine. Solohdeen er. al, 2015
also obseived on increase in body water loss through excessive unnation in cafleine rcated rats
ond suggested the reduced weight gain could have been o result of the fiuid lost rom the body
sinceit is well cstnblished that at least 60% of tolal body weaght is woter. Caffeine 1sa well known
mild diuretic (Wemple e ai., 1997; Zhang et. af . 2014).

In spite of the lack of observablc reduction in weight gain in all tieatment groups in this study,

there was decrease in food consumption by the EEK treated rats, Other investigators bave reported

that chronic consumption of kolanul significanily decreased body weight ond food intoke

(Ykegwonu et. af., 1981; Umoren ¢ al. 2009). The prescnt experiments lasted cight weeks
whereas those of Ikcgwonu, (1981) lasiad 18 weeks ond Ibat of Umoaen, (2009) was just over o

peciod of four wecks, Morcover, significantly higtcr doses of the kolanut extract were used by

both investigotors. 1t is quite conccivable that |
cant reduction i weight gsin. The decreasce in food consumplion may

that kolonut consumption reduces

extending the tresument to twefvc of even Sixteen

wecks may lend to signili .
may be o scicntilic basis for the asscrtion

indicate that there |
cmiological studies. There is atpresentno

hunger (Abdulkasimey, al, 2005) by responders n cpd

. dic
- m cxpcrimental conrolled St .
seieht iR iediasies ; fine the effect of kolanut on food consumplion,

s 1o bock this up and therefore morc

: de
, o id be done in order to fully .
investhigations should be <enccof polyphenolic compcunds whichbase been

(rom the gastrointestinal tract (Thompson e
d amytasc (GrifTiths and Moscly, 1980)

Howover o possible cxplanation may be hep
, e
sbown 10 reduco the rate of absorpl onof nutficn

in on
o dioestive chzymes such astypsin
i (P consumption in the DEK trented rais may bave been duc to the
n wolcr

oval] of the diurctic effectof caf
ieducing walcr consumplion.

The observed decressc i feine. Conscrvation of fuid woull then

reduced fluid loss on rcm

lead 10 dampening of the thirst reflex there by
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Effcct of Caffeinc, EEK, and DEK nn oral glucose tolerance

in the present study, acute administrauon of caffeine increased the AUC (glucose) and glucose
intolerance in the rat 8sscen in the delnyed glucose disposal of the adminisicred oral glucose load.
This finding is consistent with the reports of Kolaes 2 al, (2010) in which caffcine administration
reduced glucosc uptake by skeletal ruscles. Kolncs et. al.. (2010) in an expenment in which rat
epitrochleatis ond solcus muscles were incubated with insulin and cafteinc or theophyliine found
that both methylxnnthines completely blocked insutin.stimulated glucose upiake in the musc|es

Funthermore, calfeine and theophylline reduced contraction-stimulated glucose uptake by about
50%, yet contraction-stimulated glycogen breakdown remained norraal. Theeffect of caTcine in
inducing glucose intolerance hasbeen attributed to ewo main mechanisms. Firstly, stimulation of
adrenaline secretion which in tum causcs glacose intolerance by stimulating gluconcogenesis and
glycogenolysis and inhibiting insulin nction (Sunwite?. af.. 1993). To give further ciedence to this
hypothesis, Batuan et. al., (2006) found that gcule coffeinc ingestion did not impair glucose

crance in tctroplegic subject who could not seerete adrenalinc. Thong and Graham, (2002) also

found 1hat beta-adrenergic receptor blockade abolished calleine induced impaiiment of glucosc

nntogonisin of adenosinc recepiors {Vcigauwen ef. al., 1994).
¢ action was provided by Foulhaber-

tol

tolerance in humans. Secondly,

Evidence linking caffeinc antagonism of adenosinc reccpto .
\Walter ¢z al., (2011) using A1AR deficient (knockout) mice compared to wild type mice fed

standatd or high fatdiet for 8-12 weeks. They found that the A 1ARdcScientmice hed signilicantly
nd insulin, along with a dccreasc innet glucose uptake in

higher fat mass, fosting plasms glucosca
hat odenosine/AlAR signoling contnbutes

muscle and adipose tissue, They therefote concluded 1

costasis and insulin sensitivity in mice and is involved in the

10 insylin-controllcd glucose hom
c tissut. Howeverit 1s guitc conc

(in-vivo Situations).
< odministration of kolanut (EEK) also

civable that the lwo mechanisms

metabolic regulatioa of adipos

mny be opemting simultancously in whole body

M : c acut
Similar to the effect of caffcine, on Blucose tolerant

qance as seen wills Sreatcr ared under the curV
udy documcnling the acute clfect of kolanut

