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ABSTRACT

Background: The increase in the production and intake of nutritive sweeteners (NS) has been
observed to parallel the rise in cardiometabolic risk factors. Due to health-related effects
attributed to the intake of NS, there is an increase in the production and intake of low or no
calorie sweeteners (LNCS). However, there is an increasing volume of evidence which implies
that LNCS may contribute to the development of metabolic syndrome although they do not
contribute to caloric intake. Experimental studies have explored the relationship between the
intake of sweeteners (both caloric and non-caloric) on individual components of metabolic
syndrome including insulin resistance without examining possible mechanisms involved.
Aim: To determine the effect of nutritive and non-nutritive sweeteners on cardiometabolic risk
factors and GLUT4 insulin signalling pathway using an experimental animal model.
Methods: An experimental study was conducted at the Department of Animal Experimentation
at the Noguchi Memorial Institute for Medical Research. Thirteen groups of female Sprague-
Dawley rats (6 per group) were administered different doses of sweeteners (3 dose groups per
sweetener; low, medium and high): white sugar (0.035, 0.07, and 0.1 g/ml), brown sugar
(0.036, 0.072, and 0.11 g/ml), honey (0.047, 0.094, and 0.14 g/ml) and stevia (0.007, 0.014,
and 0.02 g/ml), control (distilled water) for 17 weeks. A specified amount of food was
administered to the rats daily and their daily food consumption was estimated. During the 17
weeks, the rats were weighed weekly and their fasting plasma glucose was measured bi-weekly.
At the end of the study, the rats were sacrificed, and their blood samples were obtained by
cardiac puncture for further biochemical analysis. Organs (brain, pancreas, and muscles) were
harvested for histological analysis. Lipid profiles consisting of total cholesterol (TC), low-
density lipoprotein (LDL), high-density lipoprotein (HDL), triglyceride (TG), and very low-
density lipoprotein (VLDL) were determined at the end of the study. Lipid ratios, Castelli Risk

Index | (CRI-I), Castelli Risk Index Il (CRI-11), and Atherogenic Index of Plasma (AIP) were



estimated from the lipid profiles. Serum fasting insulin and serum GLUT4 protein
concentrations were determined at the end of the study using a rat ELISA kit. Hexokinase 2
(HK2) enzyme concentration was assessed from muscle homogenate using a rat ELISA Kit.
The muscles and pancreas were further processed for histological analysis. GraphPad Prism
software version 9.0 was used for the statistical analysis. Descriptive variables were expressed
as means £ SEM. Statistical significance was set at p< 0.05. Two-way mixed ANOVA was
used to compare the changes in body weight and fasting plasma glucose over time among the
various experimental groups. One-way ANOVA was used to compare differences in the means
of different variables (percent weight change, end line fasting plasma glucose, fasting serum,
HOMA-IR, TC, TG, LDL, HDL, CRI-I and Il and AIP) between the experimental groups.
Tukey’s post hoc tests were used to detect where differences between the group were observed.
Results: The average weight of all the rats increased over time in all the experimental groups.
A two-way ANOVA showed a statistically significant interaction between duration and type
of treatment on weight gain [F (28.22, 52.86) = 2.85, p<0.0001, n? = 0.897)]. Significant
differences in percent weight gain were observed among the various treatment groups [(F (12,
65) = 3.953, p<0.001, n2 = 0.42)]. Compared to the control, percent weight gain was highest in
the experimental group administered with stevia high dose (72.7 £ 10.5) (p = 0.005). There
was a statistically significant interaction between the duration of treatment and type of
treatment on fasting blood glucose [F (5.116, 199.5) = 56.95, p < 0.001, n?=0.467]. Fasting
Insulin concentration was significantly higher in the control than in all the experimental groups
(p<0.0001). Similarly, the HOMA-IR was significantly higher in the control group than in all
the treatment groups (p<0.0001). There were significant differences in LDL, HDL, TG, and
VLDL between the different treatment groups (p=0.001, 0.038, 0.003, 0.010 respectively). The
experimental group administered with high-dose white sugar had the highest CRI-I (1.79 £

0.11) and CRI-I1 (0.49 £ 0.09). Both CRI-1 and CRI-II had a dose-dependent increase. AIP was



highest in the high-dose stevia experimental group (0.21 £+ 0.07) compared to the control (p =
0.008). The AIP increased in a dose-dependent manner. GLUT4 concentration was highest in
the control group (4.38 £ 0.28 ng/ml). There was a significant difference in GLUT4 protein
concentration between the different treatment groups [F (12, 45) = 13.09, p<0.0001]. High
doses of the sweeteners resulted in a decrease in HK2 within all the sweetener groups. A one-
way ANOVA revealed significant differences in HK2 concentration between the different
experimental groups [F (12, 64) = 11.66, p=0.0001]. The control rat showed normal islets of
Langerhans. The pancreas of high-dose white sugar, high-dose brown sugar, and medium-dose
stevia showed some pathological changes. The skeletal muscle of the control rat showed
adequately preserved myofibers with clear striation and peripheral myonuclei. Pathological
changes were observed in the skeletal muscle of all doses of stevia.

Conclusion: Increased consumption of white sugar and stevia can increase food consumption
and weight gain. High intakes of white sugar and stevia may initiate and promote
atherosclerosis. Also, the intake of sweeteners in high quantities can affect insulin signalling
through a reduction in GLUT4 expression and HK2 which are key factors in the development
of type 2 diabetes. Intake of white sugar, brown sugar, and stevia can induce structural changes
in the pancreas and skeletal muscle. In comparison with the other sweeteners, honey had a

lesser effect on the risk factors of cardiometabolic syndrome.



DEDICATION

| dedicate this work to God Almighty. To my husband Rev Carroll Kwabena Owu, and my

children Joel Owu, Eliana Clara Owu and Ewura Adwoa Owu.

Vi



ACKNOWLEDGEMENT

| wish to express my profound gratitude to the Almighty God for His Grace, strength, and
provision which has enabled me to complete this work successfully and on time. | would like
to express my sincere gratitude to my supervisors Prof. George Awuku Asare, Dr. Matilda
Asante, and Dr. Charles Brown for their guidance, support, and encouragement throughout this

long journey.

I wish to acknowledge The Building a New Generation of Academics in Africa (BANGA-
AFRICA), for supporting me with the doctoral thesis completion grant. | also acknowledge the
Ghana Education Trust Fund (GET FUND) for supporting the payment of my fees throughout
the study. | wish to acknowledge Dr Samuel Adjei, the head of department of the Department
of Animal Experimentation, and the entire staff at the Department of Animal Experimentation

for their assistance and support during my animal experimentation.

I would also like to thank the entire faculty and staff of the Department of Dietetics and to my

colleagues Eunice, Portia, and Samuel.

Finally, my sincere appreciation to my husband Rev. Carroll K. Owu and my children Joel and
Eliana for their support and patience in enduring the stressful times with me. To my dad, Mum
and Mother-in-law, for always being a great support to my children in my absence and for
cheering me on. To all my siblings especially Samuel, for the many times you came through

for me. | am very grateful.

Vil



TABLE OF CONTENTS

DECLARATION ...ttt e e b e nnn e ne e I
ABSTRACT .ttt Il
ACKNOWLEDGEMENT ...t \l
TABLE OF CONTENTS . ...t VI
LIST OF TABLES. ...ttt ne e XV
LIST OF FIGURES ... .ottt ne e XVI
LIST OF ABBREVIATIONS ... ..o XVII
CHAPTER ONE ...ttt ettt h e st abe e e se e e ebe e st e be et eenneeaneeaneeannee e 1
1.0 INTRODUCGTION ..ttt et esm e s sme e abe e se e e nneeanneesneeenneennneanns 1
1.1 BACKGROUND. ...ttt ettt e e e be e e neennneenns 1
1.2PROBLEM STATEMENT ... oo 5
1.3 SIGNIFICANCE OF STUDY ..ottt 9
LAHYPOTHESES ... .ot sb e s e s s an et esbe e saneesreeereeseneennas 9
1.5 AIM AND SPECIFIC OBJECTIVES ... .o 10
15.1AIM........ K ... . U 10
1.5.2 SPECITIC ODJECHIVES ...veiveeiieeie ettt st te e te et e e reesteeneesreere e 10
CHAPTER TWOESE="A ... . bl e, 11
2.0 LITERATUREREVAEVENY. { i 0. Dy s S AR D, LT, 11
2.1 SWEETENERS ...t be e 11
2.1.1 Nutritive and NON-NUEMTIVE. .........ccooiiiiiiiiee e 11
2.1.1.1 Granulated WHItE SUGAT ........coviiieeiieiii et 12

viii



2.1.1.2 Granulated BrOWN SUQA .........ceiviieiierie e ee e eae e sae e 13

2.1 L3 HONBY ...ttt 13
2.1.0.4 SEBVIA. ..t 14
2.1.2 Trends in Production and ConsUMPLiON ..........cccevvereiiieieeie e 16
2.1.2.1 Trends in the production of white and brown sugars.............ccccceeververeiiinnnnn, 16
2.1.2.2 Trends in the production 0f NONEY .........ccoveiiiiiiiiccce e 16
2.1.2.3 Trends iN CONSUMPLION. .....cueiieiieeiesieesie et sre et sre e e reesaeanaenreas 17
2.1.3 Digestion and MetaboliSm ..........ccooiveiiiiicii e 19
2.2 METABOLISM OF GLUCOSE AND FRUCTOSE .......cooiiiiieeeeeeee e 22
2.2.1 Metabolism Of GIUCOSE .........ccoiiiiiiiie e 22
2.2.2 MetaboliSm OF FIUCEOSE ........coueiieiiiiiieieii ittt 25
2.3 GLUCOSE AND FRUCTOSE TRANSPORT ..ot 28
2.3.1 Sodium Coupled Glucose Transporter 1 (SGLTL) ......cccvvveveiiiiiee e, 28
2.3.2 Glucose Transporter 2 (GLUT2) .......ccoiiieiieieiiece et 29
2.3.3 Glucose Transporter 5 (GLUTDS) ...ccuvoviiieiieieiicsieeee e 30
2.3.4 Glucose Transporter 4 (GLUTA) ......oociiieieeie ettt 31
2.4 INSULIN SIGNALLING PATHWALY ...ttt 33
25 THE ROLE OF HEXOKINASE ......ooiiiei ettt 36
2.6 METABOLIC SYNDROME ......c.ooiiiiiiiieie e 37
2.6.1 INSUIIN RESISTANCE ...ttt ettt e 43
2.6.1.1 Insulin Resistance and the Intake of SWeEEteNers ........c.cccoovvviiiiiiniciciee 47
2.6.1.2 Sweeteners-and G EUTEM. B Rl atatbe Wl o e 51
2.6.2 DYSHPIAAEIMIA .....eieiieiie ettt be e ae e be et e e ree e 52
2.6.2.1 Intake of sweeteners and dyslipidaemia .........ccccoovveviiiiiiiciiic e 55
2.6.3 Overweight and ODESILY .........coviiiiiiieiie e 59



2.6.3.1 Intake of Sweeteners and ODESILY ........cccovviieiieiie e 61

CHAPTER THREE ... .o 64
3.0 METHODOLOGY ...ttt ettt e e nnne s 64
3.1 EXPERIMENTAL DESIGN.... ..ot 64
S.2STUDY SITE .ttt nnr e neeanne s 64
3.3STUDY ANIMALS AND SAMPLING........cooiiiiiiiieiie e 64
B ETHICS e 66
3.5HOUSING AND FEEDING OF EXPERIMENTAL ANIMALS........ccooiiiiiiiiieeiens 66
3.6 DETERMINATION OF DIET REGIMEN OF SWEETENERS. ..o 66
3.7 FEED, ENERGY AND WATER INTAKE......ccoiiiiiiiiiiieiiiee e 67

S BWEIGHT OF RATS ...ttt nn e sne e nneennne s 68
3.9 EUTHANASIA AND BLOOD DRAW ......cooiiiiiie et 68
3.10 ORGAN HARVESTING AND RELATIVE ORGAN WEIGHT .........ccooiiiiiiiee 69

3. 11 BIOCHEMICAL ANALYSIS ...t 69
3.11.1 Measurement of Fasting Plasma GIUCOSE ..........cccceeeiveeiieieiieiece e 69
20 5 A I T T T I (0] 1 OSSR 70
3.11.2.1 Lipid ISl ... ... ot . ............................... 70

3.11.3 Fasting INSUNIN LEVEL............oooiiiiee e 70
3.11.3.1 INSULIN FESISTANCE. ... .c.eeuiieiieiisieiteeeii sttt 71

3.12 GLUTA ANAE¥SIS ... ... convvee Dol ] 71
3.13 HEXOKINASE 2IANBITES M5 s i oo e come om0 B W™ 72
3. 1A HISTOLOGICAL ANALYSIS ...t 73
3. A5 STATISTICAL ANALYSIS ... 74
CHAPTER FOUR ...ttt ettt ettt e et e e nne e neeanne s 75



A0 RESULTS L. 75

4.1 UNEXPECTED MORBIDITY AND MORTALITY ..oeiiiiiieee e 75
4.2 ANTHROPOMETRY AND FOOD INTAKE ......oooiiiiiieiiiee e 75
4.2.1 Effect of Sweeteners on Body Weight of the Experimental Animals .................... 75
4.2.2 Effect of Sweeteners on Percent Weight Gain..........cccocevvevviiiiicceccc e 76
4.2.3 Relative Organ Weight of Rats After 17 Weeks of Treatment............c.c.ccecvvvvennenn 79
4.2.4 Total Energy Intake and FOOd EffiCIENCY .......ccccovevviiiiiiiieee e 79
4.3 EFFECT OF SWEETENER INTAKE ON BLOOD GLUCOSE PARAMETERS ....... 82
4.3.1 Effect of Sweeteners on Fasting Plasma GIUCOSE..........cccccvevveiiieiiecicie e 82
4.3.2 Effect of Sweeteners on Fasting Insulin Level ..., 83
4.3.3 Effect of Sweeteners on HOMA-IR after 17 Weeks of Treatment......................... 85
4.3.4 Effect of Sweeteners 0n GLUTA ..ot 86
4.3.5 Effect of Sweeteners on Hexokinase Il (HK2) ENZyMe ......ccccoovvevviieieece e, 87
AALIPID PROFILE ...ttt ne e 89
4.4.1 The Effect of Sweeteners on Total Cholesterol (TC) .......ccccccveviiiiiiiiiciiececen, 89
4.4.2 The Effect of Sweeteners on Triglyceride Concentration (TG)...........cccccvevvvivennenn 90
4.4.3 The effect of Sweeteners on High-Density Lipoprotein Cholesterol (HDL-C)......91
4.4.4 The Effect of Sweeteners on Low-Density Lipoprotein Cholesterol (LDL-C)......92
4.4.5 The Effect of Sweeteners on Very Low-Density Lipoprotein (VLDL).................. 93
4.4.6 Castelli RiSK INAEX T (CRI=1)...ccuiiieiieie et 96
4.4.7 Castelli RISK INAEX T ......o.ooiiiiiiii s 96
4.4.8 Atherogenic IndeX Of PIaSMa.........ccoiueiueeiiiiiiciie e 99

4.5 LINEAR REGRESSION OF AIP AS AFUNCTION OF END LINE FASTING

PLASMA GLUCOSE, GLUT4, FASTING INSULIN AND HEXOKINASE 2 ............... 100

Xi



4.6 EFFECT OF THE SWEETENERS ON THE HISTOLOGY OF THE BODY ORGANS

............................................................................................................................................ 101
4.6.1 Effect of Sweeteners on the Histology of the Pancreas............cccoccevvvevviiicsiiennenn, 101
4.6.2 Effect of Sweeteners on the Histology of the Skeletal Muscle................ccccvo....... 104
4.6.3 Effects of Sweeteners on the Histology of the Brain.............cccccevvvviveiceiienenn, 106
CHAPTER S oottt e ettt b et ene et ne e 109
5.0 DISCUSSIONS ...ttt sttt b bt ereebe e enene 109
5.1 SWEETENERS AND HEALTH ...coooiiiiiiie e 109

5.2 EFFECT OF SWEETENER INTAKE ON ENERGY INTAKE ......ccooivviriiiiieriennn 110

5.3 EFFECT OF SWEETENER INTAKE ON PERCENT WEIGHT GAIN AND FOOD

EFFICIENCY RATSENS % FEESSS— " S_—— . T - ... 112
5.4 EFFECT OF SWEETENERS ON FASTING PLASMA GLUCOSE .........ccccovevvennee. 115
5.5 EFFECT OF SWEETENERS ON FASTING INSULIN AND HOMA-IR.................. 118
5.6 EFFECT OF SWEETENERS ON GLUT4 AND HEXOKINASE 2.........ccccooviiiinnn. 121
5.7 EFFECT OF SWEETENERS ON LIPID PROFILE ........cccooiiiiiiiiiiiiieeeee e 123
5.8 EFFECT OF SWEETENERS ON LIPID RATIOS.......ccoiiiieiiieeee e 127
5.9 EFFECT OF SWEETENERS ON HISTOLOGY OF ORGANS ..........ccoiiiiiiieiee, 131
5.9.1 Effect of Sweeteners on the Histology of the Pancreas ...............c.ccccceevvvevieenenne. 131
5.9.2 Effect of Sweeteners on Skeletal Muscle Fibres...........cccccoooiiiiiiiiiiiici 132
5.9.3 Effect of Sweeteners on the Brain ..., 133
5.10 STRENGTHHS.OF T HEITRELD. V6. .o e o mereps i B0 B W™ 134
SALLIMITATIONS OF THE STUDY ..ot 135
CHAPTER B ..otttk e e b e et e e e e nne e e 136
6.0 CONCLUSIONS AND RECOMMENDATIONS ..o 136

Xii



6.1 CONCLUSIONS ... ..ot s

6.2 RECOMMENDATIONS ......oooiii s

REFERENCES

APPENDICES

Xiii



LIST OF TABLES

TABLE 3.1: SWEETENER DOSAGES .......cvvuiuiveietiieeetceete ittt esssae et ssae s as e 67

TABLE 4.1: RELATIVE ORGAN WEIGHT (G) OF RATS AFTER 17 WEEKS OF TREATMENT .............. 80

TABLE 4.2: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON FASTING
INSULIN LEVEL ¢.vvvviititetete ettt ettt bttt bttt bttt s s ea et s s 84

TABLE 4.3: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON HOMA-

TABLE 4.4: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON GLUT4
(070] 103 =1 N 7.y o] N PSSP 87
TABLE 4.5: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON HK2
CONCENTRATION 11ttt tutttetsteeessteesssseessssessssseeasseassssesansaeeasseesanseesasseesssseessssesssssesssssessssessnes 89
TABLE 4.6: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON
TRIGLYCERIDE CONCENTRATION 1eeuvteuteitieteestesseesseassesseesseessesssssssessessesssesssessssssssnsessesssenns 91
TABLE 4.7: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON HDL-C
CONCENTRATION 111ttt tutteeestteessteeassseeasssaeaassssassseeasssseasssesasssssanseessssessssssessssesssssesssssessnssessnes 91
TABLE 4.8: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON LDL-C
CONCENTRATION S ...l T ... ... 9
TABLE 4.9: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON LDL-C
CONCENTRATION 1ttt tutttetutteessseeesusesasssessassesassseessseeassesssssssssssssssssesesssesesssesssssesssssessnsseesnes 95

TABLE 4.10: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON CRI-I...

.......................................................................................................................................... 97
TABLE 4.11: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON CRI-11

.......................................................................................................................................... 98
TABLE 4.12: A ONE-WAY ANOVA AND POST HOC ON THE EFFECT OF SWEETENERS ON

AP 99

Xiv



TABLE 4.13: MULTIPLE REGRESSION ANALYSIS OF AIP AS A FUNCTION OF FPG, GLUT4,

FASTING INSULIN AND HK 2.

XV



LIST OF FIGURES

FIGURE 2.1: GLUCOSE AND FRUCTOSE ABSORPTION ACROSS THE INTESTINAL EPITHELIUM ...... 20
FIGURE 2.2: GLUCOSE METABOLISM IN THE LIVER. c..ccuveiuieiiciiesieeiesiestaesne e sraesteaneesneesnaeneesns 24
FIGURE 2.3: HEPATIC FRUCTOSE UTILIZATION. 11etteuttiuieiteeteeseesteeseaseessaessesseesseessesssessessseesennes 27
FIGURE 2.4 INSULIN SIGNALLING ...uveitietiesieittesteesiesseestaesseassessaesseassessaessessesssassseassessesssssnsesses 35
FIGURE 3.1 STUDY DESIGN. ...eitiiitiitieitiesie et sieeste et ta et teeteasaestaesneeneesraesteaneesneesnaenneanes 65
FIGURE 4.1: BODY WEIGHT AT BASELINE. ...cvveitteteestesstesteesesseesseessesseessaessessesssessseasssssesssesssesses 76
FIGURE 4.2: EFFECT OF SWEETENERS ON PERCENTAGE WEIGHT CHANGE ......ccvveivieieiieiieeeenne 78
FIGURE 4.3: ENERGY INTAKE ...c.vtiittitieitieiteestesteesteestesseessaessesssesseassesssessaesseassessaesseassessessssensenses 81
FIGURE 4.4 FOOD EFFICIENCY RATIO. w..citiiiiitieiieeie ettt sva e sra e ens 81
FIGURE 4.5: EFFECT OF SWEETENERS ON FASTING BLOOD GLUCOSE. ....veeivvivviivieiveeiesieesieenenns 83
FIGURE 4.6: TOTAL CHOLESTEROL . ..uveitteiteesteiteeiteessessaessaessesssessesnseassessasssesssessesssesssesssssssssesses 90
FIGURE 4.7: PANCREAS OF CONTROL RAT 1.iuvietiiuieiieeiteassesteesseaseessesssasssessesssessessssssesssessessseans 102
FIGURE 4.8A: PANCREAS OF HIGH-DOSE WHITE SUGAR. ....ceiiuteiiireesssnessssnessieeesieesssesessesennns 102
FIGURE 4.8B: PANCREAS OF RAT WITH HIGH DOSE WHITE SUGAR .....vvvviitieeiiiieiiieeeieeesieeennns 102
FIGURE 4.9A: PANCREAS OF HIGH DOSE BROWN SUGAR ....ceuuvieeuteesissessssnessseeessieessseessseessnns 102
FIGURE 4.9B: PANCREAS OF HIGH DOSE BROWN SUGAR. ....cciuvieiirieiitresssssesainesssisesssesssseesnnns 103
FIGURE 4.10: PANCREAS OF MEDIUM DOSE HONEY), 1..vviiiueeeiureessssesssssessssnessnseesssseessnsesssnseesnnns 103
FIGURE 4.11: PANCREAS OF MEDIUM DOSE STEVIA. . .ueeiiiviiiiiieaiieesissessnseesaieesssieessssessssessnnns 103
FIGURE 4.12: SKELETAL MUSCLE OF CONTROL RAT ...vttiiuttiiiuiieeiieesiiieessssesasneesseessseessssessnnns 105
FIGURE 4.13A: SKELETAL MUSCLE OF LOW-DOSE STEVIA ......ccoiiiuieiiiiieiiiieeeiinesssieeesseeesseeennns 105
FIGURE 4.13B: SKELETAL MUSCLE OF LOW-DOSE STEVIA ...cccvtiiiiiieeitiieiiiieeeniieeesieeeeieeesseee e 105
FIGURE 4.14A: SKELETAL MUSCLE OF MEDIUM-DOSE STEVIA ......coiiiiieiiieeiiieesnieeeenieeesseee s 105
FIGURE 4.15A: HIPPOCAMPUS OF LOW-DOSE WHITE SUGAR .....ccitviiiiiiieeiiiiesireessireeesieeesnseeeenns 107
FIGURE 4.15B: CEREBRAL CORTEX OF MEDIUM-DOSE WHITE SUGAR .....cvtviiirieiiieeiiieeaieneanns 107

XVi



FIGURE 4.16A: CEREBRAL CORTEX OF MEDIUM DOSE BROWN SUGAR ......coeviivieiirienieeesieeennns 107

FIGURE 4.16B: CEREBRUM OF HIGH DOSE BROWN SUGAR ......uutiiiiieiiriesiiiessineesieessieessseesnnns 108
FIGURE 4.16C: HIPPOCAMPUS OF HIGH DOSE BROWN SUGAR. ....c.vvtiiiiiieiiiissireesieeesninessinessnes 108
FIGURE 4.17A: BRAIN OF HIGH-DOSE STEVIA ...ccittiiiiiiieeiiiieesiieessiieessstesssisessieessinessieesssseesnes 108
FIGURE 4.17B: HIPPOCAMPUS OF HIGH DOSE STEVIA ...cciutiiiiiiieiiiiiesniiisssiiessinessieessiee s e 108

XVii



ACK

AHA

AHA/ NHLBI

AlP

AMPK

APS

ATP

BMI

CaMKIlI

CDC

CHD

CMS

COOH

CRI

CS

CvD

DAE

DHAP

EDTA

EGIR

FBS

FDA

FOS

G3P

LIST OF ABBREVIATIONS

Acesulfame K

American Heart Association

American Heart Association / National Heart, Lung and Blood Institute

Atherogenic Index of Plasma

Adenosine Monophosphate-activated Protein Kinase
Associated Protein Substrate

Adenosine Triphosphate

Body Mass Index

Calcium-calmodulin (CaM)-dependent protein kinase 11
Centre for Disease Control

Coronary Heart Disease

Cardio Metabolic Syndrome

Carboxyl Group

Coronary Risk Index

Caloric Sweeteners

Cardiovascular Disease

Department of Animal Experimentation
Dihydroxyacetone Phosphate
Ethylenediaminetetraacetic acid

European Group for the Study of Insulin Resistance
Faconi Bekel Syndrome

Food and Drug Administration

Framingham Offspring Study

Glycerol-3-Phosphate

XVilii



G6P

GIP

GLP
GLUT
H&E
HDL-C
HEC

HK
HOMA-IR
HRP

IAS

ICCR

IDF

IDL

IR

JIS
LDL-C
LNCS
MetS
NCEP/ ATP 11l
NH>
NHANES
NMIMR
NOS

NS

Glucose 6 Phosphate

Gastric Inhibitory Polypeptide
Glucagon-like-Peptide

Glucose Transporter

Hematoxylosin Eosin

High Density Lipoprotein Cholesterol
Hyperinsulinemic Euglycemic Pump

Hexokinase

Homeostatic Model Assessment — Insulin Resistance
Horseradish Peroxidase

International Arteriosclerotic Society

International Chair on Cardiometabolic Risk
International Diabetes Federation

Intermediate Density Lipoprotein

Insulin Receptor/ Insulin Resistance

Joint Interim Statement

Low Density Lipoprotein Cholesterol

Low or No Calorie Sweeteners

Metabolic Syndrome

National Cholesterol Education Program/ Adult Treatment Plan 111
Amino Group

National Heatlh and Nutrition Examination Survey
Noguchi Memorial Institute for Medical Research
Nitrous Oxide System

Nutritive Sweeteners

XiX



PDKI
PI3K
QUICKI
REB
ROS
ROW
SEM
SGLT
SSB
TAG
TC

TG
TMB

uG

us
USFDA
VLDL

WHO

Phosphoinositide Dependent Protein Kinase
Phosphatidyl Inositol 3 Kinase

Quantitative Insulin-Sensitivity Check Index
Rebauside

Reactive Oxygen Species

Relative Organ Weight

Standard Error of Mean

Sodium Glucose Transporter

Sugar Sweetened Beverages

Triacyl glycerol

Total Cholesterol

Triglyceride

Tetramethylbenzidine

IACUC — University of Ghana Institutional Animal Care and Use
Committee

United States

United States Food and Drug Administration
Very Low-Density Lipoprotein

World Health Organisation

XX



CHAPTER ONE

1.0 INTRODUCTION
1.1 BACKGROUND
Humans have a natural preference for sweet taste. This has led to an increase in sugar
consumption and a desire to eat. As a result, huge amounts of nutritive or caloric and non-
nutritive or low and no-calorie sweeteners (LNCS) are being produced (Gonzalez-Montemayor

etal., 2019).

Nutritive sweeteners (NS) or caloric sweeteners (CS) provide energy (~4 kcal/g) (Tou et al.,
2011). They contain carbohydrates in the form of simple sugars. Nutritive sweeteners can be
naturally present in foods or added to foods during their preparation or manufacturing. The
simple sugars present in NS are either monosaccharides or disaccharides (Tou et al., 2011).
Monosaccharides (glucose, fructose, and galactose) are the simplified forms of carbohydrates
which cannot be broken down further. Disaccharides on the other hand (sucrose, maltose, and
lactose) consists of two monosaccharides units (Tou et al., 2011). Disaccharides are further
broken down to their individual monosaccharide units. Commonly consumed NS added to food
include honey, white granulated sugar, and brown sugar (Das & Chakraborty, 2016). White
granulated sugar and brown granulated sugar are produced from sugar cane or sugar beets
(Velasquez et al., 2019). Honey on the other hand is an ancient natural sweetener produced by

bees from the nectar or secretions of plants (Gonzéalez-Montemayor et al., 2019).

Low and no calorie sweeteners (LNCS) provide minimal or no calories. They are known as
“high intensity sweeteners” because of their high sweetener intensities. Small doses are
sufficient to be used as replacements for NS. There are currently eight LNCS approved by the
United States Food and Drug Administration (FDA) namely: acesulfame-K (ACK), aspartame,

neotame, saccharin, sucralose, and stevia, advantame and Luo Han Guo fruit extracts (USFDA,



2018). The European Union, on the other hand, has recommended 11 LNCS as safe for use;
acesulfame-K, aspartame, cyclamate, saccharin, sucralose, thaumatin, neohesperidine, steviol
glycosides, neotame, aspartame-acesulfame salt and advantame (Daher et al., 2022). Aside
from being used as table-top packets, they are also added to food products like sweetened
beverages, bread, cereals, granola bars sugar-free yoghurts or ice-cream, condiments, sugar-
free jam, medications (antibiotics, multivitamins, cough syrups), flavoured toothpaste and

mouthwash (Sylvetsky & Rother, 2016).

White sugar (sucrose) is a disaccharide composed of two monosaccharide units: glucose and
fructose. However, during digestion, the brush border enzymes of the small intestines convert
10-25% of the fructose to glucose and what remains is absorbed into the general circulation
(Piggott & Conner, 2003). Brown granulated sugar on the other hand looks similar to white
granulated sugar but has a light brown shade due to the presence of molasses (Chen et al.,
2021). Brown sugar contains sucrose, glucose, and fructose. Its digestion can be compared to
that of white sugar (Piggott & Conner, 2003). Honey, another common nutritive sweetener has
carbohydrates (fructose, glucose, sucrose, and maltose) constituting 60 to 85%. It is also made
up of water, some minerals and vitamins, proteins, amino acids, phenols, flavonoids and
enzymes (glucose oxidase, diastase and invertase) (Tou et al., 2011; Castro-Mufioz et al.,

2022).

Glucose and fructose are the main end products in the digestion and metabolism of nutritive
sweeteners. Sucrose and maltose found in caloric sweeteners are broken down to glucose and
fructose before it is absorbed. Glucose and fructose are absorbed via the glucose transporter
GLUT4 and GLUT 5 respectively (Noelting & DiBaise, 2015). The absorbed fructose serves
as a precursor to produce fatty acids in the liver. This is a risk factor in the development of

metabolic disorders (Nguyen et al., 2019a). Glucose on the other hand is the body’s primary



source of energy. Postprandial concentrations are maintained through GLUT4; an insulin-
regulated glucose transporter (Sayem et al., 2018; Bryant & Gould, 2020). Glucose transporter
4 is responsible for the movement of glucose into the adipocytes, skeletal and cardiac muscles
(Vargas & Carrillo Sepulveda, 2019). An increase in the glucose level in the blood triggers
insulin release from the pancreatic beta cells. When insulin binds to its receptor it triggers the
insulin signalling pathway. This causes the exocytosis of a large number of GLUT4 transporter
proteins to the surface of the cell membrane and subsequent uptake of glucose by the GLUT4
vesicles into the muscles and adipose tissues (Vargas & Carrillo Sepulveda, 2019; Thorens &
Mueckler, 2010). The muscle is responsible for removing 70% of glucose from the general
circulation. Glucose uptake is followed by its activation by hexokinase Il to glucose-6-
phosphate (van Schattingen, 2021). Insulin resistance occurs when insulin sensitive cells in the
muscles, fat and liver are not able to respond or ignore insulin signalling affecting their ability
to easily take up glucose from the blood. Impaired translocation and or a decrease in GLUT4
transporter protein is observed in metabolic syndrome (MetS) alongside downregulating
hexokinase Il (Leguisamo et al., 2012a; Pendergrass et al., 1998). Altered insulin signalling
results in impaired glucose tolerance which over time develops into type 2 diabetes (T2D)

(National Institute of Diabetes and Digestive and Kidney Diseases, 2018).

Low and no calorie sweeteners on the other hand are mostly not absorbed directly into the body
but excreted via the kidneys and faeces and metabolized by intestinal microbiota (Ishiguro et
al., 2018). Based on their metabolic pathway, they are classified into two (2) groups; the first
group undergoes almost no metabolism and minimal absorption (Acesulfame K, saccharin, and
sucralose). The second group of LNCS are digested and metabolized in the intestines with their
end-products absorbed and metabolised systematically (aspartame, steviol glycosides)
(Magnuson et al., 2016). Steviol glycosides are chemical compounds found in the plant Stevia

rebaudiana. Steviol is hydrolysed by Bacteroides in the colon (Magnuson et al., 2016).



Negative health implications associated with excessive intake of caloric sweeteners and T2D
dates to the 1960 (Tou et al., 2011). The consumption of caloric sweeteners in the dietary
management of T2D remains controversial due to their rapid rate of absorption resulting in
elevated blood glucose levels. However, in the 1990s there was a shift in focus to caloric
sweeteners and hyperactivity syndrome and dental caries in children and adolescents. In the
2000s, the health implications of caloric sweeteners were expanded to include obesity and its
related conditions such as MetS (Tou et al., 2011). Therefore, LNCS are promoted as a
replacement for NS albeit its usefulness is reducing obesity and its health-related effects has

not been fully established (Sylvetsky & Rother, 2016).

Metabolic syndrome is characterized by the presence of at least three metabolic dysfunctions;
insulin resistance, impaired glucose tolerance, dyslipidaemia, hypertension, and central
adiposity (Saljoughian, 2017; Kelli & Kassas, 2015). The metabolic effect of insulin resistance
includes impaired glucose tolerance and ultimately T2D, hypertension, dyslipidaemia, visceral
adiposity and elevated levels of inflammatory markers (Freeman & Pennings, 2021a).
Dyslipidaemia is an imbalance in the body lipid levels, resulting in an elevated amount of total
cholesterol (TC), low-density lipoprotein (LDL-C), triglycerides (TG) and reduction in high-
density lipoprotein (HDL-C) (Nikkos & Rehman, 2021). Most people with dyslipidaemia also
have concurrent hypertension due to their synergistic effect on each other (McEvoy et al.,

2018).

Caloric sweeteners can induce lipogenesis in the liver which can result in insulin resistance and
the build-up of fat in the abdominal region (central obesity) resulting in increased waist
circumference. A clear continuous association has been shown between central obesity and
clinical outcomes such as hypertension, dyslipidaemia and diabetes (Després et al., 2008).

These risk factors interact with each other in the pathogenesis of the cardiometabolic syndrome.