¢ for glucose during the oral

lead 10 glucose intolc
There is custently no st

glucose (olerance test.
1 or ony other

animal. The present stud
consumption on glucose metabolism 10 the ra laboratoty ani p .
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to be the i
appeass ' C Ui lirstto documentihe effacy of acutc administration of kolanut extract on Blucose
melabolism in the rat. TheelTectof acute admunistratign of kolanut extactwas by and la rge Sitmilar

to hat of the pure caffcine, that is, cousing decrensed glycose disposal. Allhough these are no
teports Onacuteadminisitation of kodanut exqracts in humons and animals, reports fsom some other
caffeine containing food subslances such as coffee may be of interest There ore lots of human
controlled studics on acule ingestion of coftee (Feinberg o1, al, 1968; Battram ¢v. ul. 2006: Louie
es, af.. 2008; Moisey ¢r. of., 2008; Moiscy ev. al., 2010; Greenberg e, al., 2010), which have
demoostmtcd transicnt decrease in glucose disposal. Furthermore, a similor effoct has been
tecorrded with acuteingestion ol'colfec cousing tncreased insulin concentrations in huraan subJects
(van Dam ¢ al., 2004). The similarity of effects of caffeine and kolanut is probably due (o the
high concenwation of caffeine {17.5%)inthe extract used in this study. Therclaisvelyhigh cafleine
coateat found in the cxiract reises the question of whelher the observed actions of kolanut could
be 3rgely or solely attnbuted to its caffeine contenL. Indeed other invessgators notsbly Salahdeen
and Alada (2009), and Safahdccn et. af,, (2014) have documenied similasitics between the effects
of kolanut and pure cafTeine. Inon cxpcitment on the effect of catleine on glucose uptake in the
¢dnine hind limb, Salahdecn and Alada, (2009) found that theiacrcasc in hind limb glucose upiake
caused by calleine was ¢sscnunlly sinalar (o that caused by infusion of kolanut More recensly.
Sslahdcen et. al., (2014) found that ACh-induced relaxation of aoftic rings of rats treated with
cither kolanut extract or caffeine had similar chazacteristics between the lwo gloups suggesting
19t the action of kolanut extract was due (o ils cafleine content. They further proposed (hat the

stmilarity in effect of kolanut and caffeine could have been due 10 the high caffeine conltent in the

kolanut extract which n their study was up o 5%,

In view of the simifarity betweenthe clfcctof kelanut and enfTeine, 1bere s every reason to believe
that the kolanut nction is mediated Lhroug its calfeine content. Although it is agreed that cafleine

s not the only active substance in the knlanut exteact, the absence of glucose intolerance as caysed
by kolanut cxuact when decafTeinatcd kolanut was administcred strengthens the view that kolanut

extruct action is mos| possibly caricd out through the action of its caffetne component. The
o whatever acuon as gbserved cagnot

possibility of the other components of kolanut contribuging

however be totally ruled out ;0! |
r chronie Administration for eight weeks remained

The effect of caffcinc on glucose tolerance afic _
i dclaycd glucose dispossl as sécn in increascd AUC

the saome as in acute ndmintstmion wilh
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all i i@ i<
(glucc.)sc) :r °-f a] glucose load. This Biadiag is in lme with that o Shearer cr. af., (2007), who
experimente “”“.‘ male Sprague-Dawley rats fed o high-fotl diet for 4 weeks while being l8""'¢"~
placebo, decaffeindted coffee, and alkaloid coffeine added 1o decaffeinated  coffee.