Research has shown that LNCS have an indirect effect on insulin production and glucose
homeostasis through its effect on modulating the gut microbiota (Bueno-Hernandez et al.,
2020). With conflicting data between MetS and LNCS intake from observational research, the
use of nutritive sweeteners in weight management is not supported by the evidence from
randomised control trials. Whereas controlled trials and population-based research have linked

free sugar consumption to the development of the MetS (Stanhope, 2016b) (Azad et al., 2017).

An experimental animal model involving rats (Sprague Dawley rats) was used to study the
effect of commonly consumed natural sweeteners on insulin signalling pathway and the MetS.
Specific focus was on commonly consumed sweeteners on the Ghanaian market, namely
granulated white sugar, granulated brown sugar, honey and stevia. Rats are good models for
studying the effect of sweeteners on glucose metabolism and the molecular mechanism
underlying metabolic conditions that mimic what is seen in humans (Baena et al., 2016). To
the best of my knowledge, this is the first study to look at the effect of various types and doses

of sweeteners on metabolic health and insulin signalling via the GLUT4 pathway in one study.

1.2 PROBLEM STATEMENT

Metabolic syndrome is a disease of public and global health concern due to its associated
morbidity, mortality and increased health care cost associated with its management and global
economic impact. The incidence of MetS parallels an increase in the incidence of T2D and
obesity (Saklayen, 2018a). In the United States (US), the weighted prevalence of MetS was
34.7%. Over a five-year period (2011-2016), the incidence among young persons (20-39 years)
increased significantly, while the prevalence among those 60 and older remained higher
(48.6%) (Hirode & Wong, 2020). In sub-Saharan Africa, the reported prevalence in Nigeria
was 18% in the quasi-urban population and 10% in the rural community, nonetheless a cross-

sectional analysis of a sample of the population in Ghana indicated a prevalence of 69% based



on IDF criteria (Osei-Yeboah et al., 2017). However, Ofori-Asenso, Agyeman, & Laar, (2017)
reported a prevalence of 21% according to the IDF criteria, contrary to the increased prevalence
of 58% according to the IDF criteria in a resource poor community in urban Ghana (Christian

etal., 2021)

Unhealthy dietary intake is a risk factor for cardiometabolic syndrome (CMS). Most notable
among them is the excessive consumption of added sugars with the prevalence of CMS
increasing chronologically and statistically with an increase in the consumption of sweeteners
(Sun & Empie, 2012). Obesity, insulin resistance, poor glucose tolerance, dyslipidaemia, and
hypertension have all been linked to an increase in the use of nutritive sweeteners (Hieronimus
et al., 2020; Swithers, 2016; Tou et al., 2011). Dietary sugars have also been associated with
the pathogenesis of chronic low-grade inflammation which is contributing factor in
cardiovascular diseases and T2D development (Della Corte et al., 2018; Rosales-gémez et al.,
2018). It has been reported that a diet pattern consisting of sweets or sweeteners helps with de
novo synthesis of free fatty acids and its metabolites in the liver that can trigger an

inflammatory response and the production of reactive oxygen species (Della Corte et al., 2018).

Based on the link between free sugar intake, dietary quality, and obesity, WHO has
recommended a daily intake of free sugars of less than 10% of total energy intake (equivalent
to 50 g of sugar or 12 teaspoons of sugar, translating to 200 kcal based on a 2000 kcal diet) and
a further reduction to less than 5% (equivalent to 25 g of sugar or 6 teaspoons of sugar,
translating to 100 kcal (World Health Organisation, 2018). Similarly, the 2020 — 2025
American Dietary Guidelines proposed that all Americans aged two and above restrict their
added sugars to no more than ten per cent of total calories (U.S. Department of Agriculture and
U.S. Department of Health and Human Services, 2020). The American Heart Association

(AHA) also recommended that American men and women should not consume more than 150



and 100 calories per day respectively from sugar-added foods or free sugars, to ensure good
dietary habits in the prevention and treatment of lifestyle related conditions (Zhang et al.,
2018). The average child, teenager or adult in the US consumes about 17 teaspoons of sugar
which is equivalent to 14% of the total energy per day according to a 2000 kilo calorie diet
(Zhang et al., 2018). Added sugar intakes are estimated to represent 15% to 21% of daily
energy intake in adults and 16% to 26% in children in Europe, but added sugar accounts for
7% to 11% of energy intake in adults and 11% to 17% in children in the United Kingdom
(Azais-Braesco et al., 2017). In tracking the dietary transition in Ghana, sugar and sweeteners
have been recorded to have the greatest increase (1075 kcal) in consumption between 1983 and
2013 which parallels a corresponding increase in energy intake, over weight and obesity
(Kushitor, 2021). Ghana’s First National Food-Based Dietary Guidelines recommends
reducing intake of added sugars (Ministry of Food and Agriculture & University of Ghana

School of Public Health, 2023).

The evidence against the intake of caloric sweeteners has fuelled the production, promotion,
and usage of LNCS. Unfortunately, several studies have associated cardiometabolic risk factors
with increased usage of LNCS although the evidence remains inconclusive (Swithers, 2016)
(Romo-Romo et al., 2016)). The absorption of LNCS do not occur in the small intestines and
instead, pass into the large intestines where they are eliminated serving as a substrate for
microbiota located in the large intestines inducing dysbiosis of the gut microbiome inducing
the production of pro-inflammatory cytokines (Mattes et al., 2021; Satokari, 2020). Low or
No Calorie Sweeteners have the ability to interact with the taste receptor family causing a
release of neurotransmitters and hormones which have negative metabolic effects (Liauchonak

etal., 2019).



The production of granulated white sugar, sugar cane and or sugar beets undergo various
purification processes resulting in the production of by products including non-centrifugal cane
sugars, brown sugar, and molasses. These breakdown products in sugar refining have been
shown to contain bioactive substances such as flavonoid glycosides and phenolic acids with
favourable health effect as compared with normal white sugar (Castro-Mufioz et al., 2022).
Honey is also postulated to be more nutritive than granulated white sugar due to its low
glycaemic index and presence of carbohydrates, amino acids, enzymes and phytochemicals

(Bobis et al., 2018a).

Policy recommendations also group sweeteners together, suggesting that all sweeteners have a
similar effect on the body. However, sweeteners have varying constituent sugars and unique
chemical structures hence may exert a distinct effect on insulin signalling and metabolism,
which will consequentially determine their suitability for normal and diabetic persons.
Numerous epidemiological researches have indicated the intake of free sugars either as part of
packaged foods or to cooked foods and sugar sweetened beverages skyrocketed over the years.
Despite national policies and public health interventions to reduce consumption of sugar
sweetened beverages (SSB) their intake still remains higher than the recommendation for the
intake of added sugars (Malik & Hu, 2022a). This increase in the consumption despite efforts
such as SSB taxes is observed largely in low- and middle-income countries as a result of the
nutrition transition(Malik & Hu, 2022a). In Africa very few countries (Morocco, Mauritius,
South Africa, Seychelles) have introduced taxation on SSB (Popkin & Ng, 2021). Based on the
NHANES data SSB remain the major source of added sugars followed by sweetened baked
products, refined sugars (white and brown sugar), syrups and toppings (DiFrancesco et al.,

2022).



Experimental studies investigating the individual markers of MetS have focused more on
fructose corn syrup or individual sugars. Currently no research has compared in one study the
effect of different types of nutritive and non-nutritive sweeteners on the different components
for MetS. Also, the molecular processes mediating the adverse consequences of the individual

sweeteners via the GLUT4 pathway and hexokinase Il expression have not been explored.

1.3 SIGNIFICANCE OF STUDY

The study will give information on how different doses and types of natural sweeteners (NS
and LNCS) affect insulin signalling via the GLUT4 signalling pathway, determining which
sweetener is better for cardiometabolic health. This study will build on efforts by offering
strategies, such as lifestyle changes in recommending the type and quantity of sweetener to
consume based on an individual's metabolic health. It will also contribute to addressing
anecdotal evidence or testimonials from the public regarding which sweetener is healthier.
Changes in lifestyle modification will cause a decrease in the prevalence of cardiometabolic
conditions related to the high intake of sweeteners and their products and a reduction in health
care costs and the economic burden associated with it. Thus, the conjecture on caloric versus
non or low-caloric sweeteners and the health benefits will be put to a test which will

consequentially determine their suitability for health.

1.4 HYPOTHESES

Ho— There is no significant difference in the glucose signalling pathway among the different
sweeteners.
Ho — There is no significant difference in the effect of the various sweeteners on

cardiometabolic risk factors.



1.5 AIM AND SPECIFIC OBJECTIVES

1.5.1 Aim
This research aimed at determining the effect of the intake of commonly consumed natural
sweeteners on nutrition, glucose signalling pathway, and metabolic risk factors using Sprague

Dawley rats.

1.5.2 Specific Objectives
The specific objectives of the study were to:
1. determine the effect of sweeteners on energy intake, food efficiency, weight and
relative organ weight.
2. assess the effect of sweeteners on cardiometabolic risk factors (lipid profile and lipid
ratios, fasting plasma glucose, serum insulin, insulin resistance).
3. examine the effect of sweeteners on GLUT4 protein concentration.
4. examine the effect of sweeteners on glucose metabolic pathway by hexokinase I1.
5. examine the effect of sweeteners on the histology of the pancreas, skeletal muscle, and

brain.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 SWEETENERS

2.1.1 Nutritive and Non-nutritive

Sweeteners remain useful in the food and pharmaceutical sectors. Aside from enabling good
taste in cooked and manufactured foods, they confer other useful properties such as inhibiting
microbial growth in jams and jellies. Furthermore, they add texture, flavour and colour to
confectionaries and baked foods, supporting the growth of yeasts in fermentation or leavening,
contributing to the volume of foods such as ice cream, balancing the acidity in salad dressings,
condiments and sauces among others (Fitch & Keim, 2012). In the pharmaceutical industry,
sweeteners have remained useful by adding bulk and consistency to medications in addition to
masking their unpleasant tastes to make them palatable for consumers ((Shah, Jain, Laghate,
& Prabhudesai, 2020). Despite the multifunctional nature of sweeteners, their health

implications cannot be underestimated.

Sweeteners can be categorized in different ways. However, for the purpose of this study
sweeteners will be categorized into two groups:

a. Nutritive sweeteners (NS) or caloric sweeteners (CS)

b. Non-nutritive sweeteners (NNS) or low/no calorie sweeteners (LNCS).
In this review the synonyms within each category of sweetener will be used interchangeably.
Nutritive sweeteners are defined as sweeteners that contain carbohydrates and provide energy
(~4 kcal/g) after consumption. Non-nutritive sweeteners, contrarily, add very few calories or

none at all when consumed (Fitch & Keim, 2012; Tou et al., 2011).

Nutritive sweeteners are found naturally in foods or are incorporated during the production

process. Nutritive sweeteners can be naturally occurring (for example, lactose in milk and other
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dairy goods and fructose in fruits) or added sugars that are not naturally present in foods but
are added during preparation, preservation, or production. White granulated sugar, brown
sugar, honey, fructose corn syrup, maple syrup and agave nectar are some examples of added
sugars (Fitch & Keim, 2012). They consist of simple sugars, monosaccharides, and
disaccharides. Monosaccharides are the simplest forms of carbohydrates which require no
further digestion by the intestinal brush border enzymes and are easily absorbed. Nutritive
sweeteners contain nutritionally important monosaccharides like glucose, fructose, and
galactose. Disaccharides are made up of two monosaccharide molecules that are covalently
bound together. Lactose (glucose and galactose), sucrose (glucose and fructose), and maltose
(glucose and glucose) are common disaccharides. However, unlike sucrose and maltose which
can be found in added sugars, lactose is found in milk and milk products (Binder & Reuben,
2017; Tou et al., 2011). The different NS may have either one type of sugar or a combination
of sugars in different proportions. Non-nutritive sweeteners on the other hand offer little or no
energy when consumed (Plaza-Diaz & Gil, 2015). Examples of some approved NNS’s include
aspartame, acesulfame-potassium, neotame, saccharin, sucralose, advantame, stevia and monk

fruit (Shum & Georgia, 2021a).

2.1.1.1 Granulated white sugar

Technological advancement in the 18" century resulted in the production of granulated white
sugar (Edwards, Rossi, Corpe, Butterworth, & Ellis, 2016) commonly referred to as “table
sugar” or “white sugar”. White sugar is an extract of sugar cane (Saccharum officinarum L.)
and sugar beets (Beta vulgaris L.) produced by two separate processes. Sugar cane and sugar
beets are processed into raw sugar, which is then refined into granulated sugar. This is done by
the extraction and purification of the pure sugar juice followed by concentrating and
crystallizing the soluble sucrose (Wojtczak et al., 2012). White sugar is readily available with

a relatively low cost in production (Edwards et al., 2016; Tou et al., 2011). Sucrose is the main
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carbohydrate found in table sugar. Although sucrose is the body's major source of energy, it
can have a negative impact through the development of metabolic disorders such as impaired

glucose and lipid metabolism (Castro-Mufioz et al., 2022).

2.1.1.2 Granulated brown sugar

The processing of raw sugar to refined sugar reduces its nutritional value by eliminating
bioactive molecules such as flavonoid glycosides and phenolic acids which led to the
recommendation for the production of less refined derivatives such as brown sugar (Castro-
Mufioz et al., 2022). Granulated brown sugar has crystals that are comparable to that of white
granulated sugar but have a pale-yellow tint due to small amount of molasses present (Chen et

al., 2021). The presence of molasses gives it a distinct flavour.

Granulated brown sugar is known by various names, including 'Jaggery' in India, 'Panela’ in
Latin America, and 'Kokuto' in some Asian nations such as Japan. Minimally processed sugar
like brown sugar is also termed non-centrifugal sugar by the Food and Agricultural
Organization (Zidan & Azlan, 2022). Granulated brown sugar is produced by first extracting
the sugarcane juice, followed by evaporation of the juice to form a syrup. The syrup undergoes
vigorous stirring and moulding to form crystals from which brown sugar is obtained (Chen et
al., 2021). Granulated brown sugar is composed of monosaccharides (glucose and fructose), a
disaccharide (sucrose), polyphenols and flavonoids. Additionally, it is refined to a lesser extent

compared to granulated white sugar (Lee et al., 2018).

2.1.1.3 Honey

An inclination towards healthy eating has resulted in a shift from the intake of refined sugars
to more natural, healthier and medicinal alternatives such as honey, dates and jaggery (Arshad
et al., 2022). Honey is an ancient natural sweetener produced by bees from the nectar or

secretions of plants. It has remained effective in both traditional healing and modern medical
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practices (Gonzélez-Montemayor et al., 2019). Honey is one of the most sought-after nutritive
sweeteners as a result of its biologically active substances which are the phenolic compounds,
flavonoids, carotenoids, minerals, vitamins, enzymes (glucose oxidase, diastase, and
invertase), and aromatic substances (Gonzalez-Montemayor et al., 2019). It is known to possess
anti-inflammatory, antibacterial, immunostimulatory, antiviral, wound repair, anti-diabetic,

and cholesterol-lowering effects (Bobis et al., 2018b; Hossain et al., 2020).

Honey's chemical composition is determined by factors such as the place of origin of the plant
from which the nectar was derived, environment and climatic conditions and the processing
procedures (Erejuwa, Sulaiman, & Ab Wahab, 2012; Gonzélez-Montemayor et al., 2019).
Honey contains 75% monosaccharides (glucose and fructose), 15% disaccharides (sucrose),
small quantities of oligosaccharides and bioactive compounds, and 17-20% water (P. M. Da
Silvaet al., 2016; Gonzalez-Montemayor et al., 2019). Despite its therapeutic effect, its caloric

addition to foods cannot be overlooked.

2.1.1.4 Stevia

The development of non-caloric high-intensity sweetening agents as alternatives to caloric
sweeteners has led to an increase in their production and variety. Stevia is a non-caloric
sweetener extracted from the leaves of Stevia rebaudiana (Bertoni), which has over 200 species
worldwide. It has been used as a sweetening and flavouring agent for over 100 years. It was
originally consumed by the natives of South America by drying its leaves and used to sweeten
beverages and medications or chewed as a treat (Ashwell, 2015; Castro-Mufioz et al., 2022). It
has been nicknamed; honey leaf, candy leaf or sweet leaf due to its sweetness (~100 — 400

times higher than sucrose) (Mlambo et al., 2022).

Stevia has its sweet taste originating from its sweet tasting component, steviol glycosides.

About 11 steviol glycosides have been identified. These are stevioside, Rebaudioside A,
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Rebaudioside B, Rebaudioside C, Rebaudioside D, Rebaudioside E, Rebaudioside F,
rebusoside, steviolmonoside, steviolbiocide, and Dulcoside A. The glycosides consist of a

steviol back bone attached to glycosidic units.

In addition to glycosides, stevia contains vitamins, minerals, essential amino acids, fatty acids,
and bioactive substances (flavonoids, phenolic compounds, phytosterols, chorogenic acids,
triterpenes, hydrocarbons, and crude fibre) (Ahmad, Khan, Blundell, Azzopardi, &
Mahomoodally, 2020; Schiatti-Sis6, Quintana, & Garcia-Zapateiro, 2022). Stevia is a generic
name used to refer to different forms of the stevia sweetener. Commercially it is available in
four different forms; (a) as pure stevia extract, (b) as a sugar-transferred stevia extract, (c) as
Reb A-enriched extract which have been used in a number of foods and beverages and (d)

combined preparation of stevia sweeteners.

In order to reduce its unpleasant aftertaste, the pure stevia extract is enzymatically modified to
sugar-transferred stevia extract and Rebaudioside-A enriched stevia extract which tastes like
sucrose. These improved forms of the stevia extract are used in the beverage industry, in
confectionery, ice-cream, dairy products and as table top sweeteners (Mizutani & Tanaka,
2001). Commercially available pure stevia extracts contain about 90% of steviol glycosides,
whereas the sugar transferred, and rebausdioside-A enriched stevia have lesser steviol
glycoside content than the pure extracts. Combined preparations of stevia are produced by
mixing one of the basic forms of stevia with dextrin or lactose to be used as a bulking agent in
food manufacturing. It is also combined with sugar alcohols such as erythritol and maltitol used
in sugarless gum, candies and chewable containing Vitamin C (Mizutani & Tanaka, 2001).
Studies have associated stevia intake with numerous health benefits. However, these studies

focused on stevia extracts with high stevia glycoside concentration. There is a paucity of data
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on commercially modified stevia extracts being used in the food industry and as a table top

sweetener.

2.1.2 Trends in Production and Consumption

Sugar has become an essential commodity worldwide and is consumed daily due to its usage
in the food and beverage industry (Abdullah et al., 2015). Production of white sugar from sugar
cane accounts for 80% of the world’s sugar production with majority of the output from
Mexico, India, Thailand, Brazil, China, US, Russia, Pakistan, France and Australia
(International Sugar Organization, 2019). Between 2001 and 2018, global sugar output scaled
from 123.454 million tonnes to 172.441 million tonnes, which represented a 2% yearly
increase. This growing demand for sugar is typically driven by a growth in the world's
population, per capita income and growing health concerns among others (International Sugar

Organization, 2019).

2.1.2.1 Trends in the production of white and brown sugars

According to the United States Department of Agriculture, sugar remained one of Ghana's top
ten imported foods in 2022 (USDA, 2022). Global production of brown sugar parallels the
growth in the food and beverage and bakery industry, and it has been forecasted to grow
rapidly. Globally, Brazil is the main producer of sugar (OECD/FAQ, 2021). Over the last
decade, 22% of the global sugar production was from developed countries (OECD/FAOQ, 2021).
Between the period of 2017 and 2018, white sugar exports constituted 34% of global trade

(OECD/FAO, 2018).

2.1.2.2 Trends in the production of honey
Globally, the demand for honey has surged over the last 20 years as the world population
continues to grow. Current dietary guidelines have recommended limiting the intake of added

sugar for better health. COVID-19 has also led to a demand for immunity-enhancing foods and
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supplements in comparing pre-pandemic demand to post-pandemic demand (Garcia, 2018;
Ribeiro et al., 2019). The increased global demand has translated to an increase in global
exports of honey. From 2010 to 2020, the production of beehives worldwide increased from
80 million beehives to 94 million beehives with the global honey production reaching a peak
volume of 1.88 million metric tons (Shahbandeh, 2021). Between 2019 and 2020, the demand
for honey increased by 9 %. In 2021 the global market size was USD 8.15 million which
increased to USD 8.53 million in 2022 and it is expected to reach USD 12.69 million in 2029

(Shahbandeh, 2021).

Honey is popular in the ethnic cuisine in Japan and South Korea. These two countries depend
on the importation of Western honeybees because they produce more honey than Japanese
honeybees, even though Japanese honeybees are more disease resistant. Between 1994 and
2005 honey importation in South Korea had increased from under 50,000 kg to 1.2 million kg
due to failure of the local honey production to thrive (Kohsaka et al., 2017). In assessing the
consumption habits and determining factors for honey consumption in Portugal, it was reported
that honey was being consumed once a week or once a month usually during winter and autumn
for its medicinal purposes in treating cough and other respiratory illnesses during those seasons

(Ribeiro et al., 2019).

2.1.2.3 Trends in consumption

White granulated sugar, brown sugar, honey, and stevia are consumed as table top sweeteners
or as added sugars or in food manufacturing and processing. Many populations are consuming
added sugar beyond the recommendation by WHO with a growth observed in low- and middle-
income countries (Gillespie et al., 2023a; World Cancer Research Fund International, 2015).

The lowest sugar consumption is in Sub-Saharan Africa whereas the regions of the Middle
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East, Northern Africa, and Western European countries have the highest (World Cancer

Research Fund International, 2015).

The relatively low cost in producing them makes them cheap and available (World Cancer
Research Fund International, 2015). Examining the emerging patterns of added sugars and their
sources among children, adolescents, and teens in US, (Ricciuto, Fulgoni, Gaine, Scott, &
Difrancesco, 2022) reported a decline in the consumption of added sugars from sugar
sweetened beverages between 2001 — 2018. However, the consumption of added sugars from

coffee and tea increased.

In spite of the observed decline, the quantity consumed still remains above the recommendation
by the Dietary Guidelines for Americans (10% of energy per day). A related study was carried
out in the United States among young (19-50 years) and older (50+ years) persons using
NHANES data from 2001 to 2018. A decrease in added sugar intake was observed in younger
adults (19-50 years) but not in older adults (50+ years), which was attributed to the fact that
older adults tend to generally take less added sugars, whereas younger adults tend to consume

more and thus have an increased likelihood of reducing intake (DiFrancesco et al., 2022).

Between 2017 and 2018, the average daily intake of sugar from added sources among US
children and young adults was 17 teaspoons, with older persons aged 20 years and above
having a comparable intake (Centers for Disease Control and Prevention, 2021). The observed
decline in added sugars was due to a significant reduction in the intake of sugar sweetened
beverages as a main contributor to the intake of added sugar although there was an increase in
the intake of added sugar from tea and coffee. This observed decline has been credited to
policies targeting sugar sweetened beverage consumption by reformulating products to use
LNCS, taxing sugar sweetened beverages, public health education encouraging the intake of

water as a healthier alternative (Popkin & Ng, 2021; Vargas-Garcia et al., 2017). A key health
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indicator for the “Healthy People 2030” “is to reduce consumption of added sugars for

individuals aged 2 years and above” (Centers for Disease Control and Prevention, 2021).

In Europe, added sugars contributed to 11 — 17% of the total energy intake in children and 7 —
11% in adults with and the majority of the population, particularly children exceeding the
recommended intake by WHO (Azais-Braesco et al., 2017). In Eastern Europe, a decline was
observed in the intake of sugar sweetened beverages among adolescents between 2002 and

2018 with the highest decline observed among the highly affluent (Chatelan et al., 2021).

There is limited data on the trend and consumption pattern of added sugars and sugar sweetened
beverages in Africa. In South Africa, the consumption pattern has been estimated between 60
- 120 grams of sugar daily with 20 - 80 grams obtained from sugar sweetened beverages

(McCreedy et al., 2022).

2.1.3 Digestion and Metabolism

Sweeteners are digested and metabolized after consumption just like any other edible product.
Upon ingestion of white granulated sugar its main constituent, sucrose, is hydrolysed into its
glucose and fructose by the enzyme sucrase an intestinal brush boarder enzyme. About quarter
(25%) of the fructose is further converted to glucose (Anderson, 2003). Absorption of the
monosaccharides involves movement from inside the small intestines, across the intestinal cells
and into the blood. The sodium coupled glucose transporter SGLT-1 (Fig. 2.1), located at the
microvilli of the small intestine, transports glucose from the intestinal lumen into the
epithelium. The transmembrane sodium gradient maintained by the sodium/potassium pump
facilitates the movement of glucose into the epithelium. Fructose transport from the lumen into
the epithelium on the other hand is facilitated by the glucose transporter GLUT 5 (Fig. 2.1)

(Anderson, 2003; Kohlmeier, 2013; Wright et al., 2018a). In the
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Figure 2.1: Glucose and fructose absorption across the intestinal epithelium (Wright et al., 2018b). Glucose moves
from the intestinal lumen into the epithelium by SGLTL1. Fructose moves into the epithelium by GLUT5. GLUT2
transports both the glucose and fructose to the basolateral membrane where it is transported by the portal vein.

intestinal epithelium both fructose and glucose are absorbed into the blood via a facilitated

glucose transport protein GLUT2 (Wright et al., 2018a).

The portal vein transports glucose and fructose into the cells of the liver for further metabolism.
In the hepatocytes, fructose is phosphorylated to fructose-1-phosphate and triose-phosphates
by the enzymes fructokinase. Phosphorylated fructose is further oxidized by the hepatocytes to
produce lactate and glucose which either moves back into the blood or contributes to the

glycolytic pathway.

A significant amount of the phosphorylated fructose also contributes to the de novo lipogenesis
producing triacylglycerol which has been associated with the adverse effect of fructose intake
(Gibson et al., 2013; Tappy et al., 2010). On reaching the liver, fructose is either transported

back into the circulatory system facilitated by GLUT2 or stored in the hepatocytes as glycogen
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(Wright et al., 2018b). Sucrose present in brown sugar undergoes the same digestion and
absorption process observed with white sugar intake. Both glucose and fructose are transported
at the apical membrane via SGLUT-1 and GLUT-5 and at the basolateral membrane via GLUT-

2 (Wright et al., 2018a).

Aside the monosaccharides in honey, other di-, tri- and tetra- saccharides have been identified
with the disaccharides (maltose and sucrose) constituting about 10-15% (Lazarevié et al.,
2017). The brush border enzymes maltase breaks down maltose to glucose units and sucrase
digests sucrose to glucose and fructose (Xu et al., 2012). The monosaccharide units (glucose
and fructose) are absorbed into the enterocytes by SGLUT-1 and GLUT 5 for glucose and
fructose, respectively (Anderson, 2003). The high fructose content of honey (21 — 43%) has
been linked to its low glycaemic index and hypoglycaemic effect. Although the exact
mechanism remains unclear, it has been proposed that the high fructose reduces the rate at
which the stomach empties its content into the small intestines, slows down intestinal uptake,
suppresses appetite and activates the action of glucokinase in the hepatocytes which plays a
key role in the uptake and storage of glucose as glycogen. (Bobis et al., 2018b). Several in vitro
studies have assessed the bio-accessibility, bioavailability and consequently on the bioactivity

of the phenolic compounds in honey (Alevia et al., 2021) with less focus on the sugars.

Stevia’s active compound is the steviol glycoside. Following the intake of stevia, steviol
glycoside passes through the upper gastrointestinal tract without undergoing digestion.
However, in the colon the steviol glycosides are hydrolysed by colonic microbiota, cleaving
the glycosidic bonds thereby removing the sugar or the glycoside unit from the steviol
backbone. The glycoside is transported to the liver for glucuronidation to steviol glucuronide
and excreted via urine in humans and faeces in rats (Ajami, Seyfi, Abdollah, et al., 2020;

Ashwell, 2015; Samuel et al., 2018). As a result, pure stevia extract does not contribute to the
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rise in blood glucose level when added to a meal. However, the highly processed stevia
products which are compounded together with other bulking or sweetening agents may have a
different digestive and metabolic pathway from the pure stevia extract which needs to be

explored.

2.2 METABOLISM OF GLUCOSE AND FRUCTOSE

Glucose and fructose are the main end products absorbed into the general circulation by the
portal vein after digestion of granulated white sugar, granulated brown sugar and honey.
Carbohydrates obtained from dietary sources affect metabolism in various ways such as; the
type of the monosaccharide, the quantity absorbed, the rate of its absorption and the breakdown

by colonic bacteria (Wolever, 2003).

2.2.1 Metabolism of Glucose

Glucose is an indispensable source of energy in humans, with every cell in the human body
utilizing it for energy. It is referred to as the “energy transport system” in humans, with the
body organs and systems like the central nervous system depending on it for energy (Navale,
2019; Von Rymon Lipinski, 2006; Yang, 2014). The rate of glucose entry balanced by the rate
of glucose clearance from the bloodstream determines the blood glucose level. Plasma glucose
concentration is chiefly maintained through intake of carbohydrate foods or sources (Aronoff
et al., 2004; Decubellis & Mayer, 2013). Glucose obtained from the intake of sweeteners is
readily absorbed by the enterocytes after which it enters the general circulation via the hepatic
portal vein thus raising the blood glucose concentration with excess glucose stored in the liver

as glycogen.

Maintaining an adequate amount of glucose level in the blood is required not only for survival,
but also for maintaining good health. High concentration of glucose in the blood stream is an

indicator of poor metabolic health and a key symptom of diabetes mellitus (Banday et al.,
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2020). Dysregulated hyperglycaemia is a precursor for organ and tissue damage due to
glucotoxicity. In contrast uncontrolled hypoglycaemia can culminate in death and coma
(Kawabhito et al., 2009). The balance between glucose entry and clearance from the blood is

chiefly maintained by the action of insulin and glucagon (Yang, 2014).

High postprandial glucose level is achieved through the production of insulin by the pancreas,
stimulating an increase in the absorption of glucose by other tissues and organs such as the
skeletal muscle, adipose tissue, and the brain (Aronoff et al., 2004). In addition, insulin
stimulates hepatic uptake of glucose, promotes glycogen synthesis (glycogenesis) and prevents
the production of glucose from glycogen and non-carbohydrate stores by inhibiting the release
of the hormone glucagon (Aronoff et al., 2004; Jiang et al., 2020). Glucagon on the hand has
an antagonistic effect on insulin action. It maintains glucose homeostasis especially during
fasting states by stimulating glycogenesis and gluconeogenesis (Aronoff et al., 2004).
However, in individuals with type Il diabetes, insulin is unable to inhibit glucagon secretion.
As such, there is continuous hepatic glucose production resulting in imbalance between glucose

appearance and glucose disappearance (Aronoff et al., 2004).

When blood glucose rises, insulin produced from the beta cells stimulates the production of
glucokinase in the liver. Glucokinase catalyses the phosphorylation of glucose to glucose-6-
phosphate (G6P) (Fig. 2.2) (Adeva-Andany et al., 2016; Rui, 2014). In other body tissues such
as the muscle, red blood cells and the brain, hexokinase instead of glucokinase is responsible
for the phosphorylation of glucose to G6P (Adeva-Andany et al., 2016). Glucose-6-phosphate
is transformed into either glucose-1-phosphate, fructose-6-phosphate or oxidised into
gluconolactone. Glucose-1-phosphate is the precursor for the formation of glycogen, while
fructose-6-phosphate is the precursor glycolysis and production of fatty acids (Fig. 2.2)

(Adeva-Andany et al., 2016).
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Figure 2.2: Glucose metabolism in the liver (Adeva-Andany et al., 2016) This diagram provides the various
metabolic pathway of glucose in the liver. Glucose is concerted to Glucose-6-phosphate which either enters the
pentose pathway, glycogenesis pathway or the hexosamine pathway for fatty acid synthesis.

Glucose-1-phosphate is converted to UDP-glucose, which is needed for the synthesis of
glycogen, UDP galactose, and UDP-glucuronate. Fructose 6 phosphate may either enter the
hexosamine pathway or in glycolysis to produce pyruvate and acetyl-coA (Fig. 2.2) (Adeva-

Andany et al., 2016).

The glucose transporter GLUT4 facilitates glucose absorption in skeletal muscle and adipose
tissue. Insulin attaches to an insulin receptor (IR) in the skeletal muscles, causing tyrosine
kinase to be phosphorylated. Tyrosine kinase recruits different substrates such as the insulin
receptor substrate (IRS). Phosphorylated IRS engages the p85 subunit of PI3K and the p110
catalytic subunit, resulting in a rise in phosphatidylinositol -3,4,5 triphosphate. As a result,
the protein kinase Akt is activated, and Akt substrate 160 (AS 160) is phosphorylated, allowing
GLUT4 to move to the cell membrane of the muscle cells for glucose to enter the cells (Yang,

2014). The skeletal muscle is vital in maintaining glucose homeostasis through its insulin-
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mediated glucose uptake through the glucose transporter GLUT4. Following the influx of
glucose into the cells by GLUT4, hexokinases catalyse the preliminary step of glucose
metabolism by phosphorylating glucose in the intracellular compartment to produce glucose-
6-phosphate, which serves as a precursor for glycolysis, pentose phosphate pathway,

glycogenesis, and the hexosamine biosynthetic pathway (Roberts & Miyamoto, 2015a).

2.2.2 Metabolism of Fructose

Fructose is one of the three naturally occurring monosaccharides found in humans. It is
commonly found in honey, fruits (apple, grapes, banana, orange, plum, prune, pear) and
vegetables (tomato, onion, white cabbage, lettuce, leek, asparagus) either together with glucose
to form sucrose as present in cane sugar or it can exist alone in its free form. Fructose can also
be found in other non-natural sources such as fructose corn syrup often used in the food and
beverage industry (Annandale et al., 2021; Rumessen, 1992). It has also been found to be the
sweetest among sugars, hence its use in the commercial production of sweeteners (Rumessen,
1992). The body has very little biological need of fructose as compared to glucose because
majority of the cells are not capable of metabolizing fructose directly (Bray, 2007; Dholariya
& Orrick, 2022). However, fructose promotes the uptake of glucose by the hepatocytes. It also
helps to speed up the burning of carbohydrate stores and sustains hepatic gluconeogenesis by
providing energy for use by the skeletal muscle in times of strenuous physical activity

(Dholariya & Orrick, 2022).

Fructose is passively absorbed in the small intestine's apical membrane by GLUT-5, which has
a high affinity for fructose (Km = 6 mM). The intestine of a healthy adult is capable of absorbing
fructose within a range of 5 g to 50 g. Unabsorbed fructose in the distal part of the small
intestines and the colon is acted on by intestinal bacteria resulting in fermentation which

produces gas and other metabolites responsible for symptoms such as bloating and abdominal
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pain and discomfort (Hannou et al., 2018). Once fructose enters into the portal circulation,
almost all of it is rapidly absorbed by the liver to maintain a peripheral plasma fructose
concentration of 0.01 mM to 0.04 mM (Bray, 2007; Hannou et al., 2018). The liver is essential

for metabolizing fructose in the human body.

Three key enzymes are involved in the fructose metabolism in the liver; fructokinase, aldolase
B or fructose bisphosphate aldolase B and triokinase also known as ATP dependent
dihydroxyacetone kinase (Campbell et al., 2014). Fructokinase catalyses the conversion of
fructose to fructose-1-phosphate. Aldolase B catalyses the conversion of Fructose-1-phosphate
to dihydroxyacetone phosphate (DHAP) and glyceraldehyde. Glyceraldehyde is
phosphorylated to glyceraldehyde-3-phosphate (G3P) and acetyl coA. Both DHAP and G3P

enter the glycolytic and gluconeogenic pathways (Fig. 2.3) (Dholariya & Orrick, 2022).

The liver converts DHAP to fructose 1,6 bisphosphate. Fructose 1,6 bisphosphate enters the
glycogenic pathway to produce either glucose or glycogen. Due to the absence of a rate limiting
step in fructose metabolism, high intakes of fructose will lead to an increased amount of the
triose phosphates (G3P and DHAP) (Fig. 2.3) (Dholariya & Orrick, 2022). Increased amount
of G3P and DHAP will stimulate the de novo lipogenesis and triacylglycerol synthesis

(Dholariya & Orrick, 2022; Hannou et al., 2018; He et al., 2021).

Fructose metabolism in extrahepatic tissues is catalysed by the enzyme hexokinase which has
a very low affinity for fructose as compared with its high affinity for glucose. Hexokinase
converts fructose to fructose-6-phosphate which enters the glycolytic pathway (Dholariya &

Orrick, 2022)(He et al., 2021). It has previously been proposed that metabolism of free form
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Figure 2.3: Hepatic fructose utilization (Stylianopoulou, 2022). Fructose in the hepatocytes is phosphorylated to
fructose-1-phosphate. Fructose-1-phosphate is converted to DHAP and G3P. They both enter the gluconeogenic
and glycolytic pathway.

fructose such as is found in high fructose corn syrup is different from metabolism of bound
fructose in sugars such as white granulated sugar, granulated sugar, and honey. However
studies conducted in healthy and diabetic patients do not support this hypothesis (Tappy & Le,

2010).

There are important differences between the metabolism of glucose and fructose. Glucose
metabolism has a rate limiting step controlled by fluctuation in plasma glucose concentration,
cell energy level and insulin whereas fructose metabolism does not require or trigger an insulin

response and lacks an inhibitory action (Campbell et al., 2014; Stylianopoulou, 2022).
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2.3 GLUCOSE AND FRUCTOSE TRANSPORT

The transport of carbohydrates in the body is regulated by two main groups of transporters
which are the sodium linked glucose transporters (SGLUTSs) and glucose transporter family
(GLUTS) (Navale & Paranjape, 2016). The GLUT family consists of 14 members (GLUTL1 -
GLUT14), which have been grouped into three major classes (Class I, Class Il, and Class I1I)
based on similarities in their sequence and their choice of a substrate. There are six sodium-
dependent glucose transporters (SGLT1 - SGLT6) (Sano, Shinozaki, & Ohta, 2020a). The main
transporters involved in the transport of fructose and glucose as the main end products in the
digestion of granulated white sugar, granulated brown sugar and honey are SGLUT1, GLUT2,

GLUTS5, GLUT4 (Navale & Paranjape, 2016).

Glucose is acommonly used substrate by the human body for energy production and molecular
signalling. Given its polarised nature and large molecular weight, it is difficult to travel through
lipid cell membranes via simple diffusion, thus it is assisted by transport proteins known as
glucose transporters (Navale & Paranjape, 2016). Three (3) major transport proteins regulate
glucose transfer throughout the body; SGLT-1, GLUT2 and GLUT4. Fructose transport in the

body is mainly via the GLUT-5 (Navale & Paranjape, 2016).

2.3.1 Sodium Coupled Glucose Transporter 1 (SGLT1)

The sodium coupled glucose transporter-1 (SGLT1) belongs to a group of transporters referred
to as the sodium linked glucose co-transporters (SGLTs) which are encoded by the gene
SLC5A on chromosome 22¢13.1 (Sano et al., 2020b). SGLT1 was the first among the SGLTs
to be discovered and studied extensively. It has 14 transmembrane a-helical domains with -
COOH and -NH2 located in both the intracellular and extracellular spaces (Navale & Paranjape,
2016). SGLT1 has a high affinity for glucose and galactose. SGLTs transfer glucose and

sodium in the same direction by transporting two sodium ions through SGLT1 for each glucose
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molecule by utilizing the sodium concentration gradient generated by the sodium-
potassium pump (Navale & Paranjape, 2016; Sano et al., 2020b). SGLT1 is found at the
microvilli of the small intestines and is responsible for glucose and galactose uptake from the
lumen of the intestines through the enterocytes. SGLT1 is also present in other body tissues
such as the kidney, brain, heart, trachea, testes and the prostate (Navale, 2019; Sano et al.,

2020D).

A variation in the gene encoding for the SGLT protein results in an autosomal recessive order
called glucose-galactose-disorder (Alruwaili & Alshdayed, 2023). Studies have also shown
that, for diabetic individuals, brush border activity of SGLT1 increases by 3-fold which has
also been shown to be correlated with high insulin levels. Increased SGLT1 activity indicates
increased glucose absorption from the digestive system to the portal circulation (Navale &

Paranjape, 2016).

2.3.2 Glucose Transporter 2 (GLUT?2)

GLUT2 is a glucose transporter isoform belonging to a group of transporters referred to as the
facilitative glucose transporters or GLUTs. The GLUTs unlike the SGLTs have 12
transmembrane helices with an amino acid group and carboxyl terminals located
intracellularly. There are 14 identified GLUT isoforms encoded by the SLC2 gene (Navale,

2019). Their transport mechanism across cell membranes is by facilitated diffusion.

GLUT2 isoform is expressed in the pancreatic beta cells, hepatocytes, basolateral membrane
of the small intestines, the kidney’s epithelial cells and the central nervous system. It has high
Km value of about 17 mM, resulting in a very low affinity for glucose but a higher selectivity
for glucosamine (Km = 0.8 mM) (Navale, 2019; Thorens, 2015). Despite its low affinity for
glucose, it has a high glucose capacity to allow for quick glucose equilibrium in the

intracellular as well as extracellular compartment that allows it an unlimited contact to
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glucokinase in the hepatocytes (Navale, 2019). It regulates the release of glucose reserves from
the liver during fasting and the absorption of glucose by the liver during feeding (Sharari et al.,
2020). It also regulates glucose uptake in pancreatic beta cells based on the circulating glucose
concentrations. It functions in the kidney for the reabsorbing of filtered glucose in the tubules
as well as the absorption of glucose into the blood via the basolateral membrane of the small

intestines (Mora & Pessin, 2013).

A defect in the gene encoding for GLUT2 has been associated with a condition called the
Fanconi-Bekel Syndrome (FBS) also known as glycogen storage disease XI (Sharari et al.,
2020). This is associated with impaired glucose and galactose transport and uptake by
hepatocytes, as well as a decrease in insulin release by the pancreas, resulting in
hyperglycaemia in the fed state. This condition is also characterized by GLUT2 deficiency in
the hepatocytes which impairs glucose export from the hepatocytes into the blood resulting in
hypoglycaemia in the fasting state. This diminished glucose stores during the fasting state is
aggravated by glycosuria due to the absence of GLUT2 in the proximal tubules to facilitate

glucose reabsorption (Sharari et al., 2020).

2.3.3 Glucose Transporter 5 (GLUTS5)

GLUTS is a Class Il member of the GLUT-family transcribed by the gene SLC2AD5. It has a
high affinity (Km, 6-14 mM) and specificity for fructose and known as the exclusive transporter
for fructose (Patel et al., 2015). It is located at the apical surface of the epithelium of the small
intestines, the testes, and the proximal tubules of the kidney. It moves fructose from the apical
membrane of the small intestines in to the enterocytes after which the fructose is facilitatively
transported by GLUT2 from the enterocytes into the blood (Patel et al., 2015). Overexpression
of GLUTS5 has been linked to conditions such as type 2 diabetes, obesity, breast cancer and

pancreatic cancer (Navale, 2019).
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2.3.4 Glucose Transporter 4 (GLUT4)

GLUT4 is one of the 14 members of the GLUT family belonging to Class | of the facilitative
transmembrane hexose transporters (Leto & Saltiel, 2012a). It is made up of 12 transmembrane
domains and has an N-terminal and a carboxyl group responsible for its responsiveness and
membrane trafficking (Vargas, 2022). GLUT4 is a glucose transporter with a strong affinity
for glucose located in the cells of the skeletal muscle, fat cells, heart and brain where it is
translocated to the plasma membrane of the cells for glucose uptake under the influence of
insulin and exercise (Leto & Saltiel, 2012a; Navale, 2019; Patel et al., 2015). In the absence
of insulin and exercise up to 90% of GLUT4 is retained in intracellular storage vesicles

(Courtney et al., 2021).

The insulin mediated stimulation can occur by two signalling pathways; either through the
phosphatidylinositol 3 phosphate (PIP) or the proto-oncoprotein c-Cbl pathway (Hirabara et
al., 2012; Vargas, 2022). The PI3P pathway is activated when insulin attaches to an insulin
receptor (IR) on a target cell, producing a change in shape in the insulin receptor and
subsequent activation of the IR, resulting in the activation of the phosphatidylinositol 2, 3-
kinase pathway. With this pathway, phosphatidylinositol 3-kinase (PI3K) phosphorylates
phosphatidylinositol 4,5-bisphosphate, which generates an increased intracellular level of
phosphatidylinositol 3,4,5-trisphosphate (PIP3). Phosphatidylinositol 3,4,5-trisphosphate
activates Akt and 3-phosphoinositide-dependent protein kinase (PDK1), both of which are
essential for insulin signalling, such as translocating of GLUT4 from intracellular vesicles to
the plasma membrane, allowing for glucose to enter muscle cells (Hirabara et al., 2012; ljuin

& Takenawa, 2012; Leto & Saltiel, 2012a, 2012b).

The c-Cbl proto-oncoprotein is another insulin signalling pathway. The binding of insulin to

its receptor recruits associated protein substrates (APS) to the activated insulin receptor,
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causing a dimeric complex of c-Cbl and c-Cbl associated protein (CAP) to migrate into lipid
rafts on the cell membrane. Phosphorylation of c-Cbl binds an adaptor protein complex (Crkll)
and an exchange factor (C3G) for GTPase TC10. TC10 is found in lipid rafts. Thus, C3G
activation of TC10 causes GLUT4 to be translocated to the cell surface, allowing glucose to

enter the cells (Baumann et al., 2000; Hirabara et al., 2012; Vargas, 2022).

Although scientific evidence suggests that physical activity plays a role in the movement of
GLUT4 from vesicles within the cell to the cell membrane, the exact mechanism involved in
translocation has not been well defined. In vivo and in vitro research indicate that pathways
such as AMPK, CaMKII, NOS, and ROS are activated to stimulate the transfer of GLUT4 to

the surface of the cell for the entry of glucose (Richter & Hargreaves, 2013; Vargas, 2022).

GLUT4 translocation and expression has been found to be defective in type 2 diabetes patients.
A study conducted among type 2 diabetes individuals found normal levels of GLUT4 in their
skeletal muscles (Navale & Paranjape, 2016) which may imply a dysfunction or an impairment
in the signalling cascade responsible for the translocation of GLUT4 from the cells interior to
the surface (Navale & Paranjape, 2016). In rats with MetS there was reduced expression of
GLUT4 transport protein in the muscle as compared with healthy rats (Leguisamo et al.,
2012b). As a result, GLUT4-related proteins have been identified as possible targets for
the treatment of type 2 diabetes. Metformin and thiazolidinediones, for example, have been
proven to be effective hypoglycaemic agents due to their action on insulin signalling pathway
mediators, which increases GLUT4 trafficking and translocation (Vargas, 2022). When type
2 diabetes patients were not treated, GLUT4 expression was lower than in patients who were
treated with oral hypoglycaemic medications (Kampmann et al., 2011). This makes GLUT4 an

essential transport protein in glucose homeostasis and metabolism.
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2.4 INSULIN SIGNALLING PATHWAY

Insulin basically functions to maintain glucose homeostasis through its effect on insulin
receptors located on target cells in the liver, fat tissue and skeletal muscle. The signalling
pathway differs for each of the target tissues as a result of their distinct metabolic effects and
roles in glucose homeostasis (Petersen & Shulman, 2018). In the skeletal muscle, insulin
functions in facilitating the transport of glucose to the myocytes for its utilization in providing
energy through glycolysis and storage through glycogen synthesis. In the liver, it facilitates the
uptake of glucose to glycogen synthesis, lipogenic gene expression and inhibits
gluconeogenesis. In the adipocytes, insulin causes an increase in the uptake of glucose, and
suppresses the breakdown of fatty acids whilst promoting the synthesis of fatty acids and

triglycerides (Petersen & Shulman, 2018).

The insulin hormone was discovered in 1921 by Frederick Bantin a Canadian surgeon and
Charles Best his Assistant. Their discovery and understanding of insulin and its activity have
been a cornerstone in understanding and managing diabetes (Dupont et al., 2022a). Insulin is
made up of two polypeptide chains, alpha and beta, linked by two disulphide linkages. It is
synthesized in the pancreatic beta cells from preproinsulin, a lengthy polypeptide chain in the
beta cells' endoplasmic reticulum (Dupont et al., 2022a). Preproinsulin is further processed by
slicing its signal molecule to produce proinsulin, the precursor for insulin production.
Proinsulin is moved to the Golgi apparatus and stored in secretory granules within the
pancreatic islet cells. Connecting peptides in proinsulin are cleaved by proteases to produce the
insulin hormone and subsequently stored in secretory vesicles in the islet cells of the pancreas

(Dupont et al., 2022a; Ganea, 1970).

Following the intake of a meal containing carbohydrate or sugars, glucose obtained after

digestion is moved from the intestinal lumen to the portal circulation through the action of

33



sodium dependent glucose transporter and GLUT2 which elevates the blood glucose
concentration. GLUTZ2 transports glucose to the pancreatic beta cells where it is phosphorylated
by glucokinase to release energy in the form of ATP. A rise in ATP in the cytoplasm of the
pancreatic beta cells inactivates the ATP sensitive K* channels preventing K* from leaving the
beta cells. This raises the positive charge inside the beta cells, depolarizing the cell membrane
and allowing Ca?" to be released into the cell. When Ca?* is present, insulin-filled secretory
vesicles are released and dock on the beta cell membrane, where insulin is exocytosed into the

general circulation and other metabolic activities occur (Dupont et al., 2022a).

The physiological effect of insulin is achieved by attaching to an Insulin Receptor (INSR),
located on the target cells' cell membrane which spans the cell membranes of the targeted cell.
It has o and B subunits. The alpha unit is located outside the cell membrane (extracellular)
whereas the beta subunit spans the cell membrane, extending into the cytoplasm of the target

cells (Dupont et al., 2022a; Petersen & Shulman, 2018).

With an increase blood glucose concentration, the beta cells release insulin from their secretory
vesicles. Insulin attaches to the extracellular alpha subunit which activates the intracellular beta
subunit through autophosphorylation. This process triggers a cascade of intracellular proteins
which facilitates the movement of GLUT4 in the skeletal muscles and adipose tissue and
GLUT2 in the hepatocytes to the cell membrane (Petersen & Shulman, 2018; Ryder et al.,
2001). The beta subunit located intracellularly is activated through the process of
phosphorylation with the addition of phosphate to tyrosine on the B subunit. The activated 3
subunit in turn activates Insulin Receptor Substrate 1 and 2 (Fig. 2.4) (IRS 1 and IRS 2) through
another phosphorylation reaction on tyrosine residues on the insulin receptor substrates. The
activated insulin receptor substrates lead to a chain of reactions beginning with tyrosine

phosphorylation of PI3K which also activates protein kinase B (Akt) by phosphorylating it on
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Figure 2.4: Insulin Signalling (Dupont et al., 2022b). Insulin binds to an insulin receptor on target cells which
activates IRS1 and IRS2. IRS1 and IRS2 activates PI3K and AKT. This sends a signal to GLUT4 vesicles to move
to the plasma membrane. GLUT4 is released from the vesicles and docks to the plasma membrane. Glucose enters
the cytoplasm through GLUT4.

serine residues (Fig. 2.4) (Gopalan & Kirk, 2022). Phosphorylation of Akt signals storage
vesicles containing GLUT4 to move towards the cells membrane, releasing the GLUT4
transporting proteins which fuses with the cell membrane allowing extracellular glucose into
the intracellular domain for storage as glycogen or fat or for energy production (Fig. 2.4)
(Gopalan & Kirk, 2022). In summary insulin signalling is characterized by two main steps;
activation of the insulin receptor substrates and insulin transduction pathway (phosphorylation
of PI3K and Akt) which promotes glucose uptake via GLUT4 (Ryder et al., 2001). Defects in
the insulin signal transduction pathway is associated with the pathogenesis of reduced insulin

sensitivity; one of the criteria used in diagnosing MetS.
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2.5 THE ROLE OF HEXOKINASE

Monosaccharides from carbohydrate digestion must be transported and phosphorylated before
they can be used by the organism. Monosaccharides are transported by glucose transporters
(sodium-coupled transporters and glucose transporters), whereas phosphorylation is
accomplished by hexokinases. Otto Meyerhof coined the term "hexokinase™ (originating from
the term hexose and from the Greek word "kwveewv" meaning move), which means "an enzyme
that activates glucose, making it ready for fermentation by muscle extracts" (Roberts &
Miyamoto, 2015a; van Schattingen, 2021). Phosphorylation of glucose increases the
concentration of glucose-6-phosphate intracellularly. This process inhibits the escape of
concentrated glucose-6-phosphate from the cells and prepares it for enzymatic action (van
Schattingen, 2021). Hexokinases do not only phosphorylate glucose, but also mannose,
fructose, glucosamine and 2-deoxyglucose. Hexokinase mediates this process by removing the
phosphoryl group located at the terminal end of ATP-Mg and attached it to the oxygen located

at the sixth carbon of glucose (van Schattingen, 2021).

There are four isoforms of hexokinase in mammals namely hexokinase (HK) I, Il, 11l and IV.
Hexokinase 1 is mainly located in the brain, red blood cells and also ubiquitously expressed
and inhibited by glucose-6-phosphate (van Schattingen, 2021). Hexokinase Il is an insulin
responsive isoform found in muscles, and adipocytes. Its enzymatic action is influenced by
insulin release and concentration. It has the highest Km for glucose and is also inhibited by
high concentration of glucose-6-phosphate (G6P) (Roberts & Miyamoto, 2015b; van
Schattingen, 2021). Hexokinase 111 is located majorly in the white blood cells (neutrophils)
with a high affinity for glucose and with its activity restricted by increased levels of glucose
and G6P. Hexokinase IV is located in the liver, a and B cells of the pancreatic beta cells and
hypothalamic neurons. It has a relatively low affinity for glucose compared with HK I-111 and

regulated by the action of glucokinase regulatory protein in the presence of fructose-6-
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phosphate. Aside glucose it catalyses the phosphorylation of other hexoses although its affinity
for the other hexoses is lower than its affinity for glucose hence it often been referred to as
“glucokinase” (Msomi, Erukainure, Salau, Olofinsan, & Islam, 2023; Roberts & Miyamoto,

2015a; van Schattingen, 2021).

The release of insulin from secretory vesicles facilitates the release of GLUT4 to the cell
surface for glucose passes into cells and phosphorylated intracellularly by HK II. Insulin is
responsible for the transcription of HK 11 gene from which HK 1l mRNA is transcribed and
finally the translation of the HK Il protein form the mRNA (Osawa et al., 1996). Reduced
levels of HK 11 in the skeletal muscle and fat cells is observed with type 2 through its effect on
insulin sensitivity (Osawa et al., 1996). Resistance to insulin has been reported to reduce HK
Il expression in obese and type 2 diabetes individuals (Pendergrass et al., 1998). A high fat diet
has been observed to down regulate HK 1l in visceral fat and skeletal muscle resulting in an
efflux of non-phosphorylated glucose leading to hyperglycaemia (Pendergrass et al., 1998).
This suggests that diet may be a factor in the regulation of HK Il. However, there is a paucity

of data.

2.6 METABOLIC SYNDROME

The phenomenon of obesity, diabetes, dyslipidaemia and hypertension being present at the
same time in an individual was first observed by Crepaldi in 1967 (Blaton et al., 2008). By the
1970s the coining of the term “metabolic syndrome” (MetS) was given by German researchers
to refer to the clustering of the symptoms in an individual after which it has since being referred
to as either “insulin resistance syndrome”, “syndrome X”, “plurimetabolic syndrome” and
“metabolic syndrome” with metabolic syndrome being the most common term (Blaton et al.,

2008). Despite different health organizations coming with varying clinical definition or criteria

for classifying or diagnosing the syndrome, some similarities remain.
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From the WHO consultation committee, the initial definition of MetS in 1998, emphasized on
insulin resistance as the primary risk factor for MetS: “presence of insulin resistance [(glucose
> 6.1 mmol/L (110 mg/dl), 2 h glucose > 7.8 mmol (140 mg/dl)]” plus two additional risk
factors such as obesity [(Waist/hip ratio > 0.9 (men) or > 0.85 (women) or BMI > 30 kg/m2)],
hypertension (>140/90 mmHg), high triglyceride level (> 1.7 mmol/ (150 mg/dl), reduced high-
density lipoprotein cholesterol level less than 0.9 mmol/l in men, and less than 1.0 mmol/l in
women, or microalbuminuria (Alberti et al., 2009 ; Blaton et al., 2008); Saklayen, 2018a). The
definition included individuals with T2D and the use of the gold standard measure — glucose
clamp method to determine insulin resistance (Alberti et al., 2009). Due to the complexity
associated with this method it is difficult to use it in the clinical setting and larger

epidemiological research (Balkau & Charles, 1999).

However, in 1999 The European Group for the Study of Insulin Resistance (EGIR) criticized
the definition by the WHO 1998 Expert Committee (Balkau & Charles, 1999). They
recommended that, because the syndrome included non-metabolic features, “insulin resistance
syndrome” will be a more appropriate name (Balkau & Charles, 1999). They also critiqued the
criteria for diagnosing the syndrome, requiring reduced glucose tolerance or resistance to
insulin, as well as a combination of any of the other risk factors. Their proposed definition was
for non-diabetic individuals. They proposed that before a diagnosis can be made, all the
following assessments should be measured: “high fasting insulin levels (greater than the 75th
percentile), hyperglycaemia (> 6.1 mml/l); hypertension (systolic/diastolic blood pressures >
140/90 mmHg or treated for hypertension); dyslipidaemia (triglycerides >2.0 mmol/l or HDL -
Cholesterol <1.0 mmol/l or treated for dyslipidaemia); central obesity (waist circumference >
94 ¢cm in men and > 80 cm in women)” (Balkau & Charles, 1999; Grundy et al., 2005;. Huang,
2009). They recommend insulin at fasting levels as a better proxy for measuring insulin

resistance than the clamp method recommended by the WHO expert committee in their
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definition (Balkau & Charles, 1999). When comparing the EGIR criteria with that of the WHO,
they focused more on abdominal obesity and excluded people who had already been diagnosed
with type 2 diabetes given that the resistance to insulin is recognised as a significant risk
indicator in type 2 diabetes and because measuring insulin resistance in people with type 2
diabetes was complex. It also disregarded microalbuminuria as a diagnostic criterion for

metabolic syndrome (Balkau & Charles, 1999; Grundy et al., 2005).

In 2001, another criterion for diagnosis was introduced by “The National Cholesterol Education
Program (NCEP) Adult Treatment Panel III” (APT III). They introduced other markers that
can be useful in diagnosing metabolic syndrome with the main goal of easily identifying
individuals with an increased long-term risk of arteriosclerotic cardiovascular disease
(ASCVD) and put in intervention to reduce the risk (Grundy et al., 2005). In contrast to the
WHO and EGIR definitions, ATP IlI requires a diagnosis of at least three of the five risk factors
rather than the measurement of insulin resistance or the presence of a single component
(Huang, 2009). NCEP-ATP III defined metabolic syndrome “as the presence of three or more
of the following 5 risk factors; increasing waist circumference (> 102 cm for men and >89 cm
in women), high blood pressure (> 130/85 mmHg), high fasting triglyceride (TG > 8.3 mmol/l/
150 mg/dl), low high density lipoprotein cholesterol (HDL-C) (< 2.2 mmol/l or 40 mg/dl for
men and <2.8 mmol/l or 50 mg/dl in women) and fasting blood glucose over 100 mg/dl or 5.6
mmol/I” (Blaton et al., 2008). In summary, the definition of metabolic syndrome according to
NCEP-ATP I includes high blood sugar levels or resistance to insulin, hypertension,
"atherogenic dyslipidaemia", and central obesity (Alberti et al., 2009; Blaton et al., 2008) using

readily available laboratory tests and measurements (P. L. Huang, 2009).

The International Diabetes Federation (IDF) and the American Heart Association/National

Heart, Lung, and Blood Institute (AHA/NHLBI) sought to harmonise the differences between
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the various definitions of metabolic syndrome in 2005. They agreed on four risk factors
(hyperglycaemia, elevated triglyceride level, low HDL levels and elevated blood pressure) with
disagreement with the abdominal obesity (Alberti et al., 2009). The IDF did not agree with
insulin resistance being a requirement for diagnosis but rather abdominal obesity as the
necessary factor using waist circumference instead of waist-to-hip ratio. Also, they did not
reach a consensus on the cut off for waist circumference between the two organisations (Alberti
et al., 2009; Huang, 2009). The IDF defined “abdominal obesity in people of European origin
(Europids) as >94 cm for men and >80 cm for women”; whereas the “AHA/NHLBI
recommended cut-off points of >102 and >88 cm, respectively, for males and females”. The
AHA/NHLBI cut-off values are equivalent to a BMI classification of obesity, whereas the IDF
cut-off is equivalent to a BMI of 25 kg/m2 in males. Furthermore, for a more accurate
assessment of health risks, IDF recommends ethnic-specific cutoff limits for waist

circumference (Alberti et al., 2009).

A joint discussion held between IDF and AHA/NHLBI came to a consensus with the remaining
differences in defining metabolic syndrome. It was agreed that abdominal obesity should not
be the main factor in defining MetS but should be one of the 5 criteria needed to make a
diagnosis. Metabolic Syndrome was thus diagnosed as the co-existence of three of the five risk
factors: higher abdominal or waist circumference (with different cut-offs for various
populations and countries), elevated TG (150 mg/dl/1.7 mmol/l), reduced HDL-C (40
mg/dl/Lmmol/l in males, 50 mg/dl/1.3mmol/l in females), elevated blood pressure (130/85
mmHg), and raised fasting blood sugar (100 mg/dl) (Alberti et al., 2009). In summary based
on all the major organization, it has been agreed that no one risk factor should be a required
component in defining metabolic syndrome however waist circumference will remain a useful
tool in assessing risk of metabolic syndrome. Additionally, the presence of any three of the five

risk variables outlined will identify an individual as having metabolic syndrome (Alberti et al.,

40



2009). Thus, WHO and IDF definition are centred on glucose indicators and obesity whereas

the AHA/NHLBI is based on assessing cardiovascular disease risk (Noubiap et al., 2022a).

The prevalence of metabolic syndrome has been shown to increase alongside the increase
obesity and type 2 diabetes pandemic which are both moderators in the development of
metabolic syndrome (Saklayen, 2018b). The prevalence of metabolic syndrome does not only
vary across different population but also based on the criteria used (Noubiap et al., 2022a). The
first meta-analysis conducted to assess the global prevalence of metabolic syndrome among
adults revealed a prevalence ranging from 12.5% to 31.4% based on the diagnostic criteria
(Noubiap et al., 2022a). Based on the WHO, EGIR, ATP-I11 and AHA/NHLBI the prevalence
for MetS was 20.9%, 16.0%, 25.4% and 29.1% respectively. The highest prevalence of 31.4 %
was reported using the Joint Interim Statement (JIS). In this same metanalysis, the prevalence
was also estimated for each WHO region. Even across the different MetS definition, the
Americas (18.9% (AHA/NHLBI) - 46.4% (JIS)) and Eastern Mediterranean (30.5%
(AHA/NHLBI)-35.9% (JIS)) WHO regions had the highest prevalence. Seventy-eight (78)
prevalence studies was pulled for the WHO Africa region with a prevalence ranging from
18.9% (AHA/NHLBI) to 31% (JIS) (Noubiap et al., 2022a). The prevalence of metabolic
syndrome was analysed based on the country’s level of income. Lower middle-income
countries (12.9% to 28.4%) had the lowest MetS prevalence with the highest prevalence
observed in upper middle income (24.4% to 34.1%) and high-income countries (22.5% to
30.6%). Based on the MetS definition, the highest prevalence was recorded for the JIS criteria
for MetS. There was no substantial link between the income level of a nation and MetS,
implying that physical inactivity and a poor diet are the main culprits of MetS in all countries,

regardless of wealth. (Noubiap et al., 2022a).
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Saklayen (2018a), reported that about a third of the population in the US have MetS with South
Asian Americans having a higher prevalence (Palaniappan et al., 2011). The prevalence of the
predicted metabolic syndrome in Asian women was higher (30%) compared to the non-
Hispanic whites (12%). Similarly, among the men, the non-Hispanic whites had a predicted
prevalence of 22% compared with the 43% in the Asians (Palaniappan et al., 2011). According
to (Li, Qiu, Ma, & Geng, 2023) between 1999 and 2014, metabolic syndrome in the US rose
from 27.6% to 32.3% however there was a decline in the mortality rate and cardio-
cerebrovascular death during the period. Contrary to the finding of (Saklayen, 2018a), women
had an increased risk of being diagnosed with MetS but mortality was higher in the men than
the women. High waist circumference, low HDL-C and high fasting plasma glucose
contributed mostly to MetS in the US population (W. Li et al., 2023). The NHANES data from
2011 to 2016, indicated a prevalence of 34.3% for MetS in US based on the NCEP/ATP Il
criterion. Surprisingly, there was no variation in prevalence between males and females,
however, in terms of ethnicity non-Hispanic whites had the lowest prevalence compared with

the Hispanics and other race (Vaduganathan et al., 2020).

A prevalence of 14% was found in Europe and North America, with a 2-fold and 4.9-fold rise
in the number of new cases of Arteriosclerotic Cardiovascular Disease and mortality,
respectively (Paquette et al., 2023). A prevalence of 20.6% was recorded among Malaysian
public university employees, with men having a higher prevalence than women. Diabetes,
BMlI, and dyslipidaemia were associated with the development of MetS in women, while type
2 diabetes and hypertension were associated with MetS in men (Manaf et al., 2021). MetS
syndrome was diagnosed by Manaf et al. (2021) using the Joint Interim Statement (JIS). In the
United Arab Emirates, a prevalence of 37.4% was reported with a higher prevalence in female
Emirati and Asian men according to the NCEP-ATP Il definition (Mahmoud & Sulaiman,

2022). Among children and adolescents, a prevalence of 3% and 5% was reported in children
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and adolescents respectively with variations in prevalence observed across countries regions

(Noubiap et al., 2022b).

Metabolic syndrome is due to a combination of sedentary lifestyle, excessive caloric intake and
genetic predisposition (Panagiotis, 2022). Evidence from cohort, cross sectional, ecological
and randomized control trial have suggested a link between excessive intake of refined sugars
on cardiovascular and metabolic health (obesity, diabetes and insulin resistance) (Macdonald,
2016a; Panagiotis, 2022). The high prevalence of MetS and its associated increased morbidity
and mortality risks reported across studies highlights the urgency for lifestyle modifications to
curb this menace. The subsequent section will be reviewing the various indicators for metabolic

syndrome and their relationship with the intake of both nutritive and low/no calorie sweeteners.

2.6.1 Insulin Resistance

After eating a carbohydrate rich meal, in response to the high blood glucose as previously
described, insulin is released to assist in glucose uptake by the hepatocytes, muscles and fat
cells. In addition to this it facilitates glycogen storage and fatty acid production. When the
blood glucose reduces, insulin secretion is inhibited or reduced to permit counter regulatory
hormones such as glucagon to be released for the release of glucose form glycogen stores and

breakdown of fatty acids from fat stores (Guo, 2014).

Insulin resistance is a medical condition whereby muscles cells, fat cells and hepatocytes are
not responsive to insulin’s signalling hence disrupting the movement of glucose from the blood
into body cells. This defect in insulin signalling can occur either through the desensitization of
the Insulin Receptor, suppression of its Receptor Proteins or the inhibition of PI3K. A defect
in either of these signalling pathways will interfere with moving GLUT4 containing vesicles
to the surface of the cell and a decrease in the rate or glucose entry into cells of target tissues

(Guo, 2014).
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Insulin resistance mostly begins in the muscle which accounts for 70% of the glucose removal
from the blood. In response to the chronically elevated levels of glucose in the blood, the beta
cells continue to produce more insulin, which eventually exhausts them and causes them to die
; (Freeman & Pennings, 2021b; Santoleri & Titchenell, 2019). Impaired glucose uptake by the
muscles makes excess glucose available for uptake by the liver facilitating de novo fatty acid
synthesis and production of free fatty acids which is stored in other tissues aside the adipose
tissue (ectopic fat deposition). Ectopic fat is commonly stored in the heart, muscles, liver, and
abdominal region. Accumulation of ectopic fat inside the cell leads to phosphorylation of IRS1
on serine amino acid instead of tyrosine residues. Serine-phosphorylated IRS suppresses the
receptor substrates instead of activating it, hence are not able to activate PI3K which culminates
in failure to signal GLUT4 containing vesicles to the surface of the cell for glucose entry in to

the cytosol (Snel et al., 2012).

The hyperinsulinaemic euglycemic pump (HEC) is the benchmark for assessing insulin
resistance (Gastaldelli, 2022; Gutch et al., 2015). It involves infusing insulin at a physiological
rate while also infusing glucose to keep the plasma glucose level constant. The rate at which
glucose appears in the blood should equal the amount of time it takes for glucose to be cleared
from the blood till the plasma level achieves physiological concentration (Gastaldelli, 2022).
Due to its relatively expensive and time demanding nature, other indices such as Homeostasis
Model Assessment Insulin Resistance (HOMA-IR), Matsuda Index and Quantitative Insulin
Sensitivity Check Index (QUICKI) have been suggested for use in clinical research (Freeman
& Pennings, 2021b; Gastaldelli, 2022; Gutch et al., 2015). In clinical practice, measurement of
insulin resistance has not been incorporated, Instead, alternate surrogate such as TG/HDL ratio,
LDL concentration, triglyceride levels, cholesterol, BMI and waist-to-hip ratio are used in
assessing an individual’s risk in developing insulin resistance (Freeman & Pennings, 2021b;

Gastaldelli, 2022).
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Mathews et al was the first to develop HOMA-IR in 1985 which was later updated in 1988.
The HOMA index is effective in assessing the body’s sensitivity to insulin. It is founded on the
premise that blood glucose and insulin concentration are a function of beta cell adequacy with
an assumption that a 35-year-old normal weight adult should have a fully functioning B-cell
(100%) with an insulin resistance of 1. It has been shown to be an effective epidemiological
and clinical measurement for insulin resistance (Gastaldelli, 2022). HOMA-IR provides the
insulin-glucose homeostasis by a mathematically derived equation which is a product of the
fasting plasma glucose and fasting plasma insulin “(Insulin (mU/L) X glucose
(mmol/L)]/22.5)” (Ghosh & Collier, 2012). HOMA B-cell function can also be measured to
access the beta cell function “[20 X insulin mU/L]/[glucose (mmol/L) — 3.5]” (Ghosh & Collier,

2012).