Hypcrinsulincmic-cuglyccmic clamps showed Wi glucose infiss;on cotes aad measures of whole-

treated rals. Since the only difference was the addition of alksloid calfemc 1o the decaffcinaled
coftee, ticy concluded that caffeine aningonizes the benelicial effects of decaffeivated coffee.
Therefore chronic odministrotions of caffcine lead 10 reduced insulin scnsitivity. Keijzers o2, al,
(2002) also repoited colfeme can decrease insulin scnsttivity m healthy bumans, and attstbuted the
cflect to clevoled plasma cpincphrine levels since dipyridamole did not affect glucose uptake.
Other investigotors (Conde er. af, 20]12; Tsch &r. al.. 2014; Rustenbek ez af. 2014) have however
found that chronic cafleine odministration lead to improved insulin seasitivity and in some cases
even lend to reversal of insulin resistance in high sucrose fed rats. In a study by Conde et af., 2012,
reported 1thnt Caffeine reversed insulin resisiance and hypeitension induced by both the high fat
(HF) and high sucrose (Hsu) diets. In the HF-fed animols cafleine ireatment cestored fasting i‘nsulin
levels 1o control volues and reversed increased weight gainand visceral fat mass. In the HSu group,

caffeine reversed fasting byperglycacmia and restored NEFA o control values. These clfects were
shown 10 be due 10 0 decrcase in citculating catccholomencs.

The chronic administrauon of kolanut extsact Icad to improvement of glucose tolerance as seen in
improved glucose disposo! as well as reduced AUC (glucose). This finding of improved glucose

tol crance on ¢ hronic consumption ofkolanut extract is similar to the effect of coffeioc containing

coffeo on glucose metnbolism in which there is glucose intolcrance on acule ingestion (L ouic e,

al., 2008; Moisey et. al., 2008) but improved glucose tolerance on chtonic ingestion. This

improvement in g'ucosc 1olcrunce on chronic coﬂ'cccmﬁumplmrl hoas been dOCUﬂ‘CHICd ing 'afgc

ns. 2004; Snlaza:-Martioez et. af, 2007)

number of epidemiological studies (van Dap and F eske
So far. only one animal study on ch:onic

but not in onima! models under cxpenmcntal conditions. |
colfee consumption in the rat by Morakinyo et. al. (2014) has corroboruted the findings of those

epidemiologicol studics on glucose tolerance inthemat. &t is clear rom this study that while cafleinc
produccd the same cffecton 8lucose tolerance under acute and chrorie conditions, kolanut seemcd

to exhibit different effecrs on the Blucose lolerance under ocule apd chronic conditions. Under
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R

c condttj 1
chionic i00s the restilts show (hay cUleine and kolanut have antegonistc effect on glucose

tolcrance. While cafleine exocerbates glucose intolcrance kolanul seemed lo enhance glucosc

disposal. A ?xmllar observauon 10 that observed 1n this stully, has bzen reported in chwonic co fTec
consume?s in Whom chronie colffee drinking bas upploved glucose tolcrance ond reduced
10cidence of type 2 diabetes. I( has beco speculated thas other components of coffce {Shcarer ct.
al, 2003) could be responsible for the obsenved effect Flavonoids afe major componcents of
kolanut which are known 10 enhance glucose disposal (1 hompson cr. a)., 1983) in many ussues,
The possibilityof the clTect of kolanul being due to aniagonism, synergism or mutusiism between
colfcine and its other components cannot be nsied out The lack of elfect of chroaic admiaistration
of decafIcinated kolonut on glucose tolcrance in the present study would seem 1o suggest that the
effect of other componcnts of kolanut rother than being ontagonistic as in coffee are probably
syncrgistic. That is to soy that the caffeinc on its own does improve glucose toierance but only
docs so in the presence of ccrinin substonces in the kolanut cxiiact. More studies involving the

isolntes of the ditferent componenss and lheir effects on plucose metabolism will be needed 1o

thiow more light on how kolanul affects glucose tolemuce

The effect of cafleine EEK and DEK on Lnsulin resistance

Acute administration of caffcinc caused insulin resistance with clevation of insulin |evels tn he
blood in the fce of raised blood glucose. These lindings are in agrcement with previous siudies
which bave demonsirated stimutauon of secretion of insulin on administzation of caifeine. Bruton
e, al., (2002) showed 1hat increased sccrebion of insulin on administration of glucose occurred in
the presence of 11.2mM of glucose and wos probably mediated by its obility 1o mobilize

intraceflulor ealcium. In this study, plasma insulin incseased following ingestion of glucose load

which invariably suggests that i1 is the plasra glucose that simulalcs insulin sccietion thereby

showing insulin sensitivity. ltis well cstablished that blood glucose is a major stimulant vfthe B

cells of the pancress. Sacrsmento &L al. (2015) found that acute administration of calleinc lead 1o
insulin resistance and that the effecl was maliated by A: and Aza adenosinc receplors. They also

found that gcute caiTeinc adminisirmtion significantly decreased Glut 4, but not AMPK expression
that the insulin fesislance induced by ocute caflcinc odministration was

and 1herofs ested
crofore sugg d reducad glucose uptake by reduclion in

duo 10 blockage of A: and A2p adenosine fecepiors an

Glut 4 wanslocation,
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The acute adnunistsation of EEX also caused insulin resistance s shown by increcased insulin

cesponse aNd increased AUC (insulin). Since this is the fiest study (o address the effect of acute