Although HOMA has been identified as a robust technique in measuring IR, there is no single
threshold or cutoff for HOMA-IR. It differs across population or ethnicity, underlying disease
condition, age and gender (Harbuwono et al., 2023). Studies conducted in different
geographical locations used the percentile criterion as cuts offs with the criterion ranging from
>1.7 to >3.8 (Hedblad, Nilsson, Janzon, & Berglund, 2000; Ascaso et al., 2001; Do,
Lohsoonthorn, Jiamjarasrangsi, Lertmaharit, & Williams, 2010; Esteghamati et al., 2009;
Gayoso-Diz et al., 2013b; Geloneze, Repetto, Geloneze, Tambascia, & Ermetice, 2006;
Hedblad et al., 2000; Marques-Vidal et al., 2002; Nakai et al., 2002; Sumner & Cowie, 2008;
Tomé et al., 2009). In validating the HOMA-IR against the HEC, a threshold of >3.22 was
obtained for pubertal and >2.91 for post pubertal (Silva et al., 2023a). The HOMA-IR threshold
for predicting MetS in a healthy Chinese population aged 45 years was 1.7 and 1.78 in men
and women respectively (Lin et al., 2022). Despite the variations in HOMA-IR, this threshold
has been recommended in assessing risk; >4.65 or >3.65 (if BMI >27.5) or 2 in the presence

of Non-Alcoholic Fatty liver disease (Gastaldelli, 2022).
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The QUICKI method in assessing IR is very similar to the HOMA model however it measures
insulin sensitivity as opposed to resistance. The underlying difference is that the QUICKI
method log transforms the glucose insulin product [1/ (logi0Gomgrai + l0g10lomwmi). The criteria

for the QUICKI and revised QUICKI is <0.33 and <0.37 respectively (Gastaldelli, 2022).

Matsuda and Defronzo created the Matsuda Index from fasting plasma glucose and insulin
levels as well as an oral glucose tolerance test (OGTT). It is calculated using the formular =
1000VGoloGmeanlmean Where Golo represent the fasting glucose and insulin level respectively and
Gmeanlmean; the mean glucose and insulin concentration during OGTT (Gastaldelli, 2022; Gutch

etal., 2015).

Abnormal lipid metabolism has been linked to a higher likelihood of developing diabetes,
MetS, and, consequently, CVDs (Wang et al., 2023). The TG/HDL ratio measures the
relationship between triglyceride level and high-density lipoprotein. Triglycerides (TG) are the
type of fat used mainly for energy in the body. High-density lipoprotein, on the other hand, is
known as the "good fat" or "good cholesterol” because it removes bad cholesterol from the
bloodstream to the liver for excretion. High triglyceride level isa major concern, but high
HDL-C levels are protective against metabolic disorders (CDC, 2023). Clinical investigations
have shown that people with high TG levels had low HDL-C levels (Wilson & Grundy, 2003).
The joint effect of TG and HDL which is the triglyceride to HDL-C ratio is seen as a useful
predictor to insulin resistance compared to triglyceride or HDL-C (Chiang et al., 2011). Despite
its usefulness in assessing the risk of Insulin resistance, there is no optimal threshold due to

factors such as ethnicity, gender and existing comorbidities (Gong et al., 2021).

In summary, HEC is the gold standard for measuring IR, however due to the cost and
complexity of the test, other surrogate measures such HOMA-IR, QUICKI, Matsuda,

TG/HDL-C ratio and BMI are being used in clinical research and epidemiological studies.
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Because of differences in ethnicity, gender, and individual risk factors, it is recommended to

utilise each measure in conjunction with others.

2.6.1.1 Insulin Resistance and the Intake of Sweeteners

In the 1970’s, sucrose was viewed as the main culprit for diabetes, CVD and other chronic
conditions as published by Yudkin (1972a) in his book “Pure white and deadly”. However
increasing research from epidemiological and experimental studies have extended these health

effects to include intake of fructose, fructose corn syrup and glucose (Macdonald, 2016a).

As discussed previously, the main end products in the digestion of nutritive sweeteners are
glucose and fructose. Excessive intake of fructose beyond the absorptive capacity of the small
intestines may end up in the colon where intestinal bacteria mostly referred to as microbiomes
act on them to produce glucose, glycerol, organic acids, uric acids, short chain fatty acids. The
metabolites are transported back to the liver which serves as substrates for de novo synthesis
of fatty acids and triglycerides in the liver. Also, fructose intake beyond physiological levels
can promote de novo lipogenesis in the hepatocytes (Yu et al., 2021). This can result in lipid
deposition in the liver and insulin insensitivity in the hepatocytes (Macdonald, 2016a; Yu et
al., 2021). Uric acid as a by-product of fructose metabolism can induce insulin resistance

through its effects in fatty tissues (Johnson et al., 2013).

A meta-analysis conducted in the United States identified sugary beverage consumption as an
independent risk factor for the development of MetS and T2D (Malik et al., 2010). In an
econometric analysis, the duration and degree of sugar intake had a significant association with
the prevalence of diabetes mellitus in a dose-dependent manner and a decrease in sugar
intake was significantly correlated with a decrease in T2D prevalence independent of other

factors such as socioeconomic, changes in dietary pattern, physical activity, and being
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overweight (Basu et al., 2013). In this analysis, no other food group or type was individually

associated with diabetes after controlling for obesity and other confounders (Basu et al., 2013).

Sanchez-Lozada et al. (2010a) in an animal model of 2 intervention groups, gave one group
combination of fructose and glucose (FG) and another group free sucrose (S). Both sugars
administered were high dosages. At the end of the study, both intervention groups had induced
hepatic alterations with a triglyceride accumulation in the liver, increased level of inflammatory
markers and insulin resistance. Mice fed a 38.5% sucrose diet had lower glucose tolerance, as
well as lower hepatic Glucokinase activity and impaired GLP-1 release (Sakamoto et al., 2012).
Hepatic glucokinase is a key enzyme involved in glucose metabolism in the liver. Its activity
has been found to be reduced in those with type 2 diabetes and insulin resistance (Jiang et al.,

2008).

After 42 days of administering 15% white sugar and brown sugar, body weight, insulin
resistance, and brain-derived neurotrophic factor all increased. These changes, however, were
more pronounced in rats given white sugar as opposed to brown sugar (Shamsi-Goushki et al.,
2021a). Leibowitz et al. (2018a) in their study compared the effects of a diet high in fructose
and saccharin on blood glucose levels and insulin resistance after 7 weeks of treatment. Both
treatment groups had a markedly increased fasting blood glucose. However hepatic insulin was
significantly raised in the high fructose group (3.4+0.4 ug/L) compared with the control
(2.3£0.36 ug/L) and saccharin (2.1+0.3 ug/L) administered groups. Rats fed with high fructose

diet developed fatty liver but not in the control or saccharin group.

Figlewicz et al. (2009a) conducted an experimental study using rats with three different
treatment groups administered with moderate concentrations of sweeteners over a period of 10
weeks; high fructose corn syrup, high fructose corn syrup with an appetite suppressant and the

stevia group. At the end of the study, there was no evidence of liver steatosis and glucose
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intolerance. This is in discordance with finding by Leibowitz et al. (2018a) who reported
marked changes in the liver and fasting glucose. This could be because in the latter study, the
rats were administered with the sweeteners 3x/week and only at night, thus reducing the

duration of exposure to the sweeteners.

Also Leibowitz et al. (2018b) administered high doses of the sweeteners as compared with the
moderate dosages administered by (Figlewicz et al., 2009). Valle et al. (2020a) induced obesity
in rats and compared the effect of chronic low intake of sucrose, natural sweeteners (maple
syrup, corn syrup, agave syrup, molasses, brown rice syrup, honey) fructose and sucrose. The
control group was fed with normal rat chow and sucrose for 8 weeks. Sucrose consumption
was associated with insulin resistance compared to the natural sweeteners and fructose.
However, all the sweeteners induced hepatic steatosis. Findings of this suggested that in the

presence of obesity, natural sweeteners may be less harmful alternatives to sucrose.

The same authors evaluated metabolic responses to the intake of natural sweeteners in healthy
rats in a previous study. Rats were gavaged with high doses of natural caloric sweeteners (pure
maple syrup, molasses, organic brown rice syrup, organic blue agave syrup, golden corn syrup
and pure natural honey). Maple syrup elicited a better metabolic response compared with the
other natural sweeteners. Rats gavaged with maple syrup had lower glucose and insulin levels.
On the other hand, honey caused a spike in insulin and increased release of amylin and gastric
inhibitory peptide (GIP) which has effects on B-cells and insulin resistance (St-Pierre et al.,
2014). Bigos et al. (2012a) administered Sprague Dawley rats with sucralose, sucrose, and
maltodextrin for three weeks at moderate doses (10%). Fasting HOMA-IR showed no
significant difference among the groups however the group administered with sucralose had

lower postprandial insulin and glucose concentration. The lack of a significant difference in
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the HOMA-IR could be due to the short duration of administration in addition to moderate

concentration of the sweeteners.

Administration of stevia preparations at a concentration of 250-500 mg/kg/day effectively
lowered fasting blood glucose and HOMA-IR at the end of the research in diabetic-
induced Wistar rats. A histological analysis also showed no increase in the pancreatic beta cells
(Akbarzadeh et al., 2015). Similar results were obtained by Ahmad & Ahmad (2018a) after
administering different doses (200, 300, 400 and 500 ppm/kg b.w) of stevia extract to diabetic
rats after 8 weeks. Both random and fasting blood glucose, glycated haemoglobin, insulin level
and liver glycogen reduced significantly in the intervention group in comparison with the
diabetic controls and non-diabetic controls. Although (Moroni et al., 2016) also reported an
improvement in glucose tolerance after 2 months intraperitoneal administration of stevia
extract, interestingly insulin levels increased coupled with insulin resistance. At cellular level,
the islets of Langerhans were hyperplastic also indicating an over production of insulin which
could lead to the beta cells over-working. Anti-glycaemic property of stevia extract has been
associated with the presence of stevioside. A clinical trial in forty-eight diabetes patients
revealed an increase in glucose level and glycated haemoglobin after 8 weeks administration
of honey (Bahrami et al., 2009). There was a reduction in glycated haemoglobin after 8 weeks
of administration with 10% honey in Sprague Dawley rats (Bahrami et al., 2009), conversely
long-term administration (52 weeks) of 10% honey to Sprague Dawley rats showed a marked

reduction in glycated haemoglobin (Chepulis & Starkey, 2008a).

The evidence on the effect of the intake of sweeteners on insulin resistance and blood glucose
levels remains controversial, even with the intake of the proposed healthy options like honey

and stevia extracts. Across the studies, there is a lack of uniformity in dosage calculation
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making comparison of results challenging. The duration of intake, dosage and type of

sweetener may account for some of the findings.

2.6.1.2 Sweeteners and GLUT4

As discussed in previous sections, metabolic syndrome is characterized by insulin resistance.
GLUT4 is the primary insulin-responsive glucose transporter is responsible in maintaining
postprandial glucose concentration and also involved in insulin signalling and in insulin
responsive cells. In an animal model of metabolic syndrome, it was demonstrated that GLUT4
decreased alongside all the characteristics of MetS compared to rats without metabolic
syndrome (Leguisamo et al., 2012a). Insulin resistance was improved in rats through increased
expression of GLUT4 by feeding them with I-carnitine and omega 3 (Zayed et al., 2018). Thus,
the relationship between insulin resistance and GLUT4 expression emphasizes the role GLUT4
plays in insulin signalling; upregulation of GLUT4 expression improves glucose homeostasis
and the body’s responsiveness to insulin whereas its reduction reduces insulin stimulated intake
of glucose into cells (Chadt & Al-Hasani, 2020). Treatment with Stevia Rebaudiana Bertoni
extracts increased glycemia in diabetic-caused rats by raising the expression of GLUT4 in

skeletal muscles and the kidneys (Bayat et al., 2020).

Excessive intake of sweeteners (caloric and non-caloric) has been found to cause insulin
resistance through excessive weight gain, fat deposition in hepatic and extra hepatic tissues. In
the gastrocnemius muscle, high fructose corn syrup impaired insulin signalling pathway by
reducing the expression and movement of GLUT4 to the cell membrane (Benetti et al., 2013).
Studies on the development of insulin resistance have focused on fructose corn syrup or
individual sugars. There is little research on the effects of granulated white sugar, brown sugar,

and processed stevia sweetener on insulin resistance. Furthermore, the molecular mechanism
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behind the adverse effects of specific sweeteners on insulin resistance, such as GLUT4

expression, has not been investigated.

2.6.2 Dyslipidaemia

Dyslipidaemia is defined as an imbalance in blood lipid profile, which includes total
cholesterol, TG, HDL-C and LDL-C (Pappan & Rehman, 2022). Triglycerides also known as
triacylglycerol (TAG) is the major dietary fat found in plant and animal fat and fat stores in
humans. It comprises three molecules of fatty acids linked to a glycerol backbone (Mansbach,
2004). Digestion of TAG mainly begins in the duodenum where it is emulsified by bile salts
and hydrolysed through the action of pancreatic lipase to produce free fatty acids and
cholesterol (Mansbach, 2004). The end-product of TAG digestion is packaged into
chylomicron and transported to the lymphatic and bloodstream. Once in the bloodstream they
move to the liver where it is stored as fat or moves to the fat cells to be stored (Mansbach,

2004).

Triacylglycerol (triglyceride) and cholesterol are insoluble in water and hence transported in
the blood with the help of lipoproteins. Lipoproteins are round particles made up of cholesterol
esters, TAG, phospholipids, free cholesterol, and apolipoprotein. Lipoproteins are classified
into seven types based on their size, lipid makeup, and apolipoprotein; these include
chylomicrons, chylomicron remnants, very low-density lipoprotein, intermediate-
density lipoprotein, low-density lipoprotein, HDL-C, and lipoprotein (Feingold & Grunfeld,
2000; Valle et al., 2020b). Based on atherogenicity, lipoproteins are divided into pro-
atherogenic lipoprotein (chylomicron remnants, VLDL, IDL, LDL and Lp) and anti-
atherogenic lipoproteins (HDL) (Feingold & Grunfeld, 2000). For the purpose of this study,

this review will focus on the following lipoproteins, LDL, VLDL and HDL.
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Very Low-Density Lipoprotein is a triglyceride rich lipoprotein made up in the liver (Lee,
Akhmedov, & Chen, 2022b). It has a very high fat content (90%) and low protein content
(10%) hence its very low density. Seventy percent of its fat mass is made up of cholesterol
ester and fatty acid. Its main core protein is apolipoprotein (apo) B100, and it also contains
other proteins including apoCl, apoCll, apoClll, and apoE (Lee et al., 2022b; Casso & Farzam,
2022). Cholesterol, TAG, and proteins are moved to peripheral cells by the VLDL.
Triglycerides in VLDL are metabolized in the cells of the muscle and adipose tissue by
lipoprotein lipase to produce free fatty acids and IDL which serves as precursor for LDL
production and stored in the liver (Feingold & Grunfeld, 2000). One of the main risk factors in
the development of atherosclerosis is high VLDL concentration (Zhao et al., 2017). Excess
intake of sugars mean high amount of fructose and glucose are made available for absorption
and converted to glycerol-3-phosphate an intermediate product for the manufacturing of free
fatty acids and triglyceride and package into VLDL and secreted into the circulatory system

(Fried & Rao, 2003).

Low density lipoprotein is the most abundant pro-atherogenic lipoprotein in the body. It is
derived from IDL and VLDL and further enriched with cholesterol hence being the major
cholesterol carrier in the blood. LDL comes in varying sizes and densities. The small dense
LDL have been shown to be more pro-atherogenic because they have a low affinity for LDL
receptors causing it to be retained for a long period in the circulation. They are also able to
easily penetrate the walls of the blood vessels which gets them trapped in the arterial wall where
they are easily oxidized aided by trapping macrophages. This process is observed in the
formation of atherosclerosis (Ahmed et al., 2022; Casso & Farzam, 2022; Feingold & Grunfeld,

2000).
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High density lipoprotein, on the other hand, plays the opposite role in cholesterol transport,
removing and transferring cholesterol from peripheral tissues and the circulation back to the
liver, where it is eliminated from the body via bile. This physiological role by HDL makes it
anti-atherogenic and commonly termed as the “good cholesterol” (Casso & Farzam, 2022;
Feingold & Grunfeld, 2000). Unlike LDL, IDL or VLDL, high density lipoprotein has a high

protein content (about 50%) and rich in phospholipids making it denser (Schaefer et al., 2009).

Clinically, a lipid profile test is done to assess the level of the different types of lipids in the
blood which gives an indicator of an individual’s risk of metabolic syndrome or CVD. An
increase in pro-atherogenic lipid levels is related to an increased cardiovascular risk, whereas
an increase in HDL levels is protective against atherosclerotic heart disease (Gasevic, Frohlich,
Mancini, & Lear, 2014a; Ahmed et al., 2022). Scientific evidence suggests that, lipid ratios are
better in predicting cardiovascular disease risk and metabolic syndrome as opposed to
individual lipid levels and helps to alleviate misclassification of individuals with an increased
risk (Gasevic et al., 2014a; Katuzna et al., 2022). Also, sometimes LDL and other lipids could
be normal whereas there may be elevation in other atherogenic lipoproteins hence the need for

the lipid ratios being widely used (Katuzna et al., 2022).

Several lipid ratios or atherogenic indices have been proposed to improve the prediction
capacity of the lipid profile test. These ratios are good metabolic indicators, presenting a more
precise picture when regular clinical indicators are unable to assess danger, and their predictive
value is greater than that of their individual values (Millan et al., 2009). The lipid ratios that
will be discussed in this review are: Castelli Risk Index | (CRI-1) and Il (CRI-I1), Atherogenic
Co-efficient (ACoE), and Atherogenic Index of Plasma (AIP). These lipid ratios demonstrate
the link between pro-atherogenic lipids and lipoproteins (total cholesterol (TC), TG, LDL-C)

and anti-atherogenic lipids (HDL-C).
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Coronary Risk Index-1 is a ratio of TC to HDL-C (TC/HDL-C), which are both independent
risk variables for coronary artery disease development. CRI-11 is a similar ratio of LDL-C to
HDL-C. Using data from the Framingham and Coronary Primary Prevention Trial Studies, four
indicators were examined to determine their effectiveness in predicting coronary heart disease.
When compared to total cholesterol or HDL-C alone, CRI-I was a stronger predictor of
coronary heart disease (CHD) (Kinosian et al., 1994). Despite its usefulness, it has been
demonstrated that the Atherogenic Index of Plasma is more reliable in predicting myocardial
infarction (Gaziano et al., 1997), insulin resistance (McLaughlin et al., 2005) and metabolic

syndrome (Cordero et al., 2008; Wakabayashi & Daimon, 2019).

In a cross-sectional study of participants from Aboriginal, Chinese, European and South Asian
origin, AIP was seen as a better marker in identifying metabolic syndrome in both sexes in
comparison with CRI-I, CRI-Il and ACoE (Gasevic et al., 2014b). Among the Chinese
population AIP was good indicator of MetS based on the JIS and NCEP/ATP Il (Chen et al.,
2014). Insulin resistance can result in increased production of fatty acids and subsequently
increased triglycerides coupled with a reduction in HDL (Moriyama, 2020). Several cut off
points have been suggested for the various lipid ratios depending on ethnicity, gender and other
underlying disease conditions (Ford, Meng, Mokdad, & Reaven, 2008). In Spain, for instance,
the suggested AIP cut-off number is 2.75 in men and 1.65 in women (Cordero et al., 2008)
whereas in an Iranian population of people living with diabetes, the proposed cut-off for AIP

was 4.7 in men and 3.7 in women (Hadaegh et al., 2010).

2.6.2.1 Intake of sweeteners and dyslipidaemia
Sugars are primary source of energy in humans. There is an established link between the
metabolism of glucose, fructose, fatty acids and de novo lipogenesis (Chen et al., 2019) with

evidence showing that replacing dietary fat with carbohydrate can result in an elevation of
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triglyceride and a reduction in HDL-C, however this was influenced by the type of
carbohydrate being consumed (Johnson et al., 2009). Sugar sweetened beverages and added
sugars (caloric and non-caloric) have been associated with an imbalance in the lipid profile
(Haslam et al., 2022; Welsh et al., 2010a). The end product of caloric sweeteners are mainly
glucose and fructose with about 25% of the fructose converted to glucose. Excess intake of
sugar means an increase in the quantity of substrates entering the glycolytic pathway and
lipogenesis. Metabolism of glucose and fructose has been discussed extensively in section 2.3

of this review.

Based on the Framingham Offspring Study (FOS) and the Women’s Health Study, sugar
sweetened beverage was associated with an increase in LDL-C, non-HDL-C, TG, apoB, rich
lipoprotein particles and LDL particles and a decrease in HDL-C and apoAl (Haslam et al.,
2022). In assessing the relationship between the intake of caloric sweeteners and dyslipidaemia
among US adults, increasing intake of caloric sweeteners positively associated with TG and
LDL-C and a reduction in HDL-C (Welsh et al., 2010a). Excess intake of energy from sugar
sweetened beverages and caloric sweeteners is converted to lipids (Wei et al., 2022). Lipid
deposition in the liver by different types of sugar was assessed using a cell culture experiment.
Fructose and sucrose were observed to induce hepatic steatosis (Wei et al., 2022). When the
production of triglycerides, exceeds the ability of transport proteins to transport them, there is

a deposition of fat, which is similar to what happens with fatty liver (Wei et al., 2022).

Wistar rats were treated with three different doses of honey (0.04, 0.09, 0.13 mg/ml) and white
sugar (0.02,0.03, 0.04 mg/ml) for 4 weeks. Low dose (0.02 mg/ml) of white sugar caused a
decrease in LDL, TC and TG with a significant decrease in HDL-C with medium-dose of white
sugar. All doses of honey were observed to significantly decrease TC, TG and LDL with

medium-dose honey significantly increasing HDL-C. Also, in comparing medium-dose of the
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two sweeteners, honey significantly reduced Castelli Risk Index I (CRI-I) (Nwachuku et al.,
2017). In complementing the hypolipidemic effect of honey, administering a dose of 50 mg/kg
of honey in diabetic rats resulted in a significant decrease in TC, TG and VLDL-C after 3 days

of administration (Oztasan et al., 2005).

In another animal experimentation model, different dosages of honey (1000, 2000, 3000
mg/kg) were administered to alloxan induced diabetic rats. Honey had positive effect on TG,
VLDL, HDL, CRI-I, CRI-II and Atherogenic index with no significant reduction in LDL-C
confirming the hypolipidemic effect of honey (Erejuwa et al., 2016a). They suggested that this
effect observed in honey may be due to its protective effect on the pancreas, protecting the
pancreatic beta cells from oxidative damage which will enable the  cells to work efficiently
to produce adequate amount of insulin. Although honey is rich in simple sugars, it also
possesses anti-inflammatory, anti-oxidant and anti-bacterial properties which may be

contributing to its lipid lowering properties (Gholami et al., 2022).

Despite these positive findings, a meta-analysis in human clinical trials revealed that honey
had no significant effect on lipid markers (total cholesterol, triglycerides, LDL-C, HDL-C, and
LDL-to-HDL ratio) (Gholami et al., 2022). This lack of observed relationship could be a result
of the significant heterogeneity due to differences in terms of dietary regimens, doses,
population, and type of honey being used. Also, most studies were conducted in Eastern
countries which limits the generalizability of the meta-analysis. Another systematic review on
the lipid lowering effect of honey showed a positive association on both pro-atherogenic and
anti-atherogenic lipoproteins (Alkhalifah et al., 2021a). The reviewers, however stated that due
to the risk of bias and limited studies in their study, the results of the review remain

inconclusive. The evidence on the lipid lowering effect of honey remains inconclusive.
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Few studies have assessed the effect of white sugar and brown sugar on lipid profile. In a study
by (Gbémez-Criséstomo, de la Cruz Arias, Camacho Liévano, de la Cruz-Hernandez, &
Martinez-Abundis, 2017) 30% solution of white and brown sugar were administered for 6
months in male rats. The consumption of white sugar resulted in high levels of triglycerides and
fat build-up in the liver as opposed to brown sugar. In contrast, different doses (2500 and 5000
mg/kg) of cane brown sugar did not have any significant effect on blood lipids (TC and TG) in
Wister rats after 4 weeks of treatment (Karaye et al., 2018). One gram (1000 mg) of
carbohydrate from sucrose, fructose and other natural sweeteners induced hepatic lipid
accumulation after 8 weeks of daily gavage in Wistar rats (Valle et al., 2020b). Based on the

conducted studies, refined sugar has a negative effect on dyslipidaemia.

Low/No caloric sweeteners have been suggested to influence lipid profile although its exact
mechanism remains unclear. A meta-analysis on the effect of stevia-based sweeteners and other
non-caloric sweeteners on lipid profile was conducted. Intake of stevia-based and artificial
sweeteners was not associated with the lipid profile in adults although a sub-group analysis
revealed that intake of the non-nutritive sweeteners was associated with little but a significant
increase in LDL (Movahedian et al., 2021a). Similarly, the positive health effect of replacing
sugar sweetened beverages with LNCS was reiterated in a meta-analysis by (McGlynn et al.,
2022) in which substitution of sugar sweetened beverages with low or no calorie sweeteners
showed reduced intrahepatocellular fat deposits. In evaluating the effect of substituting sucrose
for stevia, stevia at a dose of 500 mg/kg bw per day for 12 weeks caused a decrease in TC, TG,
LDL-C and a rise in HDL-C (Abo Elnaga et al., 2016). Eight (8) weeks-old mice were
administered with water sweetened with sucrose and sucralose for 16 weeks after which their
metabolic effects were assessed. Mice given sucralose-sweetened water had a less profound
influence on plasma lipids than mice given sucrose-sweetened water (Wu et al., 2023).

Similarly, 18 healthy subjects in a randomized controlled trial, received intragastric
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administration of LNCS (25g D-allulose and 50g erythritol). After 3 study visits by the
participants it was observed that both sweeteners had no impact on blood lipids (Teysseire et
al., 2023). After 4 weeks of treatment, total cholesterol and triglycerides were lower in
streptozotocin-induced diabetic rats fed a high-fat diet and administered with aqueous stevia
leaf extract (Kamal et al., 2022). Stevioside supplementation for 24 weeks in diabetes patients

was reported to have improved individual lipid parameters (Rashad et al., 2019).

Most studies on the effect of sweeteners on dyslipidaemia focused on individual lipid
parameters. Erejuwa et al. (2016b) on the other hand emphasized on the use of lipid ratios as
opposed to individual lipid parameters as a better indicator in predicting atherogenicity and

metabolic syndrome. There is variation in the dosages used in the different studies.

2.6.3 Overweight and Obesity

Obesity is a risk factor for several chronic conditions, including hypertension, CVD, diabetes,
dyslipidaemia, and several malignancies. Globally, its prevalence has more than doubled,
coinciding with an increase in noncommunicable disorders such as metabolic syndrome (Veit
et al., 2022a). It was estimated in 2022 that, 2.5 billion adults (18 years and older) were either
overweight or obese and over 390 million children had either overweight or obesity (World
Health Organisation, 2024). Sixty percent of Europeans are either obese or overweight, with
the highest prevalence in women, and increasing with age in both sexes (Boutari & Mantzoros,
2022). Based on data from the Organization for Economic Cooperation and Development
(OECD) the highest prevalence is in the US, Mexico, New Zealand and Hungary and the lowest

in Japan, Korea, Italy and Switzerland (OECD, 2017).

It is the main cause of mortality, premature disability and non-communicable diseases such as
CVD (hypertension, myocardial infarction and stroke), metabolic conditions (type 2 diabetes,

fatty liver) and cancer (Bluher, 2019). Although genetics may play a part in its pathogenesis,
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dietary intake is its main risk factor; with energy intake exceeding energy output through
reduced physical activity and energy expenditure (Kayode & Kayode, 2021; Parmar & Can,
2023; Bliher, 2019). Westernization, industrialization and urbanization have resulted in a
nutrition transition towards the intake of diets high in fat and sugars with little nutritional value
(Kayode & Kayode, 2021). In the US, data on the intake of sugars is sufficient in explaining
the changes in adult obesity trend over the past 30 years with a cumulative effect of increased
calories from sugar over time (Atangwho et al., 2020a). Not only does excessive intake of
sugars increase caloric intake, but also it displaces the other essential nutrients in the diet
(Atangwho et al., 2020a). Due to the evidence linking the intake of caloric or nutritive
sweeteners to the obesity epidemic, there is the introduction of LNCS as a replacement to
contribute to the sweet taste without adding on to the caloric content of meals. Recent research
in both humans and animals suggests that LNCS may result in an increased risk of obesity and

metabolic disorders, while the exact mechanism is unknown (Walbolt & Koh, 2020a).

One of the five clinical variables used to diagnose metabolic syndrome is obesity (Paley &
Johnson, 2018) and it is due to excessive accumulation of fat. Obesity is defined as having a
BMI larger than or equal to 30 kg/m?, whereas overweight is defined as having a BMI greater
than or equal to 25 kg/m? (World Health Organization, 2021). Despite the usefulness of BMI
as a surrogate marker in predicting cardiovascular and metabolic disease risk, BMI only
measures excess weight without giving an indication of fat distribution in the body and was
also not able to fully capture cardiometabolic risk since it is not able to measure abdominal
obesity (Ross et al., 2020). As simple as it is, waist circumference is a useful indicator in
assessing abdominal obesity and has been reported as good predictor for cardiovascular and
metabolic syndrome even after adjusting for BMI (Ross et al., 2020). The International
Atherosclerosis Society (IAS) and the International Chair on Cardiometabolic Risk (ICCR) in

2017 issued a consensus statement recommending that BMI should not be used as a stand-alone
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indicator in assessing or diagnosing cardiometabolic risk but should be used together with waist
circumference in assessing weight gain. The current recommendations suggest a cut-off of
more than 102 cm for men and more than 88 cm for women (Ross et al., 2020). Ethnic specific
cut-off for BMI and waist circumference is being proposed due to racial differences. Excess
abdominal fat (visceral or intraperitoneal) has been linked to insulin resistance, decreased
glucose tolerance, dyslipidaemia, elevated blood pressure, and mortality from CVD. High
visceral fat has been linked to an increase in the release of fatty acids into the portal system,
which increases hepatic production of triglycerides, small and dense low-density lipoprotein,

and plasma insulin levels (Castro et al., 2003).

2.6.3.1 Intake of Sweeteners and Obesity

Sucrose, as the main type of carbohydrate in caloric sweeteners, is cleaved into glucose and
fructose units. Glucose and fructose, which are end products in the digestion of sweeteners
have both direct and indirect effect on the pathogenesis of obesity. Glucose stimulates insulin
release which facilitates the conversion of excess glucose storage in the liver and muscles as
glycogen and stored as fat in the liver, muscles, and adipose tissue. Fructose has been linked to
obesity indirectly by causing overeating by suppressing post prandial ghrelin secretion and
causing leptin resistance leading to increased caloric intake and contributing to weight gain
(Johnson, Sanchez-Lozada, Andrews, & Lanaspa, 2017; Shapiro et al., 2008). Not only does it
suppress satiety, but it also increases the palatability of food causing overeating and a
consequent weight gain. It has also been reported to promote the storage of fat by increasing
circulating triglycerides, visceral fat stores, reducing fat oxidation and the production of energy

from food stores (Shapiro et al., 2008).

Excessive consumption of refined sugars, sucrose, and fructose was linked to long-term weight

increase in men in a Japanese prospective cohort research (Yamakawa et al., 2020). Among
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children and adolescents, a systematic review assessing the relationship between non-nutritive
sweeteners (NNS) on BMI showed that compared to sugar, NNS had a lesser effect on BMI
increase in adolescent and obese individuals (Espinosa et al., 2023). Shamsi-Goushki et al.
(2021b) administered 15% of brown sugar and white sugar to Wistar rats for 42 days. Both
brown and white sugar contributed to significant weight change in the rats, however the effect
was more pronounced in white sugar than brown sugar. Atangwho et al. (2020a) in an animal
model fed male and female Wistar rats with a diet incorporated with different doses of both
honey and table sugar (8% and 16%) and honey (10% and 20%) in rats for 29 weeks. Among
female Wistar rats, high concentrations of both honey and table sugar had a significant effect
on weight gain in comparison with the control which buttresses the relationship between high
intake of sugars and its effect on weight gain, however the observed weight gain was higher in
20% honey than the 16% table sugar although there was no significant difference in the weight
of the white adipose tissue mass in both groups. Conversely in the male Wistar rats, weight
was higher in the rats fed with 8% table sugar incorporated than the 10% honey-based diet and
the control group. The obesogenic effect of sweeteners was concurred in another study by Valle
et al. (2020b) in which both natural and refined sugars caused weight gain in Wistar rats after
8 weeks of daily gavage. Similarly, in another animal model, white sugar and brown sugar
were administered to rats by dissolving it in their drinking water for six months. Both refined
sugar and brown sugar induced weight gain with the retroperitoneal fat almost doubling with
no significant difference in their effects. Sanchez-Tapia et al. (2020a) in their study examined
the effect of different types of sweeteners (caloric and non-caloric) on metabolic parameters.
Sucrose, fructose, glucose, brown sugar, honey, sucralose, and stevia were dissolved in the
drinking water of Wistar rats for 4 months. The caloric sweeteners had more microbial diversity
in the presence of high fat diet compared with the non-caloric sweeteners. Sucrose

administration had the most effect on weight gain. A high-fat and high-sugar diet increases
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intestinal bacteria linked to obesity (Davis, 2016). To compare the effect of both caloric and
non-caloric sweeteners on metabolic parameters without missing the effect of gender, male and
female rats were administered sucrose, stevia, and sucralose through their drinking water for
16 weeks. The rats preferred sucralose and stevia sweetened water to sucrose. Weight gain in
all sweetener groups did not increase compared with the control group (Farid et al., 2020).
Barrios-Correa et al. (2018a) administered commercial sweeteners (sucrose, stevia, sucralose)
to male and female mice for 6 weeks through their drinking water. Water intake was higher in
the sucrose sweetened group than in other sweetener groups in both male and female mice,
suggesting a preference for sucrose. Supplementation with stevia was associated with a
reduction in energy intake in male mice but not female mice. There was a significant increase
in body weight in male mice administered with stevia compared with the control however in
the female mice, sucrose and sucralose supplementation induced weight gain, suggesting that
stevia had a weight-lowering effect whereas sucralose had an effect on weight gain.
Supplementation with a stevia extract in diabetic induced rats showed significant reduction in
the weight of the stevia group when compared with the normal and diabetic controls (Ahmad
& Ahmad, 2018b). A similar finding was reported by Abo Elnaga et al. (2016) with stevia
sweetener supplementation associated with reduced feed intake and body weight. Similarly,
xylitol and erythritol administered to diabetic induced Sprague Dawley rats for 8 weeks
reduced body weight in the experimental animals (Msomi et al., 2023). In another animal
model to assess the effect of caloric and non-caloric sweeteners on metabolic health, there was
no difference in weight gain between both the intervention groups and the control, neither was
there a difference in the retroperitoneal fat pad weights among the treatment groups (Figlewicz

et al., 2009¢).
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CHAPTER THREE

3.0 METHODOLOGY

3.1 EXPERIMENTAL DESIGN

An experimental study design was used. A control/ treatment group design was used.

3.2STUDY SITE

The study was conducted at the Department of Animal Experimentation (DAE) at the Noguchi

Memorial Institute for Medical Research, University of Ghana (NMIMR).