(lmini lml. Or y -
y stration ofkolanut on glucose metabolism in the £al, this siudy s simular 10 the observations

in which calfeine containing coffce was sdmjgistercd acutely. Our findings are similar to that of
Johaston ¢t af., (2003) investigatmg the effect of sdminisiration of calleinaied and decaTeinated
coffee found thnt glucose and iasulin concentsauoas tended to be higher in the first 30 mun after
cafleinated collee consumplion than aftercoasumprion o fdeceffcinntcd coflec or the controi.
The acuic ndmimiswation of DEK did not cause insulin resistance thereby suggesiing that the
cafTeine content of our Kolonut cxiracl was the major lactor respansible for the insulin resistance
which occurred on administration of kolanut eximet.

The finding of insulin resistancc on chronic administration of cofleine would also seem to indicate
that there is litile or no tolcrance to 1he effects of calleine on iasulin resistance. Dekker ¢t al.,
(2007) nlso rcporicd that carbobydrate metabolism remained disni:pted after 14 days of caffeinc
consumption by previously caffewne-naive subjects,

The observed insulin resisyance on chyonie administmtion of caffeinc is different from what has
been observed in similar anina) expenmcots by Yeh cr. ai, (2014) who found that colfeine
consumption reduced serum fasting glucose, insulin, homeostatic model asscssinent-insulin
resis tance, nnd triglyceride levels and increascd the sefum direct high.densuy lipoprotein tevel in
fructose-Ted mts. Their results suggested that cafleine may cohance insulin receplor sybstiale 1-

phosphatidylinositol 3-kinosc.Aki-neurcnal nitsic oxide synthase signaling 1o decrease blood

pressurt by abolishing supcxide production in the N1S. Similarly. Kim ct. al, (2015)

wvestigated the clinical changes induced by 8 high ft diet (RFD) and calleine consumption in a

ratmodel. They found that mean body weight of the HFD with caffcine (HFDC)-fed rat dcc reased

compared to thot of the HFD-fed ol without calleine. The levels of cholestcrol, mgl)c'Cgidu
(TGs), and free latty ocid, as well os thesize of adipose tissue altcred by HFD, were impraved by
caffeine suggesting that consump tion of caflcinc might Moientially inhibit HFD-and.uced obesily,
The insulin-sccretory response to glucosc is inown to be influcnced by dilferent stimulatory and

inWbitory factors (Zywert cf. al. 2007). Dietary.compounds such as omino S AL e
al.,2005). and fatty acids (Nolnn e al, 2008) stimulate insulin secrction while the flavonoidsiend

(al, 2003
© inhibit it by reducing the mtcof glucose absofpuon by the gut (Johnston ¢t 0 )
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observed t Y . .
Theobserved tmprovement in insulin sensiivity as shown in AT ey S LT

adminstlon o fkolanut extractfor eight weeks is ¢

(2003) which seemed to indicate redyced tasulin seqs

Herent from findings by Onyeanusi and lkpc,
oy . wivity. Intheir smdy, adminisirationof Cola
acuminota by mixing With the feeds introduced 1o 1q1 for six weeks Jead to incicase in basal blood
glucose levels and elevated glycosylaied baewoglobin. Apast from the difference in the specic of

kolanut used (C acuminata as oppased 1o C titida), the method ofadministration of the kolanut
may account for the diflerence in {iodings.

The cffcct of caffeine EEK and DER onliver glycogen contcol.

Liver glycogen content deplction observed on acute caffcioc reaiment despiic glucose challenge
was not uocxpected given the reduced glucose disposal und insulin resistance. Uader nommal
ciicumstances when plasma glucose levels nise (as has occurved with glucose loading ofthe rats in
this experiment), the liver clears glucose and storcs it as glycogen. The opposite process,
dcgiadetion of glycogen to glucose occurs whenblood glucose level falls {GreenbeT et. al.. 2006).
The majority of postprandial glucosc is storcd in skcletal muscle by wvirtuc of its grealcr
proportionate mass occounting for 50-80% of glucose clcarance olter the ingestion of a
carbohydrte load (DcFronzo et. al.. 1982, Dent ¢v, ol 1990). Glucose trmospor is a key element

in insulin sensitivity, ond skcletol muscle largely accounts for the decreased insulin sensitivity

observed in obese individunls ond those with type 2 diabetes {Bonadonna et af. 1993). The
observed liver glycogen depletion in the face of high blood glucosc levels could have been the

resultof reduced glycogenesis a process which is essential for glucose disposat in the posiprandiol
state or jncreased breakdown of glycogen. The calteinc administered seems (o have prevented

glycogenesis by inhibiting the uptake of glucosc io the Bver and POssibly also in the skcletal

muscles. The uptoke of glucose ond its subscquent incofporation into the glycogen molecule are

Conde 1. af., (2012) reported thot acute cafeine admintstrition

Processes regulated by iasulin.
the eflect probably betog mediated by

decreased josulin sensitivity (0 8 dOSe-dcpcndcnt MAnNCr, | .
Al and A2B rcceplors with 8 probablc decredsc in Glutd expression in skeletal muscle.
Furthennoge, ocutc administmtion of the dillercnt adcoosine receplors antagonist did not modify
cvels. Cafleinc has been shown 10 directly stimulate

artenal gressure, fasti insulin and glucosc | 5
prcssure, tasung al. 2002), by releasing Ca** from

; . ¢l
insulin sccretion in the prescace of Blucose fnxey
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. Wi oo

inisacellular stores. The possibility o caffcinc having simitar act
" on
glycogen deposstion cannot be ruled out.

e e A N AT
- Ihere 15 evidence of sncreased glucogenesis as
distinct from glycogen depletion that seems 1 occur in the acute adimnistretion Gonzalez-Bcmtcz
ct. al., (2002) identified the adenosine receptor subtype and events involved in the regulation of
hepanc glycogen metabolism by measuring  glycogenolysis, gluconcogenesis, cAMP, and
cyrosolic Ca2+ in isolated hepatocyies challenged with adenosine A}, A2A, and A3 receptof-
sclective agonists. They found that in isolated rat hcpatocytes activalion of the adcnosine Al
teccptor triggered Ca2+-mediated glycogenolysis, aclivanon of the adcgosinge A2A receptor
stimulated cAMP-mcdiatcd gluconeogenesis, Given that cafJeine’s major mechanism of action is
by non-specific adcnosine receptor antagomsm we would have cxpecied that administration of
caiTcine could result in direct inhibition of glycogenol¥sis ond glusoncogenesis leading (0 and
prescrvation of glycogen stores and reduction in blood giucose levels. The question would then
anse as to why this process did not occur duning the acute adininist:ation of caffeine. It can only
be surmised that the changes leading 1o improved insulin sensitivity ate gindual and may inyolve
subtie changes in the genctic machincry of the hepatocytes and probabiy involve certain
compounds in the kolanut cxtract working in synergy with the coffeine content of kolanut. The
decaffeinated kolnnut treated rats showed no compatabie improvement in insulin sea¥auvity
probably becausc the residual caiTeine was insufficient to manifest the clfects.
The effects of CnfTelnc EEK nnd DEK on liver glyeogen sYothase activity
Acute colfeine administration resulted in reduction of glycogen synthasc aclsvity whicb is 1o line

with the findings of reduccd liver glycogen concentration. However, it is weil known that an
glucosc triggers the release of insulin from the pancrcas which combines with

increase 1n blood
glycogensynthasc in the

the blood glucose to commence accumulation of glycogen by aclivaung
and Guinovan, (997). Gl¥¢ogen synthase achvity 1s

liver and skclcin] muscles (Vil[nr-PnlaSi
h is in tum phosphorylated from glucose by

allostcrically stimulatcd by glucose 6-phwsphatc whic
verl ef. ab., 1979). [t is possible that the prevention of

r the ieduced activityol the glycogen symhbase. Acute

palten showing a reducuon in glycogen synthase

the action of the cnzyme hcxok inasc (Sala
glucose uptokc by the liveris responsiblc [0
administratioo of EEK followed the same
&clivity,
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intraccllular stores. The possibility of caflicinebavin

glytogcn deOS!I!iOI'I cannot be nijed oul.