3.3 STUDY ANIMALS AND SAMPLING

Seventy-eight (78) female Sprague Dawley rats aged 10-12 weeks, weighing between 100 g —
200 g were obtained from the DAE at the NMIMR. The rats were weighed and randomized
into thirteen (13) groups of six (6) animals in each cage. The animals were kept in rat cages
with soft wood shavings as bedding and acclimatized to their environment for a week. The
experimental groups were set up as follows: Group 1- Control (C), Group 2 — White sugar low
dose (WSLD), Group 3- white sugar medium dose (WSMD), Group 4 — white sugar high dose
(WSHD), Group 5 — Brown sugar low dose (BSLD), Group 6 — Brown sugar medium dose
(BSMD), Group 7 — Brown sugar high dose (BSHD), Group 8 — Honey low dose (HLD),
Group 9 — Honey medium dose (HMD), Group 10 — Honey high dose (HHD), Group 11 —
stevia low dose (SLD), Group 12 — Stevia medium dose (SMD), Group 13 — Stevia high dose

(SHD) (Figure 3.1). Administration of the sweeteners was done for 17 weeks.
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Figure 3.1: Study Design A total of 78 female SD rats were divided into 13 groups of 6 animals, including a control group. Bi-weekly fasting plasma glucose was
assessed by tail clipping. After 17 weeks of administration, all 78 rats were euthanised and blood was collected by cardiac puncture.
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3.4 ETHICS

The study was approved by the Institutional Animal Care and Use Committee of University of
Ghana (UG-IACUC 001/21-22) (Appendix M). All animal procedures and techniques used in this
study were in accordance with the National Institute of Health Guidelines for the Care and Use of
Laboratory Animals (National Research Council, 2011). Additionally, animals were treated

humanely.

3.5 HOUSING AND FEEDING OF EXPERIMENTAL ANIMALS

Rats were kept at the DAE throughout the study under the following standard conditions of
temperature (24°C £ 2°C) and relative humidity (60-70%) with a 12-hour light/dark cycle. The
animals were fed on standard rat chow and distilled water ad libitum for one week before the
commencement of the experiment. Rat chow was formulated and supplied by Agricare limited

(Kumasi, Ghana).

3.6 DETERMINATION OF DIET REGIMEN OF SWEETENERS

The percentage of sugar solutions for nutritive sweeteners was calculated according to the WHO
recommendation of reducing the intake of free sugars to less than 10% of total energy intake and
a further reduction of the intake of free sugars to below 5% of total energy intake (World Health
Organisation, 2018). Thus, for an average adult (70 kg) with a calorie intake of 2000 kcal, 5% of
total energy intake is equivalent to 100 kcal. For this study, the dosages were categorised into low
doses (5% of total energy intake), moderate doses (10 % of total energy intake) and high doses (15
% of total energy intake). Thus, the weight of each nutritive sweetener to provide 100 kcal was
estimated from their proximate analysis (Table 3.1). For example, 25 g of white sugar was

equivalent to 100 kcal as follows:
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For a 70 kg adult requiring 2000 kcal, low dose = 25 g/70 kg = 0.36 g/kg body weight
Thus, for a 200 g (0.2 kg) rat, the required dosage = 0.2 kg x 0.36 g/ kg = 0.072

0.072 g of the white sugar was dissolved in 2 ml of distilled water.

A stock solution was prepared at 0.035 g/ml for low-dose white sugar.

Moderate (10 % of total energy intake) = 0.07 g/ml

High dose (15 % of total energy intake) = 0.1 g/ml

Table 3.1: Sweetener Dosages

Group Group No. Feed composition Dosage (g/ml)

No of
Rats

1 Normal Control (C) 6 Distilled water
2 White Sugar Low Dose (WSL) 6 Normal Chow + 5% white sugar 0.035
3 White Sugar Medium Dose (WSM) 6 Normal Chow + 10% white sugar 0.07
4 White Sugar High Dose (WSHD) 6 Normal Chow + 15% white sugar 0.1
5 Brown Sugar Low Dose (BSLD) 6 Normal Chow + 5% brown sugar 0.036
6 Brown Sugar Medium Dose (BSMD) 6 Normal Chow + 10% brown sugar 0.072
7 Brown Sugar High Dose (BSHD) 6 Normal Chow + 15% brown sugar 0.11
8 Honey Low Dose (HLD) 6 Normal Chow + 5% honey 0.047
9 Honey Medium Dose (HMD) 6 Normal Chow + 10% honey 0.094
10 Honey High Dose (HHD) 6 Normal Chow + 15% honey 0.14
11 Stevia Low Dose (SLD) 6 Normal Chow + 5% stevia 0.007
12 Stevia Medium Dose (SMD) 6 Normal Chow + 10% stevia 0.014
13 Stevia High Dose (SHD) 6 Normal Chow + 15% stevia 0.021

3.7 FEED, ENERGY AND WATER INTAKE

Food intake was measured daily throughout the study. The mean quantity of chow intake per
experimental group was determined by measuring their daily food intake, based on the
administration of a known quantity of chow per cage (200 g) and the weight of the leftover chow

after 24 hours. Spilt rat chow in each cage was carefully collected and added to the weight of
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leftover chow in the feeding troughs. Total energy consumed was calculated at the end of the study
by multiplying the amount of food consumed by the caloric contents per gram of chow as stated
by the manufacturer (2.89 kcal/g) (Barrios-Correa et al., 2018b). Food efficiency was calculated
using the equation by (Lopez-Varela, Sanchez-Muniz, & Cuesta, 1995):

body weight gain
Food efficiency = fz),od iftaki (g)(g) x 100

Water was provided ad libitum daily.

3.8 WEIGHT OF RATS

The rats were weighed weekly at the same time using an animal scale (Shinano, TS-870). The
weighing bowl was sanitized with 70% ethanol and placed on the scale. The rat was gently placed
in the weighing bowl. The reading was allowed to stabilize before the animal’s actual weight was

recorded. Percent weight gain was calculated as indicated below:

. end line weight-initial weight
Percent weight change= — - x 100
initial weight

3.9 EUTHANASIA AND BLOOD DRAW

At the end of the 17 weeks the rats were fasted overnight, and a blood draw was done by cardiac
puncture based on the institutional protocol at DAE. This is a terminal procedure used to permit
the collection of larger amounts of blood. The experimental animals were anaesthetized using
diethyl ether. The rats were placed on their back. The left index finger was placed at the level of
the lowest ribs without applying any pressure. The heart was gently located approximately 1 cm
above this point, slightly to the right. Using a 5 ml syringe with a 23 G needle, the needle was
inserted between the two ribs at an angle of 45°C. An amount of 2 ml of blood was put into lithium

heparin tubes and 1 ml of blood was discharged into fluoride tubes and EDTA tubes. These
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techniques were done in the presence of a veterinarian and a veterinary technician who assessed
that the animals were handled properly and not subjected to unnecessary pain or distress
(Parasuraman et al., 2010). Blood samples in lithium heparin and fluoride tubes were centrifuged
at 3000 rpm for 10 minutes to separate the plasma. Plasma samples were transferred into Eppendorf

tubes, labelled, and stored in a laboratory freezer at -80°C until analysis.

3.10 ORGAN HARVESTING AND RELATIVE ORGAN WEIGHT

At the end of 17 weeks, the rats were euthanised and the pancreas, kidney, heart, and liver were
harvested. The relative organ weight (ROW) of each organ was then calculated as reported by
(Samat, Nor, Nor Hussein, & Ismail, 2014):

absolute organ weight (g)
ROW = - — x 100
body weight on sacrifice day (g)

The harvested organs were divided into two parts; one part was preserved in 10% buffered formalin
and the other half immediately snap frozen with liquid nitrogen and subsequently stored at -80°C
for subsequent laboratory analysis. The soleus and gastrocnemius muscle were harvested
immediately snap frozen and subsequently transferred to -80°C to be used for the Hexokinase 2

analysis.

3.11 BIOCHEMICAL ANALYSIS

3.11.1 Measurement of Fasting Plasma Glucose

The fasting plasma glucose of the rats was measured bi-weekly by tail clipping using Accu-Chek
Active Blood Glucose Glucometer (Mannheim, Germany). The distal third of the tail was wiped
with a ball of cotton wool moistened with 70% alcohol. In the non-dominant hand, the tail was

gently stroked down from the base of the tail to about 1 cm from the tip of the tail. The tip of the
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tail was placed on a working surface and with the dominant hand, a needle prick was performed
using the 25 G needle about 1-2 mm from the end. The blood sample was collected from the drop
of blood that formed at the skin surface onto the glucometer test strip and the reading was done.
The pressure in the non-dominant hand was released and gentle pressure was applied with a small
ball of cotton wool for approximately 10 seconds to stop the flow of blood. The tail tip was
monitored for re-bleeding and the rat was returned to its cage (McErlane, 2014). Three (3) rats

from each group were used for the bi-weekly fasting plasma glucose test in an alternating manner.

3.11.2 Lipid Profile
Plasma lipid profile consisting of total cholesterol (TC), triglyceride (TG), high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) were analysed with an auto-analyser machine and test

kits according to the manufacturer’s instructions (Mindray Bio-Medical Electronics Bs-200e,

Shenzhen, China).

3.11.2.1 Lipid ratios

Lipid ratios were calculated from the values obtained from the lipid profile; Castelli Risk Index I
= TC/ HDL-C; Castelli Risk Index Il = LDL/ HDL-C; Atherogenic Index of Plasma = Log

(TG/HDL-C) (Uzunget & Sahin, 2022).

3.11.3 Fasting Insulin Level

Rat heparinised plasma was used in measuring the insulin level. Fasting insulin level was
determined using a 96-plate rat insulin Elisa kit purchased from Elabscience (Product No: E-EL-
R3034, Lot No: kllOXBOB6381) (Houston, Texas, USA) according to the manufacturer’s
instruction. In summary, 100 pl of the standard and the sample were added to the wells and

incubated for 90 minutes at 37°C. The liquid was discarded and 100 pl of the Biotinylated
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Detection Ab working solution was added to each well and incubated for 60 mins at 37°C. The
wells were aspirated and washed 3 times. After which 100 pl horseradish peroxidase (HRP)
conjugate working solution was added and incubated for 30 minutes at 37°C. The plate was
aspirated and washed 5 times. A volume of 90 pl of the substrate reagent was added to the wells
and incubated for 15 minutes at 37°C. Finally, a 50 ul Stop solution was added to the wells to stop
the enzyme-substrate reaction which turned the colour to yellow. The Optical Density (OD) of the
plate was measured immediately at a wavelength of 450 nm using a BioTek plate reader Microplate
Photometer (BioTek Instruments, Inc, USA). The OD was proportional to the concentration of the
rat fasting insulin. The rat insulin concentration was calculated by comparing the OD of the

samples to the standard curve.

3.11.3.1 Insulin resistance
The homeostatic model for insulin resistance was used to determine the insulin resistance; (fasting

plasma insulin pU/ml x fasting plasma glucose (mmol/l) / 22.5 (Gayoso-Diz et al., 2013c).

3.12 GLUT4 ANALYSIS

GLUT4 protein was measured using a rat GLUT4 Elisa Kit purchased from MYBioSource (San
Diego, USA) according to the manufacturer’s instruction. This kit uses the sandwich enzyme-
linked immune-sorbent assay (ELISA) technology. In summary an antibody specific for GLUT4
had been pre-coated onto the 96-well microplate. Hundred microliters of the standard and samples
were added to the wells and incubated at 37°C for 2 hours. Any GLUT4 protein present in the
samples were bound by the antibody and the liquid in the wells discarded. Hundred microliters of
a biotin-conjugated antibody specific to GLUT4 was added to the wells and incubated at 37°C for
1 hour. Afterwards the liquid in the wells were aspirated and washed. Horseradish Peroxidase
(HRP) (100 pl) was added to the wells and incubated at 37 °C for an hour. TMB (90 pl) Substrate
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were added to the wells which was catalysed by HRP to produce a blue colour after incubating at
37°C for 15-30 minutes. A stop solution (50 ul) was added to each well which changed the colour
of the wells to yellow. The Optical Density (OD) of the plate was measured immediately at a
wavelength of 450 nm using a BioTek plate reader Microplate Photometer (BioTek Instruments,
Inc, USA). The OD was proportional to the concentration of GLUT4 protein. The GLUT4

concentration was calculated by comparing the OD of the samples to the standard curve.

3.13 HEXOKINASE 2 ANALYSIS

Hexokinase 11 in the gastrocnemius muscle was measured using a rat hexokinase 2 Elisa kit from
Abbexa (Cambridge, United Kingdom). The muscle tissue was allowed to thaw and homogenized
manually. The muscle tissue (0.5 g) was minced on a plastic petri dish for 3 minutes. The minced
tissue was homogenized in a test tube using a manual glass tissue grinder (250 strokes). A
phosphate buffer was used as the diluent at a pH of 7.4. All tissues were minced and homogenized
on ice to prevent loss of the hexokinase enzyme. The homogenized muscle tissues were transferred
into Eppendorf tubes and centrifuged at 13000 rpm for 4 minutes at 4°C. The supernatant was

collected and stored at -20°C for the assay.

The supernatant, standard diluent buffer and diluted standards (100 pl) were added to the pre-
coated plate and their positions labelled. The plate was incubated at 37 °C for an hour. The liquid
in the wells were discarded afterward and 100 pl of the detection Reagent A working solution was
added to each well. It was incubated at 37°C for one hour. After incubation, the plate was washed
3 times by filling each well with 350 pl of wash buffer. Detection Reagent B working solution was
added to each well and incubated at 37°C for 30 minutes. The solution was discarded afterward,
and the plate washed 3 times using the wash buffer. The TMB Substrate (90 ul) was aliquoted into
each well and incubated at 37°C for 20 minutes. The presence of Hexokinase 2 generated a blue
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colour. The stop solution (50 ul) was added to each well and mixed quickly and uniformly to
ensure the enzyme is completely deactivated. Addition of the stop solution produces a yellow
colour. The intensity of the yellow colour was proportional to the amount of hexokinase Il in the
wells. The Optical Density (OD) was measured at 450 nm using a BioTek plate reader Microplate
Photometer (BioTek Instruments, Inc, USA). Hexokinase Il concentration was calculated by

comparing the OD of the samples to the standard curve. The relative OD was calculated as follows:

Relative OD=0D of each well-OD of zero well

The standard curve was then plotted as the relative OD of each reference standard solution (X),
against the respective concentration of each standard solution (). The concentration of the

samples was interpolated from the standard curve.

3.14 HISTOLOGICAL ANALYSIS

Samples of the liver, kidney and heart were fixed in a neutral buffered formalin to prevent
degradation of the tissue. Following fixation, samples were trimmed using a scalpel to enable them
properly to fit in a labelled cassette. The specimen was then dehydrated by immersing it in
increasing levels of alcohol to get rid of any water or formalin present in the tissue. The alcohol
was then displaced by using xylene which allow paraffin infiltration. The specimen was embedded
in paraffin wax, which surrounded the tissue and created a “block” needed for further sectioning.
The paraffin embedded wax was sectioned using a microtome into thin ribbons about 5
micrometres. The thin sections were transferred into a warm water bath and afterward lifted onto
the slide to allow it to dry. Following the sectioning, slides were stained with haematoxylin and
eosin (H&E). After the staining was completed, the slides were covered with cover slips and

viewed under an Olympus microscope (United Kingdom) at times 40 magnification (x 40).
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3.15 STATISTICAL ANALYSIS

GraphPad prism software version 9.0 was used for the statistical analysis. Descriptive variables
were expressed as Means = SEM. Data that were not normally distributed were transformed using
the logarithmic transformation method. Statistical significance was set at p< 0.05. Two-way mixed
ANOVA was used to compare the changes in body weight and fasting plasma glucose over time
among the various experimental groups. One-way ANOVA was used to compare differences in
the means of different variables (percent weight change, end line fasting plasma glucose, fasting
serum, HOMA-IR, total cholesterol, triglyceride, Low density lipoprotein, high density
lipoprotein, Castelli Risk Index | and Il and Atherogenic Index of Plasma) between the
experimental groups. Tukey’s post hoc tests were used to detect where differences between the

group were observed.
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CHAPTER FOUR

4.0 RESULTS

4.1 UNEXPECTED MORBIDITY AND MORTALITY

There were no treatment-related deaths throughout the 17 weeks of the study. One rat in the honey
low-dose treatment group developed an abnormality in balance. An ear swap was done to rule out
infection. The result came out negative for infection. One rat in the high-dose white sugar group
had an injury in the eye and another rat in the same group had an arm injury. Both rats were treated
and left in the group. No apparent differences in physical activity or behaviours, no significant
changes in stool, urine, eye colour, diarrhoea, salivation, convulsion, sleep or comma and no

significant loss of fur or skin lesions were observed.

4.2 ANTHROPOMETRY AND FOOD INTAKE

Section 4.2 provides results on the anthropometric assessment (weekly weight, percent weight

gain, relative organ weight) and food intake (energy intake and energy efficiency) of the rats.

4.2.1 Effect of Sweeteners on Body Weight of the Experimental Animals

Figure 4.1 shows the trend in weight gain across the experimental groups at baseline and end line.
The average weight of the rats increased over time in all the experimental groups. At baseline, the
control group had the highest average body weight (190.3 + 7.1 g) whereas rats in the high-dose
stevia group had the least average body weight (142.0 + 3.0 g). At the end of the study, the
experimental group administered with high-dose white sugar had the highest average body weight
(285.3 + 10.2 g) with the least average weight observed in the group that were administered with

low-dose stevia administration (238.0 £ 8.6 g).
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Figure 4.1: Body weight at baseline (left bar) and end line (right bar) for each experimental group. C=Control,
WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown
sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high, SL=stevia low,
SM=stevia medium, SH=stevia high.

A two-way mixed ANOVA, run to determine the effect of the type of sweetener and dosage over
time on the mean weight of the experimental animals, showed a statistically significant difference
in weight gain at different time points [F (2.35, 152.86) = 567.45, p<0.0001, n2 = 0.897]. There
was a statistically significant modest association between the type and dosage of sweetener and
the weight gain [F (12, 65) = 2.39, p<0.013, n? = 0.306]. The combined effect of the duration of
treatment and treatment type on weight gain was statistically significant [F (28.22, 52.86) = 2.85,
p<0.0001, n? = 0.897)]. The duration of treatment accounted for 56.3% of the total variation in
weight gain regardless of the treatment being offered after adjusting and matching whereas the

treatment type accounted for 10.4% of the variation in weight gain regardless of the time.

4.2.2 Effect of Sweeteners on Percent Weight Gain
The trend in percent weight gain after 17 weeks of treatment among the experimental groups is

presented in Figure 4.2. The least percent weight gain was observed in the control group (32.2 +
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11.3%) and highest in the experimental group administered with high dose stevia (72.7 £ 10.5%).
A dose-dependent increase in the percent weight change was observed in white sugar whereas a

dose-dependent decrease was observed with honey administration.

A one-way ANOVA showed a significant association between the type and dosage of sweetener
administered and the percent weight gain in the rats [(F(12, 65) = 3.953, p<0.001, n2=0.42)],
indicating that the sweeteners had an impact on weight gain. Forty-two percent (42%) of the
variance in percent weight gain was accounted for by the type and dosage of sweetener
administered. A post hoc test revealed statistically significant differences in per cent weight gain

between several groups.

Among the experimental groups administered with low dosages, honey had a significantly higher
percent weight gain than the control group (p=0.002). In comparing the experimental groups
administered with medium doses of the various sweeteners, significant differences were observed
in their percent weight gain [F (2, 12) = 7.31, p=0.007]. The experimental group administered with
medium-dose white sugar had a significantly higher percent weight gain than the groups
administered with medium-dose brown sugar (p=0.029) and medium-dose stevia (p=0.039). In
comparing the experimental groups administered with high doses, there was a statistically
significant differences in their percent weight gain [F (2, 10) = 6.44, p=0.016)]. The experimental
group administered with a high dose of stevia had a significantly higher percent weight gain than

the control group (p=0.029) and the group administered with high dose of honey (p=0.039). Also,
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Figure 4.2: Effect of sweeteners on percentage weight change after 17 weeks of treatment. C=Control, WSL=white
sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium,
BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high, SL=stevia low, SM=stevia medium,
SH=stevia high.

the group administered with high-dose white sugar also had a significantly higher weight gain than

the control group (p=0.014).

Within the individual sweetener groups, there was no significant differences in the percent weight
gain with different doses of brown sugar and white sugar. However, among the honey administered
groups, rats administered with low-dose honey had a significantly higher percent weight gain
compared with the control group (p<0.001), medium-dose honey (p=0.015), and high-dose honey
(p<0.001). Among the experimental groups administered with stevia, rats administered with high-
dose stevia had a significantly greater percent weight gain than the control group (p=0.005),

medium-dose stevia (p=0.034) and low-dose stevia (p=0.015).
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4.2.3 Relative Organ Weight of Rats After 17 Weeks of Treatment

Table 4.1 shows the relative organ weight of the experimental animals. The experimental group
administered with low-dose honey had the highest relative heart weight (0.40 + 0.07 g) whereas
the control group had the least relative heart weight (0.28 + 0.06 g). The relative liver weight was
similar in all the experimental groups. Most of the study group animals had similar relative kidney
weights. A similar observation was made with the relative brain weight. Among the experimental
groups administered with white sugar, brown sugar and stevia, there was an observed dose-
dependent decrease in the relative brain weight. However, there were no significant differences in

the relative heart, kidney, liver, and brain weights within the different treatment group.

4.2.4 Total Energy Intake and Food Efficiency

The total energy intake among the experimental animals over 17 weeks is shown in Figure 4.3.
The total energy intake was highest in rats administered with high-dose white sugar (461.9 kcal)
and least in rats administered with medium-dose honey (362.2 kcal). There was a dose-dependent
increase in the total energy intake of groups that were administered with white sugar, brown sugar,

and stevia. However, this effect was not observed in the groups administered with honey.

A similar trend was observed in the Food Efficiency Ratio (FER) (Figure 4.4). The FER was
highest in the rats that were administered with high dose white sugar (69.9 %) and lowest in the
control group (43.4%). There was a dose-dependent increase in the FER with groups of white
sugar, and stevia. Among the honey-administered groups, there was a dose-dependent decrease in

FER. There was no observed trend with FER among brown — sugar administered groups.
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Table 4.1: Relative organ weight (g) of rats after 17 weeks of treatment

Groups Heart Liver Kidney Brain
C 0.28 £ 0.06 0.03+£0.00 0.33+£0.01 0.71£0.03
WSL 0.34 £0.02 0.03+£0.00 0.30 £0.01 0.70 £0.03
WSM 0.35+0.01 0.03£0.00 0.36 £ 0.02 0.68 £ 0.02
WSH 0.34 £ 0.02 0.03+£0.00 0.35+0.02 0.60 £ 0.05
BSL 0.36 £ 0.01 0.03£0.00 0.35+0.01 0.69 £ 0.03
BSM 0.37+0.01 0.03+0.00 0.36 £0.02 0.63+0.07
BSH 0.34 £0.02 0.03+0.00 0.32+0.01 0.60 +0.03
HL 0.40 £0.07 0.03+0.00 0.31+0.01 0.68 £ 0.03
HM 0.32£0.01 0.03+0.00 0.33+0.01 0.67 £0.03
HH 0.37 £0.02 0.03+0.00 0.31+0.01 0.75+0.03
SL 0.37 £0.02 0.03+0.00 0.33£0.02 0.75+0.04
SM 0.32+£0.01 0.03+0.00 0.32£0.01 0.66 £ 0.02
SH 0.36 + 0.01 0.03+0.00 0.33£0.01 0.66 £ 0.04
p-value* 0.423 0.055 0.117 0.113

Results are presented as means + SEM, n=6, One-way ANOVA, C=Control, WSL=white sugar low, WSM=white
sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium, BSH=brown sugar high,

HL=honey low, HM=honey medium, HH=honey high, SL=stevia low, SM=stevia medium, SH=stevia high
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Figure 4.3: Energy intake after 17 weeks of treatment. C=Control, WSL=white sugar low, WSM=white sugar
medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium, BSH=brown sugar high,
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Figure 4.4: Food Efficiency Ratio After 17 Weeks of Treatment. C=Control, WSL=white sugar low, WSM=white
sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium, BSH=brown sugar high,
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HL=honey low, HM=honey medium, HH=honey high, SL=stevia low, SM=stevia medium, SH=stevia high.
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4.3 EFFECT OF SWEETENER INTAKE ON BLOOD GLUCOSE PARAMETERS

4.3.1 Effect of Sweeteners on Fasting Plasma Glucose

A two-way repeated measure ANOVA revealed that main effect of time on FPG was found to be
significant [F (5, 200) = 56.95, p<0.001, n?=0.594]. There were significant differences in the
fasting plasma glucose across the different time points. Fasting Plasma Glucose changed over time,
regardless of the treatment group. The main effect of the treatment type (type of sweetener and
dosage) on FPG was also highly significant [F (12, 39) = 7.62, p<0.001, n?=0.701]. Fasting plasma
glucose differed significantly between the different treatment groups irrespective of the duration

of treatment.

The combined effect of time and sweetener type and dosage on FPG was statistically significant
[F(5,200)=56.95, p<0.001, n?=0.467]. The effect of time on the fasting plasma glucose differs
depending on the type and dosage of sweetener being administered and vice-versa. The duration
of treatment accounted for 37% of the total variation in the FBG of the rats irrespective of the
treatment regimen and the type and dosage of sweetener accounted for 11% of the total variance

observed in the FBG of the rats irrespective of the duration of treatment.

At end line, the group administered with medium-dose white sugar had the highest FPG (5.5 + 0.2
mmol/l) whereas high-dose honey had the least FPG (4.4 £ 0.2 mmol/l) (Figure 4.5). Among the
experimental groups administered with low dosages of sweeteners, rats administered with low-
dose brown sugar had a significantly higher FPG than rats administered with low-dose of white
sugar (p=0.002) and honey (p=0.003) but not stevia. Among the experimental groups administered
with medium doses of sweeteners, rats administered with medium dose white sugar had a
significantly higher FPG than rats administered with medium dose honey (p = 0.013) and medium
dose stevia (p<0.001) but not rats administered with medium dose brown sugar. Comparing the
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Figure 4.5: Effect of sweeteners on fasting blood glucose after 17 weeks of treatment. C=Control, WSL=white sugar
low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium,
BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high, SL=stevia low, SM=stevia medium,
SH=stevia high. P value < 0.05 was considered significantly different.

experimental groups administered with high doses, rats administered with high dose of brown
sugar and high dose of white sugar had the highest FPG at the end of the study which was
significantly higher than rats administered with high-dose of honey (p=0.037, p=0.019,

respectively) but not rats administered with high dose of stevia.

4.3.2 Effect of Sweeteners on Fasting Insulin Level
The mean fasting insulin level (13.5 £ 2.4 pg/ml) was significantly highest in the control group
compared to the rest of the experimental groups (p<0.0001). Low-dose honey had the lowest

insulin concentration (0.9 £ 0.1 pg/ml) (Table 4.2). A one-way ANOVA showed a significant
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Table 4.2: A One-way Anova and Post Hoc on the Effect of Sweeteners on Fasting Insulin
Level

Insulin (pg/ml) Low Dose Medium Dose  High Dose p-value
Mean + SEM Mean + SEM  Mean + SEM

Control 135+24

White Sugar 24 +£1.1° 3.8+£1.3° 3.7+£1.0° 0.684

Brown Sugar 4.9+0.3% 1.2+£0.32 1.1+£0.22 <0.001*

Honey 09+£0.1° 2.1+£0.7¢ 1.3+0.3% 0.091

Stevia 21+£1.3° 1.3+0.3% 1.2+0.3° 0.622

p-value 0.016* 0.137 0.008*

Results are presented as means £ SEM, n=6, *values are statistically significant, @ significantly different from the
control, P value < 0.05 was considered significantly different.

difference between fasting insulin concentration and the different treatment groups [F (12, 53) =

11.44, p< 0.0001].

There was no significant difference in the fasting insulin concentrations within the groups that
were administered with white sugar, honey, and stevia. However, there was a significant difference
in the fasting insulin concentrations among the various groups administered with different doses
of brown sugar. Specifically, the group administered with low-dose brown sugar had a
significantly higher insulin concentration than the groups administered with medium-dose brown

sugar (p<0.0001) and high-dose brown sugar (p<0.0001).

In comparing the experimental groups administered with low doses of the sweeteners, there was a
significant difference in insulin concentration between the low-dose groups. Specifically, the rats

administered with low-dose brown sugar had a significantly higher insulin concentration than rats
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administered with low-dose honey (p = 0.009). Similarly, in comparing the experimental groups
administered with high dosages of sweeteners, a significant difference was observed in their
insulin concentration. Specifically, rats administered with high-dose white sugar had a
significantly higher insulin concentration than rats administered with high-dose of brown sugar (p

=0.013), high dose of honey (p = 0.021) and high dose of stevia (p = 0.015).

4.3.3 Effect of Sweeteners on HOMA-IR after 17 Weeks of Treatment
The control group had the highest HOMA-IR (0.33+£0.11) (Table 4.3). There was a significant
difference in the HOMA-IR between the various experimental groups [F (12, 53) = 4.92,

p<0.0001] with a post hoc analysis detecting differences in several groups.

The group administered with low-dose white sugar had a significantly lower HOMA-IR than the
groups administered with low-dose brown sugar (p=0.004), low dose honey (p=0.002) and low
dose stevia (p=0.028). Among the high dosages, white sugar had a significantly higher HOMA-IR
than the groups administered with high-dose brown sugar (p=0.002), high dose honey (p=0.023),
and high-dose stevia (p=0.018). Generally, HOMA-IR decreased in all the experimental groups

compared with the control group.
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Table 4.3: A One-way Anova and Post Hoc on the Effect of Sweeteners on HOMA-IR

Low Dose Medium Dose High Dose p-value
Meant+ SEM Meanx SEM Mean+ SEM

Control 0.33+0.11
White Sugar 0.02 + 0.00% 0.11 £ 0.04% 0.09 £ 0.02% 0.107
Brown Sugar 0.11 £ 0.02% 0.02 +0.01% 0.02 £ 0.00% 0.001*
Honey 0.04 £ 0.02% 0.04 £ 0.02% 0.04 £0.012 0.213
Stevia 0.04 £ 0.02% 0.04 £ 0.01% 0.03 £0.012 0.908
p-value 0.002* 0.097 0.003*

Results are presented as means (SEM), n=6, *values are statistically significant, 2 significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high.

4.3.4 Effect of Sweeteners on GLUT4

The control group had the highest GLUT4 concentration (4.38 £ 0.28 ng/ml) which was
significantly higher than all the treatment groups (Table 4.4). ANOVA showed a significant
difference in GLUT4 protein concentrations between the different treatment groups
[F(12,45)=13.09, p<0.0001], with a post hoc analysis detecting differences among several groups.
Groups with low doses of the sweeteners had higher GLUT4 concentrations than groups

administered with medium and high doses.

Low-dose stevia had a significantly lower GLUT4 concentration than the groups on low-dose

brown sugar (p=0.026) and low-dose honey (p=0.023). Medium-dose white sugar had a
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Table 4.4: A One-way Anova and Post Hoc on the Effect of Sweeteners on GLUT4
Concentration

GLUT 4 (ng/ml) Low Dose Medium Dose High Dose p-value
Meanz SEM Mean+ SEM Meant+ SEM

Control 4.38 £0.28

White Sugar 1.53+£0.37% 2.94 +0.52 2.02+0.27% 0.078

Brown Sugar 2.85 £ 0.45% 1.72 £0.30% 0.99 + 0.05% 0.004*

Honey 2.88 £0.39% 1.01£0.13% 1.31+£0.012 <0.001*

Stevia 1.11+£0.132 1.26 £0.16% 0.33 £0.08% 0.002*

p-value 0.008* <0.0001* <0.0001*

Results are presented as means + SEM, n=6, *values are statistically significant, @significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high. P value < 0.05 was considered significantly different.

significantly higher GLUT4 concentration than medium-dose honey and stevia (p=0.004, p=0.014
respectively). Within the high-dose group, the experimental group administered with high-dose
white sugar had a significantly higher GLUT4 concentration compared to groups on high-dose
brown sugar (p=0.001), honey (p=0.030), and stevia (p<0.0001). Similarly, high-dose stevia had
a significantly lower GLUT4 concentration than high-dose brown sugar (p=0.045) and high-dose

honey (p=0.005). Generally, stevia was observed to cause a reduction in GLUT4 concentration

4.3.5 Effect of Sweeteners on Hexokinase Il (HK2) Enzyme

Hexokinase 11 concentration was highest with the administration of low-dose stevia (200.5 + 19.4
pg/ml) and highest in the group administered with high-dose white sugar (70.7 £ 5.8 pg/ml) (Table
4.5). ANOVA showed a significant association between treatment groups and HK2 concentration

[F (12, 64) = 11.66, p=0.0001]. A post hoc analysis showed differences between several pairs. In
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comparing the treatment groups with the control, the group on high-dose white sugar had a
significantly lower HK2 concentration than the control (p=0.0004) whereas the group on low-dose

stevia had a significantly higher HK2 than the control (p<0.0001) (Table 4.5).

Low-dose stevia group had a significantly higher HK2 concentration than low-dose white sugar
(p=0.002), low-dose brown sugar (p=0.007) and low-dose honey (p=0.001). Among the medium-
dosage administered groups, medium-dose brown sugar had a significantly higher HK2
concentration than medium-dose honey (p=0.008). High-dose white sugar had a significantly
lower HK2 than brown sugar (p=0.045), honey (p=0.019), and stevia (p<0.0001). High-dose stevia
had a significantly higher HK2 concentration than high-dose white sugar and honey (p=0.011,
p=0.027 respectively) (Table 4.5). Generally, a decrease in HK2 was observed with the

administration of high doses of sweeteners.
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Table 4.5: A One-way Anova and Post Hoc on the Effect of Sweeteners on HK2
Concentration

HEXOKINASE Low Dose Medium Dose High Dose p-value
(pg/ml) Meant SEM Meant SEM  Meanz SEM

Control 128.7 £ 8.9

White Sugar 129.7+11.4 122.4 +6.42 70.7+5.8 0.0002*

Brown Sugar 137.6 £ 6.0 148.0+4.2 98.1+3.1 <0.0001*

Honey 119.3+5.2 112.7+5.1 101.9+6.7 0.130

Stevia 200.5 + 19.42 129.1+10.2 131.7+9.8 0.003*

p-value 0.019* 0.012* <0.0001*

Results are presented as means£SEM, n=6, *values are statistically significant, 2significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high. P value < 0.05 was considered significantly different.

4.4 LIPID PROFILE

Section 4.4 provides a summary of the results on the effect of the sweeteners on the lipid profile
(total cholesterol, triglycerides, HDL, LDL, and VLDL) and the lipid ratios (Castelli Risk Index |

and I1, Atherogenic Plasma Index).

4.4.1 The Effect of Sweeteners on Total Cholesterol (TC)
The control group had the highest total cholesterol concentration (2.38+£0.08 mmol/l) which was
not significantly different form the lowest level observed in the medium dose honey group

(1.93£0.13 mmol/l) (p=0.177) (Figure 4.6).
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Figure 4.6: Total cholesterol after 17 weeks of treatment. The control group had the highest total cholesterol with the
least in medium dose honey. There was no defined trend in the fasting blood glucose at end line in the various groups
with exception of stevia. There was a dose dependent increase in total cholesterol with stevia administration.
C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar low,
BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high.