B suuilar action og Jiver glucose uptake and

i o s s St T A M e

cre 1s cvidence of inereased glucogenesis as
disunct from glycogen depletion that seewms (0 occur w3 the acule admi asstration, Gonzalez-Beniiez
ct. al., (2002) identilied the odenosine receptor subtype and evenls ivolved i the regulation of
hepauc glycogen metabolism by measunng glycogenolysis, gluconcogenesis, cAMP, and
cytosolic Ca2+ in isolated hepatocytes challenged wilh adenosine A]. A2A, and A3 recchior-
sclective ogonists. They found that in isolated ral hcpatocytes activation of the adenosine Al
reccptor Inggered Ca2+-mediated glycogcoolysis, activetioo of the adenosine A2A teceptor
stimuloted cAMP-mcdiated gluconeogenesis. Given shat colfeine’s major mechanism ofaction is
by non-specific adcnosine receptor anlagonism we would have cxpecied that odiministration of
caffcine could result in direct inhibition of glycogcnolysis and glucoocogenesis leading o and
ptesetvalion of glycogen stores and reduction in blood glucosc levels. The question would then
ansc as {0 why Ihis process did nol occur duting the acuie admunistration of calfeine. It can only
be surmised that the changes Icading to improved insulin sensiivity are gradual and moy involve
subtle changes in the genctic mackinciy of the hePalocYles and probably involve certain
compounds in the kolenut cxuact working in synecigy with the coffeine content of kolanur. The
decafTeinoted kolanut treated rots showed no comparable improvement in iasulin scavivity
probably beeausc the residual caffeine was insufticient to manlest the cffects.

The cffects of Caffeinc EEK and DEK on liver glycogen synthase aclivily

Acule coflcine administration resulled in reduction of glycogen synthase activity which 15 in line
Wiih the findings of teduced liver glycogen concentotion. However, 11 is well known that an
Increase in blood glucose triggers tie release of insulin from the pancress which combines with

the blood plucose 1o commenece acsumulation of glycogen by activating glycogen synihase in the

liver and skeletal musctes (Villar-Palasi and Guinovait, 1997). Glycogen synihasc acuvity ts

allosterically stimulated by glucose 6-pbosphatc Which is in turn phosphoryloted from glucose by
at., 1979). It is possible that the prevention of

the action o f the enzyme hexokinosc (Salavert €f
c reduced activity of the glycogen syuthase. Acule

lucosc he liver is responsible forth
: Pk howmg a feducuon In gl)'cogcn syuthase

administrution o f EEK foflowed the same paicm 8

aclivity.
123

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

IBAD/X UNIVERSITY LIBRARY



The clYects of Caffeine EEX and DEK on Jiver Blycogen phospharylase activity

administrau J
Acute ddministration of caffeme find 1o effoc on glycogen phosphoryiase activity, Kavinsky ev.

l descri pre
al, (1978) described a syneipistic effect of caffeine on Blucose inhibition of glycogen

o o et e el ke
_ Pbospborylase acuyvity i comparison to the control.
Rather interestingly the glycogenp hosphorylase octivity was greatly reduced by admimstiation of
EEK. This may be due to enhancement of cafTeine actions by some other componenis of the
kofanut.
Concluslon
In conclusion the results of this study bas sbown that the effcets of caffcine and kolanut extrpct on
glucose mewbolism in the mt arc esseatially similar following acute adwinistration while both
exhibit dilfcrent charactcristics following chronic administration. Following acute sdmiaistialion
of cafTeinc and ethanol extract of kolanut, there was a sigruficant reduction in glucose tolerance in
the rot, 8 decrease 1n 1nsulin sensiivity, decresse in liver giycogen content and a decrease in botlt
glycogen synthase and glycogen phosphorylase activity. However, decaffeinaicd ethanol extract
of kolanut had no eflect on these paramcters. Following chronic adminisiration of kjolanut,
caffeine and decaiTeinated kolanut, the glucose tolerance decreased for caffcine ireated rats,
increased for rats treatcd with the cthano! extractof kolanui, but was not affected by decatfeinated
kolanut. On thc other hand, insulin sensitivity was decreased by cafleine, increased by ethanol
cxtract of kolanut but also not affected by decalfeinated kolonut. Again whilc liver glycogen was
decreased by coffeine, but increased in response (o kolunut extract the decefYeinated kolanut had
no effcct Chronic administration of kolanut extract may have improved insulin sensitivity through

the action of ca(feine in synergy with as yet unidentificd components of kolanut.