4.4.2 The Effect of Sweeteners on Triglyceride Concentration (TG)

Triglyceride level was lowest in the brown sugar low-dose (0.67+0.08 mmol/l) and highest in rats
administered with high dose stevia (2.66+0.37 mmol/l) (Table 4.6). The groups administered with
stevia had TG levels increasing in a dose-dependent manner. An ANOVA test showed a
statistically significant difference in the mean TG concentration among the various treatment
groups [F (12.0, 65.0) = 2.9, p=0.003]. A post hoc analysis revealed significant differences among

various groups.
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Table 4.6: A One-way Anova and Post Hoc on the Effect of Sweeteners on Triglyceride
Concentration

TRIGLYCERIDE  Low Dose Medium Dose  High Dose  p-value

(mmol/l Meant SEM  Mean+ SEM  Mean+ SEM
Control 0.77 £0.04
White Sugar 1.20£0.172 1.16 £0.172 1.09+0.17 0.877
Brown Sugar 0.67 +0.08 1.48 £ 0.31 1.13+0.24 0.074
Honey 0.94 +0.27 2.12 +0.16% 1.56 £ 0.25 0.009*
Stevia 1.99+£0.07%  2.44 +0.09° 2.66 +0.37*  0.127
p-value 0.0001* 0.0008* 0.0014*

Results are presented as meanstSEM, n=6, *values are statistically significant, 2significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high. P value < 0.05 was considered significantly different.

When compared with the control group medium dose honey (p=0.021) and all doses of stevia
(p<0.0001, p<0.0001, p=0.023, from low to high respectively). Within the high dose group, stevia
had a significantly higher TG concentration than white sugar, brown sugar, and honey (p=0.002,

p=0.003, p=0.038). Generally, TG was highest within the stevia group.

4.4.3 The effect of Sweeteners on High-Density Lipoprotein Cholesterol (HDL-C)
The group administered with low-dose honey had the highest HDL concentration (1.72 + 0.19
mmol/l) (Table 4.7). An ANOVA test showed a statistically significant association between high-

density lipoprotein and the various treatment groups [F (12, 65) = 2.003, p=0.0380].
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Table 4.7: A One-way Anova and Post Hoc on the Effect of Sweeteners on HDL-C
Concentration

HDL-C Low Dose Medium Dose  High Dose p-value
(mmol/l) Meant SEM  Meant SEM Meant SEM
Control 1.29+£0.17

White Sugar 1.33+0.11 1.34+0.12 1.02 +0.16 0.332

Brown Sugar 1.45+0.12 1.54 +0.08 1.42 +0.07 0.648

Honey 1.72+0.19 1.42 +0.05 1.43+0.08 0.169
Stevia 1.43+0.11 1.54 +0.09 1.56 + 0.09 0.594
p-value 0.228 0.351 0.008

Results are presented as means=SEM, n=6, *values are statistically significant, C=Control, WSL=white sugar low,
WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar low, BSM=brown sugar medium,
BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high, SL=stevia low, SM=stevia medium,
SH=stevia high. P value < 0.05 was considered significantly different.

In pulling all the low doses and medium doses together, there was no significant difference in the
mean of their HDL (p=0.228, p=0.351 respectively), however, there was a significant difference
in the mean HDL concentration when all the high dosages were pulled together (p=0.008) with
white sugar having a significantly lower mean HDL than honey (p=0.045) and stevia (p=0.007).
In summary, the greatest reduction in HDL was seen in the administration of high-dose of white

sugar.

4.4.4 The Effect of Sweeteners on Low-Density Lipoprotein Cholesterol (LDL-C)
The experimental group administered with medium-dose white sugar had the highest LDL (0.55
0.07 mmol/l) (Table 4.8). A statistically significant association was found between the treatment

groups and LDL concentration at the end of the study [F (12, 65) = 3.252, p=0.001].
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When compared with the control group, LDL was significantly higher in the control group than
the high-dose brown sugar (p=0.012), medium and high dose honey (p=0.012, p=0.022
respectively) and low and high dose stevia (p=0.008, p=0.018 respectively). In pulling all the low
doses and high doses together, there was no significant difference in LDL concentration. In the
medium dosage groups, white sugar had a significantly higher LDL concentration than honey

(0.019).

4.4.5 The Effect of Sweeteners on Very Low-Density Lipoprotein (VLDL)

The highest concentrations of VLDL were in the group administered with high-dose brown sugar
(0.68+0.24 mmol/l) (Table 4.9). An ANOVA test revealed a significant association between the
type of sweetener and dosage received and VLDL concentration [F (12, 65) = 2.43, p=0.011]. A
post hoc analysis showed that the control group had a significantly lower VLDL concentration

than the group on high-dose brown sugar (p=0.014).

There was no significant difference in VLDL concentration comparing different dosages of white
sugar, brown sugar, and stevia. However, there were significant differences in VLDL
concentration among the groups administered with different dosages of honey (p=0.005). The
group on medium-dose honey had a significantly higher VLDL concentration than the group on

low-dose honey (p=0.004).
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Table 4.8: A One-way Anova and Post Hoc on the Effect of Sweeteners on LDL-c
Concentration

HDL-C (mmol/l) Low Dose Medium Dose  High Dose p-value
Meanx+ SEM Meant SEM  Meant SEM

Control 0.52 £ 0.051

White Sugar 0.48 +0.05 0.55+0.07 0.44 +0.04 0.374
Brown Sugar 0.41+0.04 0.49 +0.02 0.36 + 0.03* 0.043
Honey 0.44+0.01 0.36 + 0.03* 0.37 £0.03% 0.084
Stevia 0.35 +0.04% 0.39+0.03 0.36 + 0.03* 0.567
p-value 0.139 0.017 0.299

Results are presented as means + SEM, n=6, *values are statistically significant, 2 significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high. P value < 0.05 was considered significantly different.
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Table 4.9: A One-way Anova and Post Hoc on the Effect of Sweeteners on VLDL-c
Concentration

VLDL-C Low Dose Medium Dose  High Dose p-value
(mmol/l) Meant SEM  Meant SEM  Meanz SEM
Control 0.18 +0.02

White Sugar 0.25+0.03 0.23 +0.03 0.23+0.03 0.922

Brown Sugar 0.18 £0.02 0.52 +0.26 0.68 + 0.24° 0.247

Honey 0.18 +0.05 0.45+0.03 0.32+0.05 0.005
Stevia 0.38 +0.02 0.48 +0.02 0.53 +0.07 0.056
p-value 0.001 0.443 0.016

Results are presented as means (SEM), n=6, *values are statistically significant, 2 significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high.

In comparing the groups administered with low dosages of sweeteners, there was a significant
difference in VLDL concentration (p=0.0011). The group administered with low-dose stevia had
a significantly higher VLDL concentration than the experimental group on low-dose brown sugar
(p<0.001) and low-dose honey (p=0.003). Overall, in comparing the treatment groups on high
doses of the sweeteners, the group on high-dose stevia had a significantly higher VLDL
concentration than high-dose white sugar (p=0.025). There was no significant difference in VLDL
concentration among the groups on medium doses of the various sweeteners. Generally, VLDL-c

was low with the intake of white sugar compared with the other sweeteners.
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4.4.6 Castelli Risk Index I (CRI-I)

The group administered with high-dose white sugar had the highest CRI-1 score (2.30 + 0.3) (Table
4.10). A significant association was found between the experimental groups (F (12, 65) = 4.5,
p<0.0001), specifically within the high dose group, white sugar had a higher CRI-I than brown
sugar, honey, and stevia (p=0.011, p=0.012, p=0.011) (Table 4.10). Thus, administration of high-

dose white sugar was observed to increase Castelli Risk Index I.

4.4.7 Castelli Risk Index 11

Castelli Risk Index Il was highest with high dose of white sugar (0.49 £ 0.09) (Table 4.11) and
lowest in high dose stevia (0.23 £ 0.01). CRI-II increased in a dose-dependent manner for white
sugar. There was a significant association between CRI-II and the type and dosage of sweetener
[F (12, 65) = 5.82, p<0.0001]. A post hoc analysis showed significant differences in CRI-II
between different treatment groups. The control group had a significantly higher CRI-1I than the
treatment groups on high-dose brown sugar (p=0.012), all doses of honey (p=0.022, p=0.012,
p=0.018, from low to high respectively) and all doses of stevia (p=0.006, p=0.022, p=0.004, from

low to high respectively).
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Table 4.10: A One-way Anova and Post Hoc on the Effect of Sweeteners on CRI-I

CRI-I Low Dose Medium Dose  High Dose p-value
Mean+ SEM Mean+ SEM Mean+ SEM

Control 1.86 +0.12

White Sugar 1.74 £0.19 1.79+£0.11 2.30 £ 0.36 0.229

Brown Sugar 1.51+0.06 1.55+0.05 1.39£0.09 0.219

Honey 1.36 £0.09 1.37+£0.08 1.44 £0.03 0.724

Stevia 1.43+£0.02 1.40 £0.03 1.39£0.02 0.478

p-value 0.113 0.0009* 0.005*

Results are presented as means (SEM), n=6, *values are statistically significant, 2 significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high
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Table 4.11: A One-way Anova and Post Hoc on the Effect of Sweeteners on CRI-I11

CRI-I1I Low Dose Medium Dose High Dose p-value
Mean+ SEM Meant SEM Mean+ SEM

Control 0.42 £ 0.02

White Sugar 0.37+0.05 0.40 £ 0.02 0.49 +£0.09 0.369

Brown Sugar 0.29 +0.03 0.32+0.02 0.25 +£0.022 0.178

Honey 0.26 + 0.02% 0.25+0.03% 0.26 £ 0.022 0.941

Stevia 0.24 +0.017 0.26 + 0.02* 0.23 +£0.012 0.371

p-value 0.052 0.0001* 0.0024*

Results are presented as means (SEM), n=6, *values are statistically significant at p<0.05, ?significantly different
from the control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high,
BSL=brown sugar low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium,
HH=honey high, SL=stevia low, SM=stevia medium, SH=stevia high

There was no significant difference in CRI-11 in comparing the treatment groups on low doses of
the sweeteners. However, among the medium doses, treatment groups on white sugar had a
significantly higher CRI-1I than brown sugar (p=0.049), honey (p=0.002) and stevia (p=0.004). A
similar observation was made with the treatment groups on high doses, with the group on white
sugar having a significantly higher CRI-II than the treatment groups on brown sugar (p=0.009),
honey (p=0.041) and stevia (p=0.004). The greatest effect on CRI-1I was observed with white

sugar administration.
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4.4.8 Atherogenic Index of Plasma

The highest Atherogenic Index of Plasma (AIP) was observed in the group on high-dose stevia
(0.21+0.07) (Table 4.12). A one-way ANOVA showed a significant association between treatment
groups and AIP [F (12, 65) =5.56, p<0.0001]. A post hoc analysis detected differences in several

groups.

The control group had a significantly lower AIP than all the treatment groups on doses of stevia
(p=0.035, p=0.009, p=0.008, from low to high respectively) and medium-dose honey (p=0.022).
Low-dose stevia was significantly higher than low-dose brown sugar (p=0.001), low-dose honey
(p=0.001). AIP increase in the stevia group was in a dose-dependent manner. Generally, stevia
was observed to cause an increase in AlP.

Table 4.12: A One-way Anova and Post Hoc on the Effect of Sweeteners on AIP

AIP Low Dose Medium Dose High Dose p-value
Meant SEM Meant SEM Meant SEM

Control 0.18 £+ 0.04

White Sugar 0.39 £ 0.07 0.33+0.05 0.38 £ 0.08 0.349

Brown Sugar 0.20 £ 0.08 0.52+£0.18 0.46 £0.11 0.127

Honey 0.25+0.12 0.78 £ 0.052 0.61 +0.06 0.002*

Stevia 0.77 £ 0.052 0.79 £ 0.048 0.85 + 0.062 0.6105

p-value 0.0003* 0.196 0.018*

Results are presented as means (SEM), n=6, *values are statistically significant, 2 significantly different from the
control, C=Control, WSL=white sugar low, WSM=white sugar medium, WSH=white sugar high, BSL=brown sugar
low, BSM=brown sugar medium, BSH=brown sugar high, HL=honey low, HM=honey medium, HH=honey high,
SL=stevia low, SM=stevia medium, SH=stevia high
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45 LINEAR REGRESSION OF AIP AS A FUNCTION OF END LINE FASTING
PLASMA GLUCOSE, GLUT4, FASTING INSULIN AND HEXOKINASE 2

A multiple regression analysis was performed to predict AIP on the basis of fasting plasma glucose,
GLUT4 concentration, fasting insulin, and Hexokinase 2 concentration. The results from the
ANOVA table show that the regression model was significant (p = 0.040) (Table 4.13). The model
can explain approximately 18% of the variation in AIP (R?=0.18). The GLUT4 concentration was
a significant predictor of AIP (p= 0.006), and a unit increase in GLUT4 concentration will lead to
a 0.10 reduction in AIP. Other variables such as endpoint FPG, Fasting Insulin, and HK 2 were

not related to AIP significantly.

Table 4.13: Multiple regression analysis of AIP as a function of FPG, GLUT4, Fasting Insulin
and HK 2

Variables B T Sig 95% CI for B

Lower Bound Upper Bound
End line FPG 0.027 1.069 0.290 -0.023 0.077
GLUT4 -0.101 -2.878 0.006 -0.171 -0.030
Fasting Insulin -0.009 0.899 0.373 -0.011 0.030
HK 2 0.001 0.620 0.538 -0.002 0.003
Constant -0.022 -0.148 0.883 -0.321 0.277
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4.6 EFFECT OF THE SWEETENERS ON THE HISTOLOGY OF THE BODY ORGANS

The effect of chronic intake of sweeteners on the histology of the brain, pancreas, and muscles is

described in this section.

4.6.1 Effect of Sweeteners on the Histology of the Pancreas

The histopathology of the control rat pancreas showed normal islets of Langerhans with pale
rounded and ovoid B-cells (Figure 4.7). Pancreas from rats administered with low and medium
doses of white sugar did not show any change in appearance microscopically. However, a
representative section of the pancreas from a rat receiving a high dose of white sugar showed
overstretched pancreatic ducts (Figure 4.8a) and perivascular infiltration of leucocytes (Figure

4.8b).

Similarly, pancreas from rats administered with a low-dose and medium-dose of brown sugar
showed no histological changes. On the other hand, the pancreas from a rat administered with
high-dose of brown sugar showed haemorrhages in the interlobular spaces (Figure 4.9a) and

perivascular oedema (Figure 4.9b).
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Figure 4.7: Pancreas of control rat with normal islets
of Langerhans, with pale rounded and ovoid f cells.

Figure 4.8a: Pancreas of high-dose white sugar,
showing over stretched pancreatic ducts (arrow).

Figure 4.8b: Pancreas of rat with high dose white
sugar, showing Leucocytes infiltration (arrow).

Figure 4.9a: Pancreas of high dose brown sugar,
showing haemorrahage in interlobular spaces
(arrows)
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Also, rats administered with low dose honey showed normal pancreatic structure with no change
histopathologically. Although the pancreas from medium-dose honey showed no appreciable
change under the microscope, the pancreatic ducts appeared overstretched (Figure 4.10). Rats
receiving high dose honey also showed no appreciable changes histologically. Among the stevia

administered groups, only pancreas from the medium-dose stevia showed histological changes.

Medium-dose stevia showed slight congestion in interlobular spaces (Figure 4.11).

Figure 4.9b: Pancreas of high dose brown sugar, | Figure 4.10: Pancreas of medium dose honey,
showing perivascular oedema (arrow). arrowing showing overstretched pancreatic
ducts (arrow).

Figure 4.11: Pancreas of medium dose stevia
showing slight congestion in interlobular space
(arrow).
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4.6.2 Effect of Sweeteners on the Histology of the Skeletal Muscle

A longitudinal section through the skeletal muscle of the control rat showed adequately preserved
myofibers with clear striation and peripheral myonuclei (Figure 4.12). Sections of the skeletal
muscle of rats administered with white sugar, brown sugar and honey showed no pathological
changes microscopically. Effect of the sweeteners on the skeletal muscle was observed with stevia

administration.

Sections through the skeletal muscle of rats administered with low-dose rat showed altered muscle
fibres which appeared enlarged at various extents, distinctly eosinophilic with absent nuclei
(Figure 4.13a). The low dose stevia also showed degenerative necrobiotic changes from the
Zenker’s necrosis type with enhanced acidophilia (Figure 4.13b). The medium dose stevia also
showed degenerative changes in the longitudinal muscle fibres (Figure 4.14a). Longitudinal
sections of the skeletal muscle of rats administered with high dose stevia showed areas of
inflammation infiltrating the fibres of muscles (Figure 4.14b). The affected zone showed an
increase in the number of inflammatory cells invading the intercellular spaces. Occasionally, small

areas of necrosis and lyses were seen among normal looking fibres.
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Figure 4.12: Skeletal muscle of control
adequately preserved myofibers, clear striation

rat,

Figure 4.13a: Skeletal muscle of low-dose
stevia showing altered muscle fibers enlarged at
various extents (arrow).

Figure 4.13b: Skeletal muscle of low-dose
stevia, degenerative necrobiotic changes

Figure 4.14a: Skeletal muscle of medium-dose

stev

ia, degenerative changes

Figure 4.14b: Skeletal muscle of high-dose
stevia showing areas of inflammation
infiltrating muscle fibers with small areas of
necrosis and lysis (arrow).
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4.6.3 Effects of Sweeteners on the Histology of the Brain

The main effect of the sweeteners on the brain was on the hippocampus. The control rat had normal
hippocampal formation. The hippocampus of rats administered with low, medium, and high doses
of white sugar showed a normal appearance (Figure 4.15a). However, there was widespread
infiltration of glial cells in the cerebral cortex of the brain in the medium-dose white sugar rat
(Figure 4.15b) and a few infiltrations of reactive cells in the CA3 area of the hippocampus in the

high-dose rat (Figure 4.15c).

Brain from a rat administered with low-dose brown sugar had a normal appearance of the
hippocampus. However, medium-dose brown sugar showed marked congestion in the cerebral
region (Figure 4.16a). A representative section of the brain from rats that were administered with
a high dose of brown sugar showed vacuolation into the deep parenchymal tissues of the cerebrum
(Figure 4.16b). There was also widespread death of neuronal cells (Figure 4.16b). Brain from high
doses of brown sugar also showed marked variation in the thickness of the hippocampus area and

infiltrations of mononuclear cells along with haemorrhage in the epidural space (Figure 4.16c¢).

Among the stevia-administered group, a representative section of the brain from rats administered
with medium-dose stevia showed vascular dilatation and congestion on the pia matter with
infiltrations of reactive cells (Figure 4.17a). There was also sub-arachnoid haemorrahage with
vacuolations found on the peripheral brain parenchyma (Figure 4.17a). A representative section of
the brain of rats administered with high-dose stevia showed cerebral oedema in the hippocampus

indicated by an increase in perivascular spaces (Figure 4.17b).
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Figure 4.15a: Hippocampus of low-dose white | Figure 4.15b: Cerebral cortex of medium-dose
sugar, normal hippocampal formation white sugar, infiltration of glial cells in the
cerebral cortex

Figure 4.15c: Hippocampus of high dose white | Figure 4.16a: Cerebral cortex of medium dose
sugar, infiltration of reactive cells in the CA3 | brown sugar, arrow showing marked congestion in
area of the hippocampus. the cerebral region.
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Figure 4.16b: Cerebrum of high dose brown
sugar, arrow showing widespread death of
neuronal cells.

Figure 4.16¢: hippocampus of high dose brown
sugar, marked variation in the thickness of
hippocampal area, infiltration of mononuclear
cells, haemorrahage in epidural space.

Figure 4.17a: Brain of high-dose stevia, arrow
showing vascular dilatation, infiltration of reactive
cells, congestion of the pia matter, subarachnoid
haemorrahage on peripheral brain parenchyma

Figure 4.17b: Hippocampus of high dose stevia,
arrow showing oedema in the hippocampus
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CHAPTER 5

5.0 DISCUSSIONS

5.1 SWEETENERS AND HEALTH

The increase in the production and intake of caloric sweeteners has been seen paralleling the rise
in metabolic syndrome. Due to health-related effects attributed to the intake of caloric sweeteners,
there is an increase in the production and intake of LNCS (Stanhope, 2016a). However, there is
mounting evidence that indicates that LNCS may also contribute to the development of metabolic
syndrome or its individual components (obesity, insulin resistance or type 2 diabetes, high TG,
low HDL, high blood pressure) although they do not contribute to caloric intake (Singh et al.,
2023). Low or No Calorie Sweeteners have been shown to modulate intestinal bacteria and also
reduce postprandial leptin release increasing food intake which could contribute to weight gain
(Khan et al., 2020). Caloric sweeteners provide excess calories contributing to weight gain or
excess fat deposition, a risk factor for insulin resistance. Insulin resistance as a criterion in the
diagnosis of metabolic syndrome is also a risk factor for the other components of metabolic
syndrome: type 2 diabetes, dyslipidemia, and hypertension. Preventing and controlling NCDs,
such as metabolic syndrome is imperative in achieving the sustainable development goal.
Cardiovascular diseases and diabetes are included in the four main causes of mortality worldwide
with diabetes-related mortality increasing by 3% between 2000 and 2019 despite the decline in

cardiovascular disease mortality (WHO, 2023b).

To promote healthy eating, WHO recommended that daily intake of added sugars should be less
than 10% of daily energy intake or decreasing it further to 5% of the total energy intake for the

day (World Health Organisation, 2018). This recommendation assumes that all sweeteners have
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the same effect on the body without considering the carbohydrate composition of each sweetener
and the varying effect they may have on health. Experimental studies have explored the
relationship between the intake of sweeteners (both caloric and non-caloric) on the various indices
of metabolic syndrome including insulin resistance without examining possible mechanisms
involved (Abo Elnaga et al., 2016; Barrios-Correa et al., 2018; Bigos et al., 2012; Figlewicz et al.,
2009; Farid et al., 2020; Khamis, Tayel, & Aborhyem, 2020; Nwachuku et al., 2017; Rosales-
gomez et al., 2018; Samat, Kanyan Enchang, Nor Hussein, & Wan Ismail, 2017). This study sought
to explore the relationship between different types and doses of sweeteners on metabolic health

and also the underlying mechanism.

5.2 EFFECT OF SWEETENER INTAKE ON ENERGY INTAKE

The highest energy intake from rat chow was observed in rats being administered with high-dose
of white sugar (461.9 Kcal) followed by high dose of stevia (421.1 kcal). Food behaviours which
includes meal preferences, timing and quantity of consumption have been shown to be regulated
by appetite regulating centers in the hypothalamus (Hyun Choi et al., 2022). Added sugars,
particularly fructose down regulates satiety centers in the hypothalamus which stimulates hunger
causing increased food intake (Hyun Choi et al., 2022; May, Rosander, Gottfried, Dennis, & Dus,
2020; Penaforte, Japur, Pigatto, Chiarello, & Diez-Garcia, 2013). The presence of fructose from
the white sugar could account for the increased food consumption observed in this study by causing
an increase in serum ghrelin which stimulates hunger and whilst suppressing satiety centers of the

brain (Lowette et al., 2015).

In a study among sixteen healthy women, a high intake of sugar during breakfast was observed to
be followed by increased pre-prandial hunger causing an increase in food intake during lunch time

(Penaforte et al., 2013). Monteiro-Alfredo et al. (2021a) in their study provided administered
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sugary solution ad libitum for 4 weeks to Goto-kakizaki rats. This impaired their energy balance
and caused an increased food intake and weight gain compared to rats consuming fruit juices ad
libitum. Fruit juices, contain natural sugars in addition to other nutrients such as fibre which delays
gastric emptying hence regulating the absorption of the sugars into the blood stream and its side
effects (Monteiro-Alfredo et al., 2021b). These support the theory that consumption of refined or
added sugars such as white sugar influences satiety and consequently increases food intake as

observed in this study.

There remains conflicting evidence on the intake of LNCS on food intake and energy
compensation. Research evidence suggests that LNCS may increase appetite with a corresponding
energy intake and increase in weight gain (Mattes & Popkin, 2009). It has been shown that the
consumption of sweeteners activates sweet taste receptors on the tongue, triggering the cephalic
phase of digestion with the body expecting the provision of calories from the sugars. The cephalic
phase triggers a series of events which culminate in initiating satiety. However, in the case of
LNCS, since they do not provide calories, their consumption impairs the cephalic phase. Hence an

increase in food intake, and subsequent weight gain is inevitable (Shum & Georgia, 2021b).

In a short-term study, rats administered with saccharin solution were observed to eat more chow
in comparison with those administered with only water (Tordoff, 1988). In another study by
Swithers & Davidson (2008), the authors tested this hypothesis in male Sprague Dawley rats. They
observed that rats administered with saccharin sweetened yoghurt had a higher energy intake
compared with rats given glucose sweetened yoghurt. However, the evidence remains inconclusive
regarding the role of LNCS on caloric intake (Shum & Georgia, 2021b). Farhat, Berset, & Moore,
(2019) in their study examined the effect of stevia extract, one of the least experimented sweeteners

on appetite and food consumption among individuals who are healthy. Stevia was reported to lower
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appetite sensation and food intake. Similarly, in a double-blind randomized control trial among
healthy individuals, consumption of a beverage containing stevia before lunch decreased appetite
and subsequently energy intake during lunch (Stamataki et al., 2020). However, these trials were
short term, hence may not be a true reflection of energy compensation in the long term (Mattes &

Popkin, 2009).

5.3 EFFECT OF SWEETENER INTAKE ON PERCENT WEIGHT GAIN AND FOOD
EFFICIENCY RATIO

In this present study, the greatest effect of the sweeteners on percent weight gain was observed
with high-dose stevia administration, followed by low-dose honey and high-dose white sugar
administration. The least weight gain was observed in the control group. Epidemiological and
experimental studies have suggested that although sweeteners cause weight or obesity, the dose
consumed is what makes them more harmful (Atangwho et al., 2020a; Gillespie, Kemps, White,

& Bartlett, 2023a; Stanhope, 2016a).

In this present study, there was a dose dependent increase in weight gain with the intake of white
sugar. Diets high in refined sugars have been shown to increase fat deposition, causing obesity
(Langin & Viguerie, 2020). Shamsi-Goushki et al. (2021c) in an experimental study reported that
15% of white sugar administered to male Wistar rats for 42 days caused a significant increase in
body weight. Similar findings were reported among mice administered with 30% sucrose solution
after 12 weeks of administration (Burke et al., 2018). These findings agree with observations made

in this current study.

In children and adolescents, added sugars contributed by sugary beverages has been reported to

cause weight gain and obesity (Yu et al., 2022). Sugar sweetened beverages have free sugars added
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to them during the processing stage. Free sugars are either in the form of fructose corn syrup,
sucrose or fruit juice concentrates (Sousa et al., 2020). White sugar is basically made up of sucrose
which is further broken-down during digestion to glucose and fructose molecules. Glucose
stimulates insulin release which facilitates the conversion of excess glucose storage in the liver
and muscles as glycogen and stored as fat in the liver, muscles and adipose tissue. Fructose has
been linked to obesity indirectly by causing overeating by suppressing post prandial ghrelin
secretion and causing leptin resistance leading to increased caloric intake and contributing to
weight gain (Johnson et al., 2017; Shapiro et al., 2008). Not only does fructose suppress satiety,
but it also increases the palatability of food causing overeating and a consequent weight gain.
Fructose has also been reported to promote the storage of fat by increasing circulating triglycerides,
visceral fat stores, reducing fat oxidation and the production of energy from food stores (Shapiro

et al., 2008).

Atangwho et al. (2020a) investigated the effect of honey and granulated white sugar incorporated
diets at dosages of 8% and 16% on obesity and inflammatory markers after twenty-nine weeks of
administration. Both table sugar and honey administration were associated with significant
increase in weight gain compared to the control group. However, the effect on weight gain was
pronounce in the honey administered group than the table sugar group. The findings by (Atangwho
et al., 2020a) corroborates with the results observed in this study to an extent. In this current study,
interestingly, rats on low doses of honey had a higher percent weight gain than rats on all doses of
white sugar, and honey. The weight gain observed with intake of low-dose honey in this study
contradicts findings of previous studies which had suggested that Honey could potentially have a
smaller impact on weight gain in comparison with other sweeteners (Carmody et al., 2007; L.

Chepulis & Starkey, 2008b; Nemoseck et al., 2011). A systematic review on the role of honey in
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obesity management showed an anti-obesity effect with honey intake (Ugusman et al., 2022) with
most of the studies being animal studies which suggests that the results should be interpreted with
caution. However, in this current study, rats administered moderate and high dose honey were not
significantly different from the control group which had the least weight gain. This broadly
supports previous findings associating honey with less obesogenic effects. It should also be noted
that, for most of the clinical trials and animal studies involving honey, confounding factors such
as physical activity and overall dietary intake might not have been considered (Ugusman et al.,
2022). To gain a better understanding of the role of honey in weight management, a high-quality

randomized control trial in humans should be conducted.

To reduce the incidence of obesity associated with the intake of nutritive sweeteners, LNCS have
been introduced in the food and manufacturing industry. Recent studies have linked the
consumption of LNCS with an increase in weight (Shum & Georgia, 2021a; Walbolt & Koh,
2020b). Several mechanisms have been proposed linking LNCS to weight gain. It has been
suggested that LNCS activate the sweet taste receptors which induces a hyperinsulinemic state
causing excess fat deposition exacerbating the progression of insulin resistance. Also, because
LNCS are not digested, they end up in the colon where they act on colonic bacteria, thereby
inducing gut dysbiosis and generating metabolites responsible for insulin resistance and
consequently promoting weight gain. Another plausible explanation is the satiety lowering effect

of the LNCS, resulting in excess food intake contributing to weight gain (Shum & Georgia, 2021c).

In the current study, stevia had the higher percent weight gain which supports the findings in
previous studies. Current recommendations from the WHO emphasizes on a reduction in the intake
of LNCS or any other sugar substitutes. According to WHO, LNCS are not safe substitutes for

caloric or nutritive sweeteners for weight management in the long term (WHO, 2023a). Sweetened
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beverages or drinks remain a major source of LNCS with LNCS accounting for 4% to 18% of
carbonated beverage intake in children and adolescents in the US (Gurina & Simms, 2023;
Sylvetsky, Rother, & Brown, 2011). Although shacks have the ability to contribute to energy and
nutrient intake in children and adolescents, sweetened beverages or drinks are commonly
consumed among children and adolescents (Harris et al., 2023). Taking into consideration the
evidence against LNCS in weight management, it will be advisable for individuals to opt for
naturally occurring sugars such as fruits unsweetened beverages or cereals (WHO, 2023a). The
food efficiency ratio, is a feed utilization parameter which gives an estimation of the body weight
gain per gram of chow consumed (Ferreira et al., 2018). The pattern of weight gain seen in the

study animals corresponds with the FER.

5.4 EFFECT OF SWEETENERS ON FASTING PLASMA GLUCOSE

Previous studies have associated added sugars in sugar sweetened beverages with impaired glucose
tolerance (Drouin-Chartier et al., 2019; Malik & Hu, 2022b). It was hypothesized in this study
that, after 17 weeks of administration with sweeteners, the fasting plasma glucose in the treatment
group would increase in comparison with the control group. Despite the fact that the results of the
study showed significant differences in fasting plasma glucose concentrations at the endpoint,
values were not greater than the physiological range for fasting plasma glucose (3.6 mmol — 5.6
mmol) (Riley, 2023). An occasional transient increase in fasting plasma glucose over the 17-week
period was observed in the treatment group on medium dose white sugar recording the highest
fasting plasma glucose level at the end line. The current investigation also showed that, in
comparing the trend in fasting plasma glucose among the nutritive sweeteners, rats on white sugar
and brown sugar had slight increases in the fasting plasma glucose as opposed to the slight decrease

observed with the administration of honey.
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Current literature from both observational, interventional and systematic reviews studies does not
provide enough evidence to demonstrate a clear cause-and-effect correlation between the intake of
simple sugars or added sugars on glucose control (Veit et al., 2022b). The relationship could be
attributed to their caloric addition to meals, having a lesser effect on satiety resulting in increased
energy intake and increased adiposity which are risk factors for developing insulin resistance or
impaired glucose tolerance (Veit et al., 2022b). This could explain the findings observed in the
present study. This concords with the findings of Atangwho et al. (2020) who found occasional
transient differences in fasting blood glucose after 13 weeks of supplementation with diet
sweetened honey and table sugar. Similarly, sucrose at a dose of 5.2 mg/ml administered to male
and female mice caused a significant reduction in the glycated hemoglobin after 8 and 16 weeks
of administration (Farid et al., 2020). This also reflects findings from Monteiro-Alfredo et al.
(2021b) who compared the effect of four different natural fruit juices with a matched sugary
solution. After 4 weeks of administration the matched sugary solution increased glycemia whereas
the natural fruit juices had no effect on both glycemia and weight gain. CDI mice administered
sucrose had a slightly elevated glucose level in comparison with the control although not

statistically significant (Rosales-gémez et al., 2018).

Recent findings suggests that honey possesses hypoglycemic properties. A systematic review of
pre-clinical, clinical, human and animal model studies on the effect of honey on diabetes showed
that honey decreased the fasting plasma glucose (Meo et al., 2017). Erejuwa et al. (2016a)
examined the effect of honey on glycemia in diabetes induced rats. Honey was administered at
dosages of 1.0, 2.0 and 3.0 g/kg over a period of 3 weeks. Low dose (1 g/ kg) and medium dose (2
g/kg) had a reducing effect on fasting plasma glucose. In an earlier study by the same author, 4

weeks of administration of honey to streptozotocin diabetes induced rats resulted in a

116



hypoglycemic effect (Erejuwa et al., 2010). Similarly, in alloxan induced diabetic rats, 3-weeks of
administration with honey also resulted in a decrease in blood sugar (Fasanmade & Alabi, 2008).
Despite the observed decrease seen in the diabetic rats, the normal control rats did not experience

a decrease in glucose level.

Honey consists of glucose, fructose, maltose, sucrose and other oligosaccharides with a glycemic
index similar to that of glucose. It is therefore expected that honey should cause a rise in blood
sugar. However, the exact mechanism underpinning the hypoglycemic effect of honey is not well
understood. It has been proposed that it improves the function, growth and survival of the beta
cells, attenuates glucotoxicity and increases the anti-oxidant defenses (Erejuwa et al., 2012).
Erejuwa et al. (2011a), had earlier postulated that oligosaccharides found in honey could be
responsible for its hypoglycemic effect. Contrarily, Samat et al. (2014) observed a significant rise
in fasting plasma glucose in comparison with the control after an acute administration of
2000mg/kg body weight of honey in healthy male Sprague Dawley rats. Chepulis, (2007) reported
similar findings after 6 weeks of a honey-based diet on glycated hemoglobin. The majority of the
studies reporting a very significant decrease in glycemia with honey administration were
conducted with diabetic individuals or animal models with diabetes. In this pathological state,
honey was reported to improve beta cell recovery, function and or death (Erejuwa et al., 2010;
Sirisha et al., 2021). This can partially explain the findings in this study since healthy Sprague

Dawley rats were used as opposed to the diabetes induced rats used in previous experiments.