Contributions 10 Knowledge

I. Coifcine content of the kolonut cxtract in this study was signil canily lugher thanprevious

rcpoits.
2. This is the fisst study to feport the effects of decallcwnpted kolanut extract on glucose

metabolism in the rat

3, This study showed that chrome constm puon of kolanut promotes glucose tolorance and

insulin sensitivity
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OGTT following acute administratiop of caffeine and

extracts (mg/dL)

O min | 30 mins | 60 mins | 90 mins | 130 mins
Control | 85.943.4 | 132.944.0 [ 144:4236 | 1289291 97.1:4 4
CAF | 107.0£2.1 | 139.644.3 [ 148.021.8 [ 1323218 121.1%1.9
EEKJWQG:SJ 123.3£3.0 | 1344224 | (17.423.0 | 95.0+23
DEEK | 99.5+1.8 | 129.634.0 | 120.344.7 | 121.8£5.4 no.s?s.ﬁ

OGTT following chronic administsation of calfeine and extracts (mg/dL)

Omins| 30mins| 60mins| 90 mins| 120 ouns

Control | 87.622.4 | 141.122.2 | 133.422.1 [ 127.6£1.0 | 89.2%1.5

CAFP | 107.022.1 | 139 6243 | 148.0+1.8 | 132.3£1.8 [ 121.1£1.9

DEK | 873213 [137.321.4 | 125.0£20 | 118.841.9 | 89.3£1.5

DEEK | 995218 | 129.6:4.0 | 1204:47 | 121.825:1 | 110.823.6
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Conrol CAF EEK DEEK
[ 11790 | 13065 12615 11840
2 11215 14260 13090 11820
3 12390 13605 13480 11520
4 11575 13830 12645 11130
5 11535 14700 13870 11310
5 11570 13935 12610 11085
Mean [16790.22143.7 | 13899.24201.3¢°** 13051.7£199.4=¢° 11450.84166.5
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Appendix 2: AUC Glucose dunng OGTT followi 0§ chromic treatment {mg.min/dL)

Conusol |7 CAF EEK DEEK
—_ : [
) 15070 | 15995 13820 14030
2 13755 15570 193415 | 14480
3 15810 15665 13980 13700
4 15580 16620 | 14535 | 13940
S 15075 15725 13635 15605
6 14280 16590 13845 v 14085
Mean 14928323254 16027.52188.1°** 14038.3£928.1° 14306.7£326.9
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Plasma insulip concentration dunng OGTT followi

extiacts.n =6 (ng/mL). Values ace MeapsS B\

0 min

e i

g acute admimustration of caflcine and

30 mins 60 mins 90 mins 120 mins
Contiol | 0.740.02 1.7820.06 1.1920.04 "0.8920.02 0.620.01
CAF {.0820,06 3.120.22 2.0420.15 1.2320.06 0.8720.04 |
| .
EEK 0.89+0.03 2.2310.17 1.1420.04 0.92%0.02 0.67£0.17
DEEK | 0.80.02 ].8820.04 1.3320.04 0.96£0.04 0.7420.03

Phlasma insulin concentration during OGTT following ¢hronic administration of cafleine and

extracts, n =6 (ng/ml), Values arc Mean+S.E.M

0 min 30 mins 60 mins 90 mins 120 mins

Contro! 093003 1512006 1.1320.06 0.89+0.05 0.76:0.05

CAT 1.1320 .06 1.7540.1 1.3520.06 1.1420.05 (‘).991:0.04

EEK | 0712005 1.3320.06 0.99£0.06 0.85£0.03 0.6920.04
DEEK 0.8120.05 1.3140.03 1.06+0 04 0.89+0.03 0.79£0.04
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— — I
Control 'Q}F'Ilr Tk j«QE!EK"fI
£ “ a
| | % |
138.2 2104 | 1652 | 455
I|'
135.0 243.4 157.0 159.7 |
153.8 140.2
173.5 1439
126.6 227.9 178.6 148.1 |
139.2 3358 1484 | 151.4 |
l
| 48" 148.122.8
Mean 133.921.9 323 025.1° ** 162.724.8
| |