Interestingly, the stevia groups experienced a gradual increase in the fasting plasma glucose,
although the values were within the normal range. Stevia is one of the least studied LNCS, which
contains no carbohydrate. Carbohydrates are the major source of glucose for the body. Hence it is

expected that, since stevia does not contain carbohydrate, it should cause a reduction in glycemia
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instead of the gradual increase observed in this present study. For instance, in a cross over trial by
Farhat et al. (2019) involving 30 healthy individuals, stevia sweetener administered for 3 days did
not have any effect on post prandial glucose compared with sucrose. Similar findings were reported
by Stamataki et al. (2020) after administering a stevia sweetened beverage to healthy individuals
over 5 visits. Stevia extract tea administered to type 2 diabetes patients over a period of three weeks
did not significantly increase in metabolic parameters including fasting plasma glucose and
glycated hemoglobin (Ajami, Seyfi, Abdollah Pouri Hosseini, et al., 2020). However, findings
from these previous studies differ from Farid et al. (2020) who reported a significantly elevated
glycated hemoglobin levels compared to control group in both acute and long-term stevia
sweetener administration in healthy male and female mice. Similarly, 12 weeks of administration
of stevia in mice resulted in an increase in glycaemia (Rosales-gomez et al., 2018). This reported
hazardous effect of stevia is similar to the findings in this current study. The differences in the
effect of stevia reported in the different studies could be as a result of differences in the

physiological conditions between healthy animal models and the diabetic ones.

5.5 EFFECT OF SWEETENERS ON FASTING INSULIN AND HOMA-IR

Insulin produced by the pancreatic beta cells facilitates the movement of glucose from the blood
into the body organs (muscle, brain, liver and adipose tissue) (Cerf, 2013). From this current study,
fasting insulin concentration was observed to decrease significantly with the administration of
sweeteners in the treatment groups whereas adequate insulin production was observed in the
control group. Insufficient insulin production is a characteristic in the development of insulin
resistant type 2 diabetes (Jameson et al., 2015). This insulin insufficiency could result from a
reduction in beta cell output, its cell mass or both (Cantley & Ashcroft, 2015). Quantification of

the islet cell volume in post-mortem pancreas from type 2 diabetes diagnosed individuals showed
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about a 30% decline in islet cell mass which could be due to glucotoxicity or lipotoxicity (Clark

etal., 2001).

According to Paulo et al. (2023), daily consumption of reducing sugars, such as fructose and
glucose has the ability to suppress the insulin gene and induce oxidative stress causing beta cell
death. Similarly, Ebrahimi et al. (2020) in an animal model demonstrated that, mild increases in
blood glucose concentration leads to significant changes in the insulin gene expression. Therefore,
the implication of this current study’s finding is that, the long-term administration of white sugar,
brown sugar, honey and stevia could have caused loss of islet cell mass or altered the insulin gene
expression thereby suppressing insulin production in the study population. Based on the results of
this study, similar dosages from different sweeteners had different effects on insulin concentration
which supports the findings of Paulo et al. (2023) that the impact of sugars or sweeteners on beta
cell function is dependent on the type and amount of sweetener being consumed. Also based on
the findings of this study, the highest concentration of fasting insulin among the sweetener
administered groups were observed with the intake of white and brown sugar. Shamsi-Goushki et
al. (2021a) in their study administered white and brown sugar to male Wistar rats for 42 days.
Although serum fasting insulin concentration increased with both brown and white sugar, there
was a significantly greater increase in the white sugar administered group than the brown sugar.
According to Shamsi-Goushki et al. (2021a) the sweetener administered groups had a significantly
higher insulin concentration than the control group as opposed to the findings of this study.
Similarly, 8 weeks of consumption of fructose in diet-induced obese rats resulted in a significantly
higher fasting insulin concentration in comparison with the control (Valle et al., 2020b). Based on
the results of Shamsi-Goushki et al. (2021a) and Valle et al. (2020b) the reported fasting insulin

concentrations in the sweetener administered groups were elevated than the recommended healthy

119



level (5 — 12 uU/ml), however in this current study, the fasting insulin concentration were below

the recommended concentration.

The HOMA-IR is a surrogate measure in assessing insulin resistance. In this present study, the
HOMA-IR had a trend similar to that of the fasting insulin, where there was decrease in HOMA-
IR in the sweetener administered group in comparison with the control group. This result was
unexpected based on findings from previous studies where chronic consumption of sweeteners
resulted in an increase in HOMA-IR which is suggestive of insulin resistance. For instance, 15
weeks administration of stevia in mice resulted in a significantly higher HOMA-IR, compared with
the control and other experimental groups (Rosales-gomez et al., 2018). This is suggestive of
reduced insulin sensitivity in mice following long term consumption of stevia. Similarly, Valle et
al. (2020b) reported higher HOMA-IR index with chronic consumption of refined sugars as
opposed to natural sugars. Findings from Shamsi-Goushki et al. (2021b) corroborates with these
studies whereby 42 days administration of white sugar and brown sugar in albino rats resulted in

increased HOMA-IR compared with rats in the control group.

The discrepancy in HOMA-IR observed in this study could be attributed to beta cell destruction
induced by the chronic intake of sweeteners, thereby reducing insulin secretion. HOMA-IR on the
other hand is a measurement of the ability of the beta cells to produce, store, and release insulin
and not a marker in assessing beta cell loss which may be the case in this current study. Hence,
HOMA IR is only valid when the concentration of insulin in the serum reflects the insulin
sensitivity and not secretion. It may also not be an accurate measurement of the total body insulin

resistance (Reaven, 2013).
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5.6 EFFECT OF SWEETENERS ON GLUT4 AND HEXOKINASE 2

After 17 weeks of administration with different types and dosages of sweeteners, GLUT4
concentration was observed to be significantly lower in the treatment groups compared with the
control. The decrease in GLUT4 concentration could be attributed to the reduced serum insulin
concentration in the sweetener groups which could imply whole body insulin resistance. GLUT4
is an insulin dependent glucose transporter responsible for glucose uptake in the skeletal muscle
and adipose tissue (Reaven, 2013, Vargas & Carrillo Sepulveda, 2019). In response to a high
glucose concentration, insulin from the pancreas attaches to an insulin receptor on the skeletal
muscle and adipose tissue. This triggers a chain of chemical reactions culminating in the release
of GLUT4 transport protein to the surface of the cell membrane permitting glucose entry into the
cytoplasm (Bryant & Gould, 2020). A reduction in insulin-stimulated GLUT4 protein

concentration has been reported in mice with metabolic syndrome (Leguisamo et al., 2012b).

Findings from this current study imply that, chronic consumption of sweeteners influences the
GLUT4 concentration and ultimately on glucose homeostasis. These finding agrees with the
observation of (Benetti et al., 2013) who observed a reduction in GLUT4 expression in the skeletal
muscle after 30 weeks of administration of high fructose corn syrup in mice. Although studies
(Abo Elnaga et al., 2016; Rosales-gomez et al., 2018; Samat et al., 2014; Shamsi-Goushki et al.,
2021b; Valle et al., 2020b) have investigated the impact of sweeteners on insulin resistance, there
is a paucity of studies examining their effect on the insulin signaling pathway, particularly on
GLUT4 expression on concentration. Consistent with literature, this current study found that, high
dosages of sweeteners resulted in significant reduction in GLUT4 concentration especially with

brown sugar and stevia. High intake of added sugars have been associated with disease conditions
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such as obesity, diabetes and cardiovascular diseases (Rippe & Angelopoulos, 2016; (Macdonald,

2016b; Yu et al., 2022; Alam, Kim, & Jang, 2022).

It was further observed that the effect on GLUT4 concentration was more pronounced with the
administration of stevia in the current study. In grouping the dosage levels, stevia had the lowest
GLUT4 concentration. This finding was unexpected and suggests that commercial stevia
sweetener has detrimental effects on insulin signaling and insulin resistance which is a key risk
factor in the development of the various components of metabolic syndrome (Zhao et al., 2023).
This outcome contradicts the findings of Harris et al. (2023) who observed that steviol and
stevioside compounds improved insulin resistance in an adipocyte model by up-regulating the
GLUT4 mRNA expression. This difference may be attributed to the type of stevia product used.
Harris et al. (2023) used steviol and stevioside compounds whereas a highly purified stevia product
commercially sold was used in the present study. Highly purified stevia products have purified
stevia compounds (Rebaudioside A) blended with erythritol which is also a low-calorie sweetener
as opposed to the very pure stevia compounds which contains about 95% of the steviol glycoside

(Ashwell, 2015).

Another research objective in the present study was to assess the effect of long-term intake of
sweeteners on HK 2. Hexokinase 2 is the most common hexokinase isoform found in insulin
sensitive cells like the adipocytes, cardiomyocytes and skeletal muscle cells (Roberts & Miyamoto,
2015Db). It catalyses the first step in glucose metabolism by phosphorylating glucose to glucose-6-
phosphate. Although significant differences were observed among the different experimental
groups, it was generally observed that high doses of nutritive sweeteners resulted in a decrease in
HK 2 concentration. This may be indicative of a diet induced loss of muscle HK 2. There are

similarities however between the findings of this study and that of Shimobayashi et al. (2023) who
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reported diminished HK 2 expression after mice were fed with a high-fat diet. These findings may
suggest a possible effect of specific dietary components on HK 2 expression or activity. A
reduction in HK 2 expression or activity will cause a reduction in glucose removal hence an
imbalance in glucose homeostasis which may contribute to the development of glucose intolerance

(Shimobayashi et al., 2023).

Recently several therapeutic treatments such as cancer and rheumatoid arthritis have targeted HK
2. However, there is a paucity of literature on its role in the development of metabolic syndrome
or cardiovascular disease. To the best of my knowledge no study has been conducted to assess the
effect of chronic consumption of nutritive sweeteners and LNCS on HK 2 expression and

concentration, hence making it difficult to interpret these findings in the light of other literature.

5.7 EFFECT OF SWEETENERS ON LIPID PROFILE

According to WHO, CVD remains the leading cause of mortality globally (World Health
Organization, 2020). Dyslipidemia has long been identified as a risk factor in cardiovascular
conditions (Hedayatnia et al., 2020). Excessive consumption of dietary carbohydrates, particularly
added sugars have been identified as a modifiable risk factor in the development of dyslipidemia
or an imbalance in the lipid profile (Welsh et al., 2010b). This current study also set out to assess

the effect of added sweeteners on the lipid profile in the experimental animal model.

Total blood cholesterol is the sum of both “good” and “bad” cholesterol deposits in the blood.
There was a lack of significant differences in the total cholesterol after 17 weeks of administration
of both nutritive and LNCS in this current study. Similar findings were reported by Nemoseck et
al. (2011) in Sprague Dawley rats administered with honey and sucrose for 33 days. A systematic

review on the effect of free sugars on selected cardiovascular risk factors had an unclear effect on
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the blood lipids considering significant heterogeneity among the studies (Fattore et al., 2017). In
another systematic review and meta-analysis, artificial and stevia-based sweeteners did not result
in any significant increase in total cholesterol (Movahedian et al., 2021b). Nwachuku et al. (2017)
also reported similar trend in the total cholesterol in the Wistar rats fed with honey and refined

sugar for four weeks.

In the current study, TG concentration was significantly elevated in all doses of stevia, low and
medium-dose white sugar administration and medium-dose administration of honey. Stevia levels
were generally higher than other sugar groups and therefore had the worst effect on TG. A positive
association has been established between plasma concentration of circulating TG and the increased
risk in developing coronary heart disease (Sarwar et al., 2010). This outcome from the current
study is contrary to that of (Amin & Almuzafar, 2015) where low and high dose saccharine (10
and 500 mg/kg b.wt.) administered to rats for 30 days resulted in reduced TG, TC, HDL and LDL.
A meta-analysis of 14 randomized controlled trials of NNS including stevia on lipid profile,
suggested that NNS did not have any effect on TG, TC, LDL and HDL. However, further analysis
of subgroups revealed that NNS could be related to an increase in LDL which though small was
statistically significant (Movahedian et al., 2021b). Alagwu, Okwara, Nneli, & Osim (2011) after
22 weeks of administration of honey to albino rats also reported an increase in TG concentration
in the treatment compared to the control group. This emphasizes the role of chronic intake of

sweeteners on TG and subsequently cardiovascular risk.

In this current study, long term intake of sweeteners on HDL-C was observed in the group treated
with high-dose of white sugar. HDL-C was significantly low in the high-dose white sugar group.
HDL-C is known to be protective against heart disease by eliminating “bad” cholesterol, which is

a contributory factor in the development of cardiovascular disease, from the blood (Jomard & Osto,
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2020). Increased consumption of sucrose has been linked with metabolic conditions such diabetes,
cardiovascular disease, and obesity. One of the plausible mechanisms of sucrose maybe its effect
on triglyceride and HDL-C concentration which can facilitate atherogenicity (Johnson et al., 2009;

Stanhope, 2016b).

According to epidemiological evidence, increased LDL is a major underlying factor for heart
disease and stroke (Silverman et al., 2016). In this current study, LDL cholesterol was lower in all
groups compared to the control except for the group on the white sugar medium dose. Whereas
the lowest values were in the honey medium dose, stevia low and high-dose and brown sugar high
dose groups, differences were statistically significant in comparison with the control. A
comparison of the findings of the current study with earlier studies confirms the LDL lowering
properties of honey. For instance, in a 14-day study, honey reduced LDL levels significantly
(along-side TC and TG) in Wistar rats fed a high fat diet (Nurmasitoh & Pramaningtyas, 2016). In
another study, adult male albino rats administered honey (1ml of honey to 10ml of water given
once every day) for 22 weeks had significantly lower levels of LDL compared to controls (Alagwu
et al., 2011). In a study involving 60 healthy subjects (18-30 years) randomly assigned to two
groups in a double-blind trial of honey and sucrose for 6 weeks, the group that received honey
demonstrated a decrease in LDL at the end of the study. However, the group that received sucrose,
had an increase in LDL (Rasad et al., 2018). In a review of 7 trials involving 370 participants, total
cholesterol, LDL and TG were reduced with honey consumption (Alkhalifah et al., 2021b). On the
contrary when 60 volunteers with hypercholesterolemia were either given 75 g of sucrose or honey
solutions over 14 days, LDL did not change in those receiving honey, but was elevated in those

receiving sucrose (Munstedt et al., 2009). Perhaps the duration of the study may have been a
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contributory factor. A systematic review of 23 trials also did not find a significant effect of honey

on LDL (Gholami et al., 2022).

In accordance with this present results, previous studies have shown LDL lowering effect with the
administration of stevia. A dose-dependent relationship was observed with the administration of
aqueous stevia extract (Stevia rebaudiana Bertoni leaves) and low LDL levels in albino rats
(Ahmad et al., 2018).The reduction observed in this current study with stevia administration was
not dose dependent. It should be noted that, most of the studies examining the effect of stevia on
health used the pure aqueous extract whereas in this study a highly processed commercialized
stevia product was used. In a 3-arm parallel, triple blind, randomized study on 138 over-weight
subjects, a test beverage was spiked with sucralose, sucrose, and stevia. No changes in LDL or

oxidized LDL were observed after 60 days (Zafrilla et al., 2021).

Very low-density lipoprotein (VLDL) has been strongly correlated with the development of
atherosclerosis as a result of its TG rich content. Very Low-Density Lipoprotein is synthesized in
the liver and serves as a vehicle for transporting TG and cholesterol from the liver to the peripheral
tissues (Lee, Akhmedov, & Chen, 2022a). Hypertriglyceridemia is associated with the presence of
large VLDL particles which may contain 5-20 times more cholesterol than LDL. Its small particle
size compared to LDL allows it to quickly penetrate the walls of the artery leading to a sequalae
of inflammation of the endothelium, monocyte infiltration, foam cell formation and ultimately,

atherosclerosis and CVD (Nakajima et al., 2006; Nakamura et al., 2021).

Furthermore, overproduction of VLDL in the liver is associated with insulin resistance (Sparks et
al., 2012). The current study showed an increase in VLDL with the use of both nutritive and LNCS.

There was a dose dependent increase in VLDL concentration with brown sugar and stevia
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administration. Contrary to these results, the aqueous extract of Stevia rebaudiana Bertoni leaves
is reported to have lowered VLDL from 21.22 +5.79 to 19.33 £5.95 mg/dL in experimental rats
at a dose of 500 ppm for 8 weeks (Ahmad & Ahmad, 2018b). Similarly, (Abo Elnaga et al., 2016)
reported remarkable effect of stevia on VLDL in female rats fed for 12 weeks. However, levels of
stevia were far above the WHO recommended doses; hence extrapolation of results to humans
becomes unrealistic. Also, in this current study a refined stevia sweetener was used as opposed to

the pure aqueous extract used in many studies.

5.8 EFFECT OF SWEETENERS ON LIPID RATIOS

Traditionally, in assessing dyslipidaemia as a risk factor for metabolic syndrome and
cardiovascular conditions, the individual components of the lipid profile; total cholesterol, TG,
LDL, HDL and VLDL are evaluated with emphasis on high LDL and low HDL levels. However,
recent studies have highlighted the inadequacy of the individual components in predicting
cardiovascular risk especially when they appear normal or moderately high (Olamoyegun et al.,
2016). The following lipid ratios: Castelli Risk Index I, Castelli Risk Index Il and Atherogenic

Index of Plasma were used to predict cardiovascular risk.

The Castelli index | (CRI-1) also referred to as Cardiac Risk Ratio (CRR) is an indication of the
build-up of plaques in the coronary arteries (Akpinar et al.,, 2013). On the other hand,
cardiovascular risk is predicted by Castelli Risk Index Il. Even though the individual lipid
parameters are fairly predictive of CVD, some studies suggest that with lipid values that appear to
be normal or somewhat high, the Castelli index | (TC/HDL) and Il (LDL/HDL) which examines
the relationships between the individual markers is an alternative diagnostic predictor of

cardiovascular events (Akpinar et al., 2013; Edwards, Blaha, & Loprinzi, 2017).

127



The worst CRI-1 was seen in the group on white sugar high dose and the best in the group on honey
low dose. CRI-I was also observed to increase with increasing dose of white sugar. Previous
systematic reviews have associated the intake of added sugars from sugar-sweetened beverages to
an increased risk of cardiovascular diseases (Huang, Huang, Tian, Yang, & Gu, 2014; Narain,
Kwok, & Mamas, 2016; Yin et al., 2021). In a recent prospective cohort study by (Kelly et al.,
2023), free sugars intake was associated with an increased risk of total CVD and total stroke. In
their study, they also statistically modelled the replacement of the free sugars with non-free sugars,
which resulted in a reduced risk of developing CVD or stroke. This effect was more pronounced
in females than males. In this same study, a 5% increment in the free sugar consumption was
associated with an increase in LDL and the reduction in HDL. These results provide further support
for the hypothesis that chronic intake of nutritive sweeteners or added sugars poses a risk factor in

developing cardiovascular diseases.

Honey has been suggested as a hypolipidemic agent with a positive effect on metabolic health due
to the presence of phenolic compounds. These phenolic compounds found in honey have been
shown to prevent arteriosclerotic plagues from forming and improving dilation of the coronary
artery (Nguyen et al., 2019b). The hypolipidemic effect of honey observed in our studies was
reported by (Erejuwa et al., 2016a). In their study, a 3-week administration of honey in alloxan
induced diabetic rats resulted in a decrease in CRI-1. A study using albino rats showed significant
improvement in the lipid profile and computed CVD predictive index in honey fed rats compared

with the control (Alagwu et al., 2011).

For Castelli index 1, white sugar high dose had the highest value and stevia high dose had the
lowest (0.491 vs 0.231). Castelli Risk Index Il, is a strong CVD predictor and strongly correlated

with insulin resistance and myocardial infarction (Ama Moor et al., 2017; Salcedo-Cifuentes et al.,
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2019). This finding confirms the association between intake of refined sugars and CVD (C. Huang
et al., 2014; Narain et al., 2016; Yin et al., 2021). Both brown sugar and honey low doses had
relatively low CRI Il compared with white sugar. Polyphenols present in honey are said to be
protective of CVD. Polyphenols in honey such as caffeic acid, acacetin, phenethyl esters (CAPE)
and quercetin are of great pharmaceutical interest (Nguyen et al., 2019b). Dietary quercetin has
been shown to restore endothelial dysfunction by lowering blood pressure in hypertensive rat
models (Sanchez et al., 2006). In a previous study, 10 mg/kg of quercetin (avonoid) administered
for 5 weeks to Spontaneous Hypertensive Rats (SHR) caused vascular changes and reduced renal
and cardiac hypertrophy (Duarte et al., 2001). From the two Castelli Indices, white sugar increases

the risk of developing vascular diseases, specifically arteriosclerosis; a major CVD risk factor.

A more reliable, strong and dependable indicator of the risk to cardiometabolic diseases in the
general population that is beginning to gain prominence is AIP. Atherogenic Index of Plasma is a
product of TG to HDL ratio, both of which are independent risk factors in the development of
CVD (Fawwad et al., 2023; Uzunget & Sahin, 2022). Elevated TG is associated with the
development of arteriosclerosis whereas a reduction in HDL reduces plasma clearance of
atherogenic cholesterol from the blood (Uzunget & Sahin, 2022). It is also strongly associated with
the development of T2D, hypertension and metabolic syndrome (Zhu et al., 2018; Li, Kao, Chang,
Chen, & Wu, 2021). In a case-control study, AIP was found to be highly and significantly linked

with TG, TG, LDL, HDL and CRI-I1 and Il (Cai et al., 2017).

Furthermore, AIP was the strongest parameter associated with coronary artery diseases (CAD)
univariately, and an independent factor for CAD multivariately (Zhou et al., 2021). According to
the AIP, risk categorisation, there are three levels of risk; low risk (< 0.1), moderate risk (0.1-0.25)

and high risk (>0.25) (Fawwad et al., 2023). Based on the AIP risk classification, with the
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exception of the control group and the group on low-dose brown sugar and low-dose honey, all
the other experimental groups were in the high-risk group. Experimental groups on all doses of
white sugar and stevia had high risk. The greatest effect on AIP was with stevia administration. A
dose dependent increase was observed for stevia with strong statistical differences at all levels
compared to the control group. An implication of this finding is the possibility of stevia
accelerating the development of arteriosclerosis and increasing the risk of developing insulin
resistance and CVD. As a result, stevia may not be a good replacement for nutritive sweeteners.
These findings are supported by WHO’s recommendation against the use of LNCS (WHO, 2023a).
To the best of my knowledge this is the first study to evaluate the effect of commonly consumed

sweeteners on AlP.

Furthermore, based on the findings, the control group had the least AIP which may provide support
against the intake of free or added sugars. In a recent umbrella review of 73 meta-analyses on 83
health outcomes, dietary sugar consumption has been strongly associated with the cardiometabolic
condition; CVD, diabetes, dyslipidaemia and obesity (Huang et al., 2023). Not only is AIP
predictive of CAD in T2D but is also an effective factor to consider in preventing CV
complications in T2D patients [88]. It is posited that Castelli index | and AIP may characterize
reliable markers of residual risk in CAD and suspected patients. Lastly, it may be a very reliable
marker in individuals not presenting any of the traditional risk factors for CV disease (Zhou et al.,

2021; Mangalesh, Yadav, Dudani, & Mahesh, 2022).
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5.9 EFFECT OF SWEETENERS ON HISTOLOGY OF ORGANS

5.9.1 Effect of Sweeteners on the Histology of the Pancreas

There were no morphological changes in the pancreas of the control rat. However, changes in the
pancreas were observed with the groups administered with a high dose of white sugar, a high dose
of brown sugar and a medium dose of stevia. For instance, administration of a high dose of white
sugar resulted in perivascular infiltration of leucocytes and overstretched pancreatic ducts.
Leucocyte accumulation is indicative of inflammation (Editor & Feldweg, 2011). Overstretched
pancreatic ducts have also been associated with a high risk of pancreatic cancer (Tanaka et al.,

2002).

High dietary sugars have been suggested as a driver in the development of pancreatic cancer in
animal models (Dooley et al., 2020). In a previously conducted 7-year prospective study, sugars
added to tea and coffee and high sugar foods from soft drinks were associated with an increased
risk of developing pancreatic cancer (Larsson et al., 2006). Inflammation of the pancreas, also
known as pancreatitis can damage the insulin producing cells of the pancreas thereby leading to
diabetes. In a recent review by Ma et al. (2022), high consumption of dietary sugars has been
related to the occurrence of low-grade chronic inflammation. Low-grade chronic inflammation is

shown to precede the onset of diabetes (Tsalamandris et al., 2019).

Recent epidemiological studies have also confirmed low grade inflammation as an independent
risk factor for type 2 diabetes and CVDs (Duncan et al., 2003; Pitsavos et al., 2007; Sharif et al.,
2021). Also, in this study, the pancreas of a rat receiving a high dose of brown sugar was
characterised with haemorrhage and oedema. Oedema and haemorrhage are both characteristics of
an inflamed pancreas (Khedroo, 1957). Among the stevia group, medium-dose administration

resulted in mild congestion in the interlobular spaces also typical of inflammation in the pancreas.
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Thus, the histological findings suggest that, high dose white sugar and brown sugar supports the
hypothesis that chronic consumption of high doses of sugar increases the risk of CVD and type 2
diabetes. Inflammation of the pancreas, damaging the pancreatic beta cells will result in a

diminished insulin secretion and consequently less GLUT4 expression as observed in this study.

5.9.2 Effect of Sweeteners on Skeletal Muscle Fibres

The effect of the sweeteners on the skeletal muscle fibres was more pronounced in rats
administered with stevia, causing degenerative changes. Five (5) months of administration of
sucrose to older male rats resulted in a decrease in muscle mass (Gatineau et al., 2015). Muscle
fibres of low dose stevia had enlargement which could be due to the accumulation of fatty acid in
the skeletal muscle. Deposition of free fatty acid in the skeletal muscle can affect the insulin

signalling pathway leading to the development of insulin resistance (Park & Seo, 2020).

GLUT4 protein, found in the muscle responds to the insulin signalling. The reduced GLUT4
protein concentration observed in this current study could be attributed to the development of
insulin resistance in the muscle. Contrarily, stevioside administered to STZ induced Wistar rats
attenuated insulin resistance by enhancing GLUT4 related glucose uptake (Deenadayalan et al.,
2021). Variation in the results between these studies can be attributed to the type of animal model,
the type of stevia product administered and the duration of the study. In this current study, healthy
rats were used as opposed to the diabetic rats used by (Deenadayalan et al., 2021). Also, in their
study, a pure stevioside compound whereas a highly refined stevia sweetener was used in this
current study. Currently there is limited literature regarding the role of sweeteners on muscle
histology which makes the results of this study difficult to interpret in the context of what has

already been studied.
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5.9.3 Effect of Sweeteners on the Brain

The main effect of the brain was on the hippocampus. Except for honey, high dosages of all the
other sweeteners had a significant effect on the hippocampus often referred to as the learning centre
of the brain. It is the part of the brain responsible for learning and memory and it is mostly affected
in neuropsychiatric disorders such as Alzheimer’s (Anand & Dhikav, 2012). A study was
conducted by Villareal, Cruz, Ples, & Vitor (2016) to examine the effect of artificial sweeteners
on memory and hippocampal integrity in mice. Aspartame, sucralose, and stevia were administered
to the mice for 32 days. At the end of study, all the sweetener groups showed more neuronal
damage than the control group. However, mice administered with stevia had the largest amount of

neuronal damage in the hippocampus.

Villareal et al. (2016) associated the neuronal death with oxidative stress. According to Ashok &
Sheeladevi (2014), chronic intake of sweeteners of artificial sweeteners is associated with an
increase in the formation of free radicals which causes oxidative stress and damage to the cells of
the brain. These findings are broadly supported by the work of other studies linking the chronic
consumption of artificial sweeteners with memory function or hippocampal integrity. In male
Sprague Dawley rats, aspartame, sucralose and saccharin were shown to significantly reduce

neuronal count at the CA1-CAS3 of the hippocampus (Erbas et al., 2018).

The findings also showed that, a high dose of white sugar resulted in reactive brain cells in the
CA3 area of the hippocampus and a high dose of brown sugar showed reactive mononuclear cells
outside the hippocampus. Reactive brain cells or reactive gliosis is the brain’s reaction to brain
injury (Pekny & Pekna, 2016). Hippocampal injury is associated with diseases such as

Alzheimer’s, affecting the brains ability to form new memories (Shetty, 2014). In an experimental
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study by Shamsi-Goushki et al. (2021b), a high dose of white sugar and a high dose of brown sugar
reduced Brain Derived Neurotrophic Factor (BDNF) in male Wistar rats when compared with the
control. The reduction in BDNF was more significant in rats on high dose white sugar than rats on
high dose brown sugar. Brain Derived Neurotrophic Factor is a neurotrophic factor needed for the
growth and survival of the neurons Shamsi-Goushki et al. (2021b). It is mostly located in the
following areas of the brain; hippocampus, hypothalamus, brain stem and the spinal cord (Bathina
& Das, 2015). Brain Derived Neurotrophic Factor has been implicated in non-communicable
diseases such as diabetes. In a systematic review and meta-analysis on BDNF and type 2 diabetes,

patients with type 2 diabetes had lower levels of BDNF (Davarpanah et al., 2021).

From the results, honey administration did not result in any significant alteration in the brain of
the rats. This may support the hypothesis that honey has a protective effect on brain health. Both
animal and human studies have associated the intake of phenolic and flavonoids with brain health.
These compounds have been shown to improve the cholinergic system, improves the synthesis of
brain derived neurotrophic factor essential for neuronal function, and gets rid of free radicals hence
reducing neuronal damage and improving cognition and memory (Zamri, Ghani, Ismail, Zakaria,

& Shafin, 2022; Albertini et al., 2023).

5.10 STRENGTHS OF THE STUDY

1. This study employed an experimental approach using an animal model. This allowed the
researcher to explore the plausible mechanism underlying the intake of sweeteners and
insulin signalling.

2. Sprague Dawley rats were used for this study. These rats are good models for studying
conditions such as metabolic syndrome and cardiovascular diseases.

3. An optimum laboratory environment was ensured throughout the study.
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4. To the best of my knowledge this research is the first of its kind to asses in one study the
effect of commonly consumed sweeteners on insulin signalling via the GLUT4 pathway
and HK 2.

5. Furthermore, this the first of its kind to assess in one study the effect of commonly
consumed sweeteners on Atherogenic Index of Plasma.

6. Inaddition to all the above, this is the first study to examine effect of commonly consumed

sweeteners on muscle fibres.

5.11 LIMITATIONS OF THE STUDY
Normal rat cages were used for the study instead of metabolic cages. Individual metabolic cages
would have allowed for the researcher to closely monitor each rat’s food and water intake and the

physical activity of the rats.
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CHAPTER 6

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

6.1 Effect of the sweeteners on energy intake, food efficiency weight and relative organ

weight

The study revealed the differential effects of various sweeteners on energy intake, food efficiency

ratio, and percent body weight. High dosages of refined nutritive sweeteners (white sugar and

brown sugar) and stevia caused an increase in food consumption and the food efficiency ratio. No

sweetener administration as observed in the control group was shown to cause the least amount of

weight gain whereas consumption of white sugar, brown sugar and stevia significantly impacted

weight gain.

6.2 Effect of sweeteners on cardiometabolic risk factors (lipid profile/ lipid ratios, fasting

plasma glucose, serum insulin, insulin resistance).

Excessive intake of white sugar over a prolonged period tended to significantly reduce
HDL. Castelli Risk Index I and Il were highest with the administration of a high dose of
white sugar. Also, CRI-1 and Il increased dose-dependently with white sugar
administration. Also, AIP was highest with the administration of high-dose stevia and
increased in a dose-dependent fashion with stevia administration. Taken together, these
findings suggest that white sugar and stevia tend to promote the development of
arteriosclerosis a risk factor for cardiovascular diseases and metabolic syndrome.

Intake of sweeteners over time had an impact on the fasting plasma glucose of the rats. In
assessing the fasting insulin levels, the control group had adequate levels of fasting insulin
whereas fasting insulin decreased drastically with the administration of sweeteners. This

was suggestive of beta cell reduction.
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6.3 Effect of the sweeteners on GLUT4 protein concentration

There was a significant reduction in GLUT4 protein concentration in all sweetener-
administered groups compared to the control group. The sweeteners reduced GLUT4
protein concentration which corroborates with the results of the fasting insulin since
GLUT4 expression is in response to insulin secretion. Thus, a reduction in insulin secretion
will subsequently result in a reduction in GLUT4 concentration. Stevia had the greatest

effect on GLUT4 protein concentration.

6.5 Effect of sweeteners on glucose metabolic pathway by hexokinase 11

High doses of the sweeteners resulted in a decrease in HK2 within all the sweetener groups.

6.6 Effect of Sweeteners on the Histology of the Pancreas, Muscles, and Brain

The main effect of the sweeteners on the brain was on the hippocampus. The representative
brain from the control group showed no alteration or changes to the hippocampus. High
doses of the sweeteners except for honey caused significant alteration to the hippocampus
of the brain.

The pancreas from the control rat showed a normal islet of Langerhans with pale rounded
and ovoid B-cells. However, representative pancreas from the white sugar and brown sugar
groups showed perivascular infiltration of leucocytes and hemorrhage indicative of the
presence of inflammation which can destroy the pancreatic beta cells. Honey did not cause

any significant alteration in the pancreas.
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e A longitudinal section through the muscle fibre of the control rat showed adequately
preserved myofibers with clear striation and peripheral myonuclei. The main effect of the

sweeteners on the skeletal muscle was observed among the stevia-administered groups.

In summary, chronic administration of the sweeteners significantly impacted the insulin signaling
pathway, by significantly altering GLUT 4 protein concentration and Hexokinase 11. The chronic
administration of sweeteners; particularly white sugar, brown sugar and stevia had negative effects

on the cardiometabolic risk factors.

This study fills in the knowledge in examining the effect of same dosages of sweeteners based on
the WHO recommendation on cardiometabolic risk factors. Hence providing data on which
sweetener is healthier with regards to cardiometabolic health. It also offers valuable insight for the
first time on the effect of commonly consumed sweeteners on the insulin signaling pathway via
the GLUT4 protein and also on the HK 2. It offers valuable insight on the effect of commonly
consumed sweeteners on atherogenicity using the lipid ratios. The study also adds to our

understanding on the possible effect of sweeteners on brain health.

6.2 RECOMMENDATIONS

The findings of this study have a number of important implications for future practice;
1. Future studies could explore other effects the sweeteners have on the insulin signalling
pathway and the brain.
2. Future studies should consider using both sexes of rats to determine any differences on
their metabolic effects with the intake of sweeteners.
3. Future studies should also consider the use of metabolic cages in order to measure the

physical activity of the rats.
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4. The study highlighted the negative effects of commercial stevia and white sugar on weight.
Hence weight management strategies by dietitians and nutritionists to replace nutritive
sweeteners with stevia should not be encouraged. Also cutting back on the intake of white
sugar will be a useful approach in weight management.

5. White sugar and stevia have significant effects on atherogenicity. In the dietary
management of dyslipidaemia or cardiovascular conditions, cutting back on the addition of
refined sugars and commercial stevia sweetener will be useful.

6. Both nutritive and non-nutritive sweeteners had an effect on glucose homeostasis and
insulin signaling. This should serve as a guide to dietitians and nutritionists during their
public health education on the use of sweeteners in the management or development of
diabetes.

7. Honey seemed to have a better effect on cardiometabolic risk factors, hence may be a better
replacement to refined sugars when taken in moderation by both healthy individuals and
individuals with cardiometabolic conditions. This can be promoted by dietitians and
nutritionists during nutrition education.

8. Enforcement of food regulations and policies in addressing the recent upsurge in the use of
LNCS in the food industry as a replacement for nutritive sweeteners by the Food and Drugs
and Authority.