152

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



3 140.5 157.5 1015 1345
4 130.0 143.0 105.0 1385
5 1915 | 177.0 1290 151.0
6 1395 1380 | 122.5 131.0
Mean 131.624.8 157.1£6.0 114.524.3° 1335240
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Liver glycogen content (mg/100g) in Acute treated glucose challenged mats n =6 (*°°° p <

0.0001)

Conlrol CAF EEK | DEEK

T 2567 994 1204 7846

[ 2142 1272 1374 | 5708

|

3 2490 107t 1366 2131

4 2644 | 1254 | (251 3106

[ 2272 1019 | 1021 3016

6 1997 [159 1256 2816

Mean 335305104 4 | 11282248 5% | 12453456.7"°°° 2703.8+160.9
I L]
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Liver glycogen conient (mg/100g) in chronic treated glucose chalienged rats n =6 (*** p <

0.001)
: Conuol CAF EEK DEEK
l 1258 I368| 2267 1884
2 1490 1225 1767 | 1296
|
3 1176 1170 2150 1396 t,f,c |
&
" |
4 1234 1305 | 1637 | 1606 ! >
7-
: 1666 198 1866 1679 =
E
=
6 1290 1015 2237 1617 §
£
j 1579.7+85. 4
Mean 1352.3+£76.4 1213.5249.6 | 1987.3£108.5%°*
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Glycogen syMbasc activity ng/mg protein in chronic treaied glucose chalenged rats nw 6, (**°

w p<0.001. **** = p«0.0001)

2289.1%135.5

NA CAFFEINE KOLANUT | DECAFF

| 2711.28 1051.69 1439.88 2193.2
2 2341.19 787.06 | 871.71| 197804

|

3 1783.45 689.76 1261.58 2624.8
4 2501.68 816.6 1081.68 1845.08
= 2778.87 1188.43 974.34 2506.8
- TR 1345.79 1264.8 2951.86
979.921050°*** 1149.0£86.1°°¢ 2350.0+171.3
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Glycogen synthase ach vfty ng/mg protein in chionyc treated glucose challenged rats n=6, (** =

p<0.01)

Contral CAF PEK DEX

I 1800 1500 2400 1800

p) i 800 1800 | 3000 1400

3 300 3100 2000 2300

5 1100 1100 1500 1700

s 1200 1600 3500 1600

L e e 1780£190.0

16002 | 183 2“70*229
1270%154.4
Mcan | |
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Glycogen phosphorylase activity pg/mg protein in chronic trealed glucose challcng‘ed s n=6.

(= p<0.01)

Control CAFFEINE KOLANUT DECATF

: 20.18 216 20.1 9

2 23] 21.2 1608 | 22

|

) 23.14 17.3 '19.06 '20

4 19.08 185 15.0 20

5 19.2 2‘34‘" 18.02 22

6 23.14 20,4 18.07 21

Mean 2].3+1.] 204+1.3 17.620.9¢° 20.8+0.7
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LAUTECH HERBARIUM
LADOKE AKINTOLA UNIVERSITY OF TECHNOLOGY
OGBOMOSO. NIGERIA. '

CONFIRMATION OF PLANT IDENTITY
This is to Cerlify that the Identity of the Plant Malenat with Detlails of Collection and
Voucher Information as slated hereunder, was confiimed al

LAUTECH Herborium, Ogbomoso, Nigeria

Current Plant Name:. Cola nilida (Vent.) Schott & Endl
Synonym(s): Cola vera K Schum., Bichea nifida (Vent.) Farw,

Cola acuminala (P. Beauyv.) Schoit 8 End}. var. latifolia K.
Common Names: Kolanut, bifter kola. (Yor: Obi goro)

Famlly: Malvaceae
Order: Malvales
Part(s) Colloctod: Fruils

Date of Coliection: 15/05/20%0
Name of Collector & Collection number: Dr. Oladele A Afolabl

Place of Collection: Purchased from llobu market, Osun state
Short Description of the PlanV Habitat:

Voucher Number: LHO 442

Eatlier Collections £tHO 431and 416 .
This Teslimonial is hereby issued under my Authority in favour of

_ Dr. Oladete A. Afolab.......
(Researcher(Research sludeal Other)

of
Physiology, LAUTECH. Ogbomoso
Dept. o! Phy y{Mdmss)
:ﬁ:fn :" ]ﬂL{: L ! .7.", - A0l
NP

ATJ Oglnkunle, Ph.D
(Angiosperm Taxonomisl)
Determinavd
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