9. Public health education on the health effects of chronic intake of sugar on health should be
promoted by dietitians and nutritionists. Most especially encouraging the consumption
fruits rather than the sugar sweetened beverages.

10. More studies on honey which apparently appeared the best must be undertaken to

determine the composition of those on the market.

139



REFERENCES

Abdesselam, A., Zidoum, H., Zadjali, F., Hedjam, R., Al-Ansari, A., Bayoumi, R., Al-Yahyaee,
S., Hassan, M., & Albarwani, S. (2021). Estimate of the HOMA-IR Cut-off Value for
Identifying Subjects at Risk of Insulin Resistance Using a Machine Learning Approach.
Sultan Qaboos University Medical Journal, 21(4), 604.
https://doi.org/10.18295/SQUMJ.4.2021.030

Abdullah, W. G., Rianse, U., Marsuki Iswandi, R., Adha Taridala, S. A., Sarimustagiyma Rianse,
l., La Zulfikar, Z., Baka, L. R., La Abdi, A., Cahyono, E., Widayati, W., & Baka, W. K.
(2015). Potency of natural sweetener: Brown sugar. WSEAS Transactions on Business and
Economics, 12(May 2017), 99-110.

Abo Elnaga, N. I. E., Massoud, M. 1., Yousef, M. |., & Mohamed, H. H. A. (2016). Effect of stevia
sweetener consumption as non-caloric sweetening on body weight gain and biochemical’s
parameters in overweight female rats. Annals of Agricultural Sciences, 61(1), 155-163.
https://doi.org/10.1016/j.a0as.2015.11.008

Adeva-Andany, M. M., Pérez-Felpete, N., Fernandez-Ferndndez, C., Donapetry-Garcia, C., &
Pazos-Garcia, C. (2016). Liver glucose metabolism in humans. In Bioscience Reports (\Vol.
36, Issue 6). Portland Press Ltd. https://doi.org/10.1042/BSR20160385

Ahmad, J., Khan, I., Blundell, R., Azzopardi, J., & Mahomoodally, M. F. (2020). Stevia
rebaudiana Bertoni.: an updated review of its health benefits, industrial applications and
safety. In Trends in Food Science and Technology (Vol. 100, pp. 177-189). Elsevier.
https://doi.org/10.1016/j.tifs.2020.04.030

Ahmad, U., & Ahmad, R. S. (2018a). Anti diabetic property of aqueous extract of Stevia
rebaudiana Bertoni leaves in Streptozotocin-induced diabetes in albino rats. BMC
Complementary and Alternative Medicine, 18(1). https://doi.org/10.1186/s12906-018-2245-
2

Ahmad, U., & Ahmad, R. S. (2018b). Anti diabetic property of aqueous extract of Stevia

rebaudiana Bertoni leaves in Streptozotocin-induced diabetes in albino rats. BMC

140



Complementary and Alternative Medicine, 18(1). https://doi.org/10.1186/s12906-018-2245-
2

Ahmad, U., Ahmad, R. S., Arshad, M. S., Mushtaq, Z., Hussain, S. M., & Hameed, A. (2018).
Antihyperlipidemic efficacy of aqueous extract of Stevia rebaudiana Bertoni in albino rats.
Lipids in Health and Disease, 17(1). https://doi.org/10.1186/S12944-018-0810-9

Ahmed, S., Shah, P., & Ahmed, O. (2022). Biochemistry, Lipids. StatPearls.

Ajami, M., Seyfi, M., Abdollah, F., Hosseini, P., Naseri, P., Velayati, A., Mahmoudnia, F.,
Zahedirad, M., & Hajifaraji, M. (2020). Effects of stevia on glycemic and lipid profile of type
2 diabetic patients: A randomized controlled trial. Avicenna Journal of Phytomedicine, 10(2),
118.

Ajami, M., Seyfi, M., Abdollah Pouri Hosseini, F., Naseri, P., Velayati, A., Mahmoudnia, F.,
Zahedirad, M., & Hajifaraji, M. (2020). Effects of stevia on glycemic and lipid profile of type
2 diabetic patients: A randomized controlled trial. Avicenna Journal of Phytomedicine, 10(2),
118-127.

Akbarzadeh, S., Eskandari, F., Tangestani, H., Bagherinejad, S. T., Bargahi, A., Bazzi, P., Daneshi,
A., Sahrapoor, A., O’Connor, W.J., & Rahbar, A. R. (2015). The Effect of Stevia Rebaudiana
on Serum Omentin and Visfatin Level in STZ-Induced Diabetic Rats. Journal of Dietary
Supplements, 12(1), 11-22. https://doi.org/10.3109/19390211.2014.901999

Akpinar, O., Bozkurt, A., Acartiirk, E., & Seydaoglu, G. (2013). A new index (CHOLINDEX) in
detecting coronary artery disease risk. Anadolu Kardiyoloji Dergisi : AKD = the Anatolian
Journal of Cardiology, 13(4), 315-319. https://doi.org/10.5152/AKD.2013.098

Alagwu, E. A., Okwara, J. E., Nneli, R. O., & Osim, E. E. (2011). Effect of honey intake on serum
cholesterol, triglycerides and lipoprotein levels in albino rats and potential benefits on risks

of coronary heart disease. Nigerian Journal of Physiological Sciences, 26(2), 161-165.

Alam, Y. H., Kim, R., & Jang, C. (2022). Metabolism and Health Impacts of Dietary Sugars.
11(1), 20-38.

141



Alberti, K. G. M. M., Eckel, R. H., Grundy, S. M., Zimmet, P. Z., Cleeman, J. I., Donato, K. A.,
Fruchart, J. C., James, W. P. T., Loria, C. M., & Smith, S. C. (2009). Harmonizing the
metabolic syndrome: A joint interim statement of the international diabetes federation task
force on epidemiology and prevention; National heart, lung, and blood institute; American
heart association; World heart federation; International . In Circulation (Vol. 120, Issue 16,
pp. 1640-1645). Lippincott Williams & Wilkins.
https://doi.org/10.1161/CIRCULATIONAHA.109.192644

Albertini, M. C., Ozawa, Y., Lichtenberg, D., Haroutounian, S. A., Shaikh, A., Ahmad, F., Lin
Teoh, S., Kumar, J., & Fairuz Yahaya, M. (2023). Honey and Alzheimer’s Disease—Current
Understanding and Future Prospects. Antioxidants 2023, Vol. 12, Page 427, 12(2), 427.
https://doi.org/10.3390/ANTIOX12020427

Alevia, M., Rasines, S., Cantero, L., Teresa Sancho, M., Fernandez-Muifio, M. A., & Osés, S. M.
(2021). Chemical extraction and gastrointestinal digestion of honey: Influence on its
antioxidant,  antimicrobial and anti-inflammatory  activities. = Foods,  10(6).
https://doi.org/10.3390/foods10061412

Alkhalifah, M. K., Alabduljabbar, K. A., & Alkhenizan, A. H. (2021a). Effect of natural honey on
lowering lipid profile. Saudi Medical Journal, 42(5), 473-480.
https://doi.org/10.15537/SMJ.2021.42.5.20200664

Alkhalifah, M. K., Alabduljabbar, K. A., & Alkhenizan, A. H. (2021b). Effect of natural honey on
lowering lipid profile. Saudi Medical Journal, 42(5), 473.
https://doi.org/10.15537/SMJ.2021.42.5.20200664

Alruwaili, N. W., & Alshdayed, F. (2023). Fructose Metabolism and Its Effect on Glucose-
Galactose Malabsorption Patients: A Literature Review. In Diagnostics (Vol. 13, Issue 2, p.
294). Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/diagnostics13020294

Ama Moor, V. J., Ndongo Amougou, S., Ombotto, S., Ntone, F., Wouamba, D. E., & Ngo Nonga,
B. (2017). Dyslipidemia in Patients with a Cardiovascular Risk and Disease at the

142



University Teaching Hospital of Yaoundé, Cameroon. International Journal of Vascular
Medicine, 2017, 6061306-6061306. https://doi.org/10.1155/2017/6061306

Amin, K. A., & Almuzafar, H. M. (2015). Alterations in lipid profile, oxidative stress and hepatic
function in rat fed with saccharin and methyl-salicylates. International Journal of Clinical
and Experimental Medicine, 8(4), 6133-6144.

Anand, K., & Dhikav, V. (2012). Hippocampus in health and disease: An overview. Annals of
Indian Academy of Neurology, 15(4), 239. https://doi.org/10.4103/0972-2327.104323

Anderson, G. H. (2003). SUCROSE | Dietary Importance. In Encyclopedia of Food Sciences and
Nutrition (pp. 5641-5645). Academic Press. https://doi.org/10.1016/b0-12-227055-x/01158-
5

Annandale, M., Daniels, L. J., Li, X., Neale, J. P. H., Chau, A. H. L., Ambalawanar, H. A., James,
S. L., Koutsifeli, P., Delbridge, L. M. D., & Mellor, K. M. (2021). Fructose Metabolism and
Cardiac Metabolic Stress. In Frontiers in Pharmacology (Vol. 12, p. 1538). Frontiers Media
S.A. https://doi.org/10.3389/fphar.2021.695486

Aronoff, S. L., Berkowitz, K., Shreiner, B., & Want, L. (2004). Glucose Metabolism and
Regulation: Beyond Insulin and Glucagon. Diabetes Spectrum, 17(3), 183-190.
https://doi.org/10.2337/diaspect.17.3.183

Arshad, S., Rehman, T., Saif, S., Rajoka, M. S. R., Ranjha, M. M. A. N., Hassoun, A., Cropotova,
J., Trif, M., Younas, A., & Aadil, R. M. (2022). Replacement of refined sugar by natural
sweeteners: focus on potential health benefits. Heliyon, 8(9), e10711.
https://doi.org/10.1016/J.HELIYON.2022.E10711

Ascaso, J. F., Real, J. T., Priego, A., Carmena, R., Romero, P., & Valdecabres, C. (2001).
Cuantificacion de insulinorresistencia con los valores de insulina basal e indice HOMA en
una  poblacion no  diabética. Medicina  Clinica, 117(14), 530-533.
https://doi.org/10.1016/S0025-7753(01)72168-9

143



Ashok, I., & Sheeladevi, R. (2014). Biochemical responses and mitochondrial mediated activation
of apoptosis on long-term effect of aspartame in rat brain. Redox Biology, 2(1), 820-831.
https://doi.org/10.1016/J.REDOX.2014.04.011

Ashwell, M. (2015). Stevia, nature’s zero-calorie sustainable sweetener: A new player in the fight
against obesity. Nutrition Today, 50(3), 129-134.
https://doi.org/10.1097/NT.0000000000000094

Atangwho, I. J., Ibeneme, C. E., Egbung, G. E., Ibeneme, E., Eno, M. A., & Nwankpa, P. (2020a).
Effect of long-term feeding of the Obudu natural honey and table sugar-sweetened diets on
obesity and pro-inflammatory  biomarkers in rats. BMC  Nutrition, 6(1).
https://doi.org/10.1186/s40795-019-0327-2

Atangwho, I. J., Ibeneme, C. E., Egbung, G. E., Ibeneme, E., Eno, M. A., & Nwankpa, P. (2020b).
Effect of long-term feeding of the Obudu natural honey and table sugar-sweetened diets on
obesity and pro-inflammatory  biomarkers in rats. BMC Nutrition, 6(1).
https://doi.org/10.1186/s40795-019-0327-2

Azad, M. B., Abou-Setta, A. M., Chauhan, B. F., Rabbani, R., Lys, J., Copstein, L., Mann, A.,
Jeyaraman, M. M., Reid, A. E., Fiander, M., MacKay, D. S., McGavock, J., Wicklow, B., &
Zarychanski, R. (2017). Nonnutritive sweeteners and cardiometabolic health: A systematic
review and meta-analysis of randomized controlled trials and prospective cohort studies.
CMAJ, 189(28), E929-E939. https://doi.org/10.1503/cmaj.161390

Azais-Braesco, V., Sluik, D., Maillot, M., Kok, F., & Moreno, L. A. (2017). A review of total &
added sugar intakes and dietary sources in Europe. Nutrition Journal, 16(1).
https://doi.org/10.1186/S12937-016-0225-2

Baena, M., Sanguesa, G., Davalos, A., Latasa, M. J., Sala-Vila, A., Sanchez, R. M., Roglans, N.,
Laguna, J. C., & Alegret, M. (2016). Fructose, but not glucose, impairs insulin signaling in
the three major insulin-sensitive tissues. Scientific Reports 2016 6:1, 6(1), 1-15.
https://doi.org/10.1038/srep26149

144



Bahrami, M., Ataie-Jafari, A., Hosseini, S., Foruzanfar, M. H., Rahmani, M., & Pajouhi, M.
(2009). Effects of natural honey consumption in diabetic patients: an 8-week randomized
clinical trial. International Journal of Food Sciences and Nutrition, 60(7), 618-626.
https://doi.org/10.3109/09637480801990389

Balkau, B., & Charles, M. A. (1999). Comment on the provisional report from the WHO
consultation. Diabetic Medicine, 16(5), 442-443. https://doi.org/10.1046/J.1464-
5491.1999.00059.X

Banday, M. Z., Sameer, A. S., & Nissar, S. (2020). Pathophysiology of diabetes: An overview.
Avicenna Journal of Medicine, 10(04), 174-188. https://doi.org/10.4103/ajm.ajm_53 20

Barrios-Correa, A. A., Estrada, J. A., Martel, C., Olivier, M., Lépez-Santiago, R., & Contreras, .
(2018a). Chronic Intake of Commercial Sweeteners Induces Changes in Feeding Behavior
and Signaling Pathways Related to the Control of Appetite in BALB/c Mice. BioMed
Research International, 2018. https://doi.org/10.1155/2018/3628121

Barrios-Correa, A. A., Estrada, J. A., Martel, C., Olivier, M., Lépez-Santiago, R., & Contreras, .
(2018b). Chronic Intake of Commercial Sweeteners Induces Changes in Feeding Behavior
and Signaling Pathways Related to the Control of Appetite in BALB/c Mice. BioMed
Research International, 2018. https://doi.org/10.1155/2018/3628121

Basu, S., Yoffe, P., Hills, N., & Lustig, R. H. (2013). The Relationship of Sugar to Population-
Level Diabetes Prevalence: An Econometric Analysis of Repeated Cross-Sectional Data.
PLoS ONE, 8(2). https://doi.org/10.1371/JOURNAL.PONE.0057873

Bathina, S., & Das, U. N. (2015). Brain-derived neurotrophic factor and its clinical implications.
Archives of Medical Science : AMS, 11(6), 1164. https://doi.org/10.5114/AOMS.2015.56342

Baumann, C. A., Ribon, V., Kanzaki, M., Thurmond, D. C., Mora, S., Shigematsu, S., Bickel, P.
E., Pessin, J. E., & Saltiel, A. R. (2000). CAP defines a second signalling pathway required
for insulin-stimulated glucose transport. Nature 2000 407:6801, 407(6801), 202-207.
https://doi.org/10.1038/35025089

145



Bayat, E., Rahpeima, Z., Dastghaib, S., Gholizadeh, F., Erfani, M., Asadikaram, G., & Mokarram,
P. (2020). Stevia rebaudiana extract attenuate metabolic disorders in diabetic rats via
modulation of glucose transport and antioxidant signaling pathways and aquaporin-2
expression in two extrahepatic tissues. Journal of Food Biochemistry, 44(8).
https://doi.org/10.1111/jfbc.13252

Benetti, E., Mastrocola, R., Rogazzo, M., Chiazza, F., Aragno, M., Fantozzi, R., Collino, M., &
Minetto, M. A. (2013). High sugar intake and development of skeletal muscle insulin
resistance and inflammation in mice: A protective role for PPAR- & agonism. Mediators of
Inflammation, 2013. https://doi.org/10.1155/2013/509502

Bigos, A., Palkowska, E., & Rosolowska-Huszca, D. (2012a). Effect of artificial and natural
sweeteners on glucose and insulin in plasma of rats. Journal Of Pre-Clinical and Clinical
Research, 6(2), 93-97.

Bigos, A., Palkowska, E., & Rosolowska-Huszca, D. (2012b). Effect of artificial and natural
sweeteners on glucose and insulin in plasma of rats. Journal Of Pre-Clinical and Clinical
Research, 6(2), 93-97.

Binder, H. J., & Reuben, A. (2017). Nutrient Digestion and Absorption. In Medical Physiology
(3rd editio, pp. 949-979). Elsevier Inc. https://doi.org/10.1016/b978-1-4160-3115-4.50048-
2

Blaton, V. H., Korita, I., & Bulo, A. (2008). How is metabolic syndrome related to dyslipidemia?
Biochemia Medica, 18(1), 14-24. https://doi.org/10.11613/BM.2008.003/FULLARTICLE

Bliher, M. (2019). Obesity: global epidemiology and pathogenesis. Nature Reviews
Endocrinology 2019 15:5, 15(5), 288-298. https://doi.org/10.1038/s41574-019-0176-8

Bobis, O., Dezmirean, D. S., & Moise, A. R. (2018a). Honey and Diabetes: The Importance of
Natural Simple Sugars in Diet for Preventing and Treating Different Type of Diabetes. In
Oxidative Medicine and Cellular Longevity (Vol. 2018). Hindawi Limited.
https://doi.org/10.1155/2018/4757893

146



Bobis, O., Dezmirean, D. S., & Moise, A. R. (2018b). Honey and Diabetes: The Importance of
Natural Simple Sugars in Diet for Preventing and Treating Different Type of Diabetes. In
Oxidative Medicine and Cellular Longevity (Vol. 2018). Hindawi Limited.
https://doi.org/10.1155/2018/4757893

Boutari, C., & Mantzoros, C. S. (2022). A 2022 update on the epidemiology of obesity and a call
to action: as its twin COVID-19 pandemic appears to be receding, the obesity and
dysmetabolism pandemic continues to rage on. Metabolism, 133, 155217.
https://doi.org/10.1016/J.METABOL.2022.155217

Bray, G. A. (2007). How bad is fructose? In American Journal of Clinical Nutrition (Vol. 86, Issue
4, pp. 895-896). Oxford Academic. https://doi.org/10.1093/ajcn/86.4.895

Bryant, N. J., & Gould, G. W. (2020). Insulin stimulated GLUT4 translocation — Size is not
everything! In Current Opinion in Cell Biology (Vol. 65, pp. 28-34). Elsevier Ltd.
https://doi.org/10.1016/j.ceb.2020.02.006

Bueno-Hernandez, N., Esquivel-Velazquez, M., Alcantara-Suarez, R., Gomez-Arauz, A. Y.,
Espinosa-Flores, A. J., De Ledn-Barrera, K. L., Mendoza-Martinez, V. M., Sdnchez Medina,
G. A, Leon-Hernandez, M., Ruiz-Barranco, A., Escobedo, G., & Meléndez, G. (2020).
Chronic sucralose consumption induces elevation of serum insulin in young healthy adults: a
randomized, double blind, controlled trial. Nutrition Journal, 19(1), 1-12.
https://doi.org/10.1186/s12937-020-00549-5

Burke, S. J., Batdorf, H. M., Martin, T. M., Burk, D. H., Noland, R. C., Cooley, C. R., Karlstad,
M. D., Johnson, W. D., & Collier, J. J. (2018). Liquid Sucrose Consumption Promotes
Obesity and Impairs Glucose Tolerance without Altering Circulating Insulin Levels. Obesity
(Silver Spring, Md.), 26(7), 1188. https://doi.org/10.1002/0OBY.22217

Cai, G., Shi, G., Xue, S., & Lu, W. (2017). The atherogenic index of plasma is a strong and
independent predictor for coronary artery disease in the Chinese Han population. Medicine
(United States), 96(37). https://doi.org/10.1097/MD.0000000000008058

147



Campbell, E., Schlappal, A., Geller, E., & Castonguay, T. W. (2014). Fructose-Induced
Hypertriglyceridemia: A Review. In Nutrition in the Prevention and Treatment of Abdominal
Obesity (pp. 197-205). Academic Press. https://doi.org/10.1016/B978-0-12-407869-
7.00019-2

Cantley, J., & Ashcroft, F. M. (2015). Q&A: insulin secretion and type 2 diabetes: why do B-cells
fail? BMC Biology, 13(1). https://doi.org/10.1186/S12915-015-0140-6

Carmody, E. G., Li, A., Potter, H., Steffy-Thompson, A., Rezende, L., Nemoseck, T., Stocker, K.,
& Kern, M. (2007). Effects of honey versus sucrose on weight gain, adiposity and
adipocentric markers of metabolism. The FASEB Journal, 21(6), A1060-A1060.
https://doi.org/10.1096/FASEBJ.21.6.A1060-B

Casso, F. M. J., & Farzam, K. (2022). Biochemistry, Very Low Density Lipoprotein. StatPearls.

Castro, J. P., El-Atat, F. A., McFarlane, S. I., Aneja, A., & Sowers, J. R. (2003). Cardiometabolic
syndrome: Pathophysiology and treatment. Current Hypertension Reports, 5(5), 393-401.
https://doi.org/10.1007/s11906-003-0085-y

Castro-Mufioz, R., Correa-Delgado, M., Cordova-Almeida, R., Lara-Nava, D., Chavez-Mufioz,
M., Velasquez-Chavez, V. F., Hernandez-Torres, C. E., Gontarek-Castro, E., & Ahmad, M.
Z. (2022). Natural sweeteners: Sources, extraction and current uses in foods and food
industries. In Food  Chemistry (Vol. 370, p. 130991). Elsevier.
https://doi.org/10.1016/j.foodchem.2021.130991

CDC. (2023, October 24). LDL and HDL Cholesterol and Triglycerides. Centers for Disease

Control and Prevention. https://www.cdc.gov/cholesterol/ldl_hdl.htm

Centers for Disease Control and Prevention. (2021). Get the Facts: Added Sugars | Nutrition |
CDC. Centers for Disease Control and Prevention. https://www.cdc.gov/nutrition/data-
statistics/added-sugars.html

Cerf, M. E. (2013). Beta Cell Dysfunction and Insulin Resistance. Frontiers in Endocrinology,
4(MAR). https://doi.org/10.3389/FENDO.2013.00037

148



Chadt, A., & Al-Hasani, H. (2020). Glucose transporters in adipose tissue, liver, and skeletal
muscle in metabolic health and disease. In Pflugers Archiv European Journal of Physiology
(Vol. 472, Issue 9, pp. 1273-1298). Springer. https://doi.org/10.1007/s00424-020-02417-x

Chatelan, A., Rouche, M., Dzielska, A., Lebacq, T., Fismen, A.-S., Kelly, C., Zaborskis, A.,
Kopcakova, J., Tsareva, A., Kalman, M., & Castetbon, K. (2021). Time trends in consumption
of sugar-sweetened beverages and related socioeconomic differences among adolescents in
Eastern Europe: signs of a nutrition transition? The American Journal of Clinical Nutrition,
114(4), 1476-1485. https://doi.org/10.1093/ajcn/ngab175

Chen,B.D.,He,C.H.,Ma, Y. T,, Yang, Y. N,, Liu, F,, Pan, S., Ma, X., Li, X. M., Fu, Z. Y., Xie,
X., & Zheng, Y. Y. (2014). Best Anthropometric and Atherogenic Predictors of Metabolic
Syndrome in the Chinese Han Population in Xinjiang: The Cardiovascular Risk Survey.
Annals of Nutrition and Metabolism, 65(4), 280—288. https://doi.org/10.1159/000366427

Chen, E., Song, H., Zhao, S., Liu, C., Tang, L., & Zhang, Y. (2021). Comparison of odor
compounds of brown sugar, muscovado sugar, and brown granulated sugar using GC-O-MS.
LWT, 142, 111002. https://doi.org/10.1016/j.lwt.2021.111002

Chen, L., Chen, X. W., Huang, X., Song, B. L., Wang, Y., & Wang, Y. (2019). Regulation of
glucose and lipid metabolism in health and disease. In Science China Life Sciences (Vol. 62,
Issue 11, pp. 1420-1458). Springer. https://doi.org/10.1007/s11427-019-1563-3

Chepulis, L. M. (2007). The effect of honey compared to sucrose, mixed sugars, and a sugar-free
diet on weight gain in young rats. Journal of Food Science, 72(3), S224-S229.
https://doi.org/10.1111/j.1750-3841.2007.00286.x

Chepulis, L., & Starkey, N. (2008a). The Long-Term Effects of Feeding Honey Compared with
Sucrose and a Sugar-Free Diet on Weight Gain, Lipid Profiles, and DEXA Measurements in
Rats. Journal of Food Science, 73(1), H1-H7. https://doi.org/10.1111/J.1750-
3841.2007.00592.X

Chepulis, L., & Starkey, N. (2008b). The Long-Term Effects of Feeding Honey Compared with

Sucrose and a Sugar-Free Diet on Weight Gain, Lipid Profiles, and DEXA Measurements in

149



Rats. Journal of Food Science, 73(1), H1-H7. https://doi.org/10.1111/J.1750-
3841.2007.00592.X

Chiang, J. K., Lai, N. S, Chang, J. K., & Koo, M. (2011). Predicting insulin resistance using the
triglyceride-to-high-density lipoprotein cholesterol ratio in Taiwanese adults. Cardiovascular
Diabetology, 10(1), 1-6. https://doi.org/10.1186/1475-2840-10-93

Christian, A. K., Sanuade, O. A., Kushitor, S. B., Kushitor, M., Kretchy, I., Agyemang, C., &
Aikins, A. de G. (2021). Metabolic syndrome among individuals living with hypertension in
Accra, Ghana. PLoS ONE, 16(10 October), e0253837.
https://doi.org/10.1371/journal.pone.0253837

Clark, A., Jones, L. C., De Koning, E., Hansen, B. C., & Matthews, D. R. (2001). Decreased insulin
secretion in type 2 diabetes: a problem of cellular mass or function? Diabetes, 50 Suppl
1(SUPPL. 1). https://doi.org/10.2337/DIABETES.50.2007.5169

Cordero, A., Laclaustra, M., Leon, M., Casasnovas, J. A., Grima, A., Luengo, E., Ordofiez, B.,
Bergua, C., Bes, M., Pascual, I., & Alegria, E. (2008). Comparison of Serum Lipid Values in
Subjects With and Without the Metabolic Syndrome. American Journal of Cardiology,
102(4), 424-428. https://doi.org/10.1016/j.amjcard.2008.03.079

Courtney, C. H., Olefsky, J. M., Freeman, A. M., & Pennings, N. (2021). Insulin Resistance. In
StatPearls (pp. 185-209). StatPearls Publishing. https://doi.org/10.1007/978-0-387-72204-
710

da Silva, C. de C., Zambon, M. P., Vasques, A. C. J., Camilo, D. F., de Goes Monteiro Antonio,
M. A. R., & Geloneze, B. (2023). The threshold value for identifying insulin resistance
(HOMA-IR) in an admixed adolescent population: A hyperglycemic clamp validated study.
Archives of Endocrinology and Metabolism, 67(1), 119-125. https://doi.org/10.20945/2359-
3997000000533

Da Silva, P. M., Gauche, C., Gonzaga, L. V., Costa, A. C. O., & Fett, R. (2016). Honey: Chemical
composition, stability and authenticity. In Food Chemistry (Vol. 196, pp. 309-323). Elsevier
Ltd. https://doi.org/10.1016/j.foodchem.2015.09.051

150



Daher, M., Fahd, C., Nour, A. A., & Sacre, Y. (2022). Trends and amounts of consumption of low-
calorie  sweeteners: A  cross-sectional  study. Clinical  Nutrition ESPEN.
https://doi.org/10.1016/j.clnesp.2022.01.006

Das, A., & Chakraborty, R. (2016). Sweeteners: Classification, Sensory and Health Effects (B.
Caballero, P. M. Finglas, & F. B. T.-E. of F. and H. Toldra, Eds.; pp. 234-240). Academic
Press. https://doi.org/https://doi.org/10.1016/B978-0-12-384947-2.00677-2

Davarpanah, M., Shokri-mashhadi, N., Ziaei, R., & Saneei, P. (2021). A systematic review and
meta-analysis of association between brain-derived neurotrophic factor and type 2 diabetes
and glycemic  profile.  Scientific  Reports 2021  11:1, 11(1), 1-14.
https://doi.org/10.1038/s41598-021-93271-z

Davis, C. D. (2016). The gut microbiome and its role in obesity. Nutrition Today, 51(4), 167-174.
https://doi.org/10.1097/NT.0000000000000167

Decubellis, J., & Mayer, J. (2013). Glucose. Clinical Veterinary Advisor: Birds and Exotic Pets,
619-622. https://doi.org/10.1016/B978-1-4160-3969-3.00361-9

Deenadayalan, A., Subramanian, V., Paramasivan, V., Veeraraghavan, V. P., Rengasamy, G.,
Sadagopan, J. C., Rajagopal, P., & Jayaraman, S. (2021). Stevioside attenuates insulin
resistance in skeletal muscle by facilitating IR/IRS-1/Akt/GLUT 4 signaling pathways: An in
vivo and in silico approach. Molecules, 26(24). https://doi.org/10.3390/molecules26247689

Della Corte, K. W., Perrar, I., Penczynski, K. J., Schwingshackl, L., Herder, C., & Buyken, A. E.
(2018). Effect of dietary sugar intake on biomarkers of subclinical inflammation: A
systematic review and meta-analysis of intervention studies. Nutrients, 10(5), 606.
https://doi.org/10.3390/nu10050606

Després, J. P., Lemieux, I., Bergeron, J., Pibarot, P., Mathieu, P., Larose, E., Rodés-Cabau, J.,
Bertrand, O. F., & Poirier, P. (2008). Abdominal Obesity and the Metabolic Syndrome:
Contribution to global cardiometabolic risk. In Arteriosclerosis, Thrombosis, and Vascular
Biology (Vol. 28, Issue 6, pp. 1039-1049). Lippincott Williams & Wilkins.
https://doi.org/10.1161/ATVBAHA.107.159228

151



Dholariya, S. J., & Orrick, J. A. (2022). Biochemistry, Fructose Metabolism. In StatPearls.
StatPearls Publishing.

DiFrancesco, L., Fulgoni, V. L., Gaine, P. C., Scott, M. O., & Ricciuto, L. (2022). Trends in added
sugars intake and sources among U.S. adults using the National Health and Nutrition
Examination Survey (NHANES) 2001-2018. Frontiers in Nutrition, 9, 1708.
https://doi.org/10.3389/fnut.2022.897952

Do, H. D., Lohsoonthorn, V., Jiamjarasrangsi, W., Lertmaharit, S., & Williams, M. A. (2010).
Prevalence of insulin resistance and its relationship with cardiovascular disease risk factors
among Thai adults over 35 years old. Diabetes Research and Clinical Practice, 89(3), 303—
308. https://doi.org/10.1016/j.diabres.2010.04.013

Dooley, J., Lagou, V., Govelia, J., Ulrich, A., Rohlenova, K., Heirman, N., Karakach, T., Lampi,
Y., Khan, S., Wang, J., Dresselaers, T., Himmelreich, U., Gunter, M. J., Prokopenko, 1.,
Carmeliet, P., & Liston, A. (2020). Heterogeneous Effects of Calorie Content and Nutritional
Components Underlie Dietary Influence on Pancreatic Cancer Susceptibility. Cell Reports,
32(2), 107880. https://doi.org/10.1016/j.celrep.2020.107880

Drouin-Chartier, J. P., Zheng, Y., Li, Y., Malik, V., Pan, A., Bhupathiraju, S. N., Tobias, D. K.,
Manson, J. A. E., Willett, W. C., & Hu, F. B. (2019). Changesinconsumptionofsugary
beverages and artificially sweetened beverages and subsequent risk of type 2 diabetes: Results
from three large prospective U.S. Cohorts of women and men. Diabetes Care, 42(12), 2181
2189. https://doi.org/10.2337/dc19-0734

Duarte, J., Pérez-Palencia, R., Vargas, F., Angeles Ocete, M., Pérez-Vizcaino, F., Zarzuelo, A., &
Tamargo, J. (2001). Antihypertensive effects of the flavonoid quercetin in spontaneously
hypertensive rats. British Journal of Pharmacology, 133(1), 117.
https://doi.org/10.1038/SJ.BJP.0704064

Duncan, B. B., Schmidt, M. I., Pankow, J. S., Ballantyne, C. M., Couper, D., Vigo, A., Hoogeveen,
R., Folsom, A. R., & Heiss, G. (2003). Low-Grade Systemic Inflammation and the
Development of Type 2 DiabetesThe Atherosclerosis Risk in Communities Study. Diabetes,
52(7), 1799-1805. https://doi.org/10.2337/DIABETES.52.7.1799

152



Dupont, J., Rideau, N., & Simon, J. (2022a). Endocrine pancreas. In Sturkie’s Avian Physiology
(pp. 895-917). Academic Press. https://doi.org/10.1016/B978-0-12-819770-7.00048-7

Dupont, J., Rideau, N., & Simon, J. (2022b). Endocrine pancreas. In Sturkie’s Avian Physiology
(pp. 895-917). Elsevier. https://doi.org/10.1016/B978-0-12-819770-7.00048-7

Ebrahimi, A. G., Hollister-Lock, J., Sullivan, B. A., Tsuchida, R., Bonner-Weir, S., & Weir, G. C.
(2020). Beta cell identity changes with mild hyperglycemia: Implications for function,
growth, and vulnerability. Molecular Metabolism, 35, 100959.
https://doi.org/10.1016/J.MOLMET.2020.02.002

Editor, D., & Feldweg, A. M. (2011). Leukocyte-endothelial adhesion in the pathogenesis of

inflammation. Blood.

Edwards, C. H., Rossi, M., Corpe, C. P., Butterworth, P. J., & Ellis, P. R. (2016). The role of sugars
and sweeteners in food , diet and health : Alternatives for the future. Trends in Food Science
& Technology, 56, 158-166. https://doi.org/10.1016/j.tifs.2016.07.008

Edwards, M. K., Blaha, M. J., & Loprinzi, P. D. (2017). Atherogenic Index of Plasma and
Triglyceride/High-Density Lipoprotein Cholesterol Ratio Predict Mortality Risk Better Than
Individual Cholesterol Risk Factors, Among an Older Adult Population. Mayo Clinic
Proceedings, 92(4), 680-681. https://doi.org/10.1016/J.MAYOCP.2016.12.018

Erbas, O., Erdogan, M. A., Khalilnezhad, A., Solmaz, V., Giirkan, F. T., Yigittiirk, G., Eroglu, H.
A., & Taskiran, D. (2018). Evaluation of long-term effects of artificial sweeteners on rat
brain: a biochemical, behavioral, and histological study. Journal of Biochemical and
Molecular Toxicology, 32(6), e22053. https://doi.org/10.1002/JBT.22053

Erejuwa, O. O., Nwobodo, N. N., Akpan, J. L., Okorie, U. A., Ezeonu, C. T., Ezeokpo, B. C.,
Nwadike, K. 1., Erhiano, E., Abdul Wahab, M. S., & Sulaiman, S. A. (2016a). Nigerian honey
ameliorates hyperglycemia and dyslipidemia in alloxan-induced diabetic rats. Nutrients, 8(3).
https://doi.org/10.3390/nu8030095

Erejuwa, O. O., Nwobodo, N. N., Akpan, J. L., Okorie, U. A., Ezeonu, C. T., Ezeokpo, B. C.,
Nwadike, K. I., Erhiano, E., Abdul Wahab, M. S., & Sulaiman, S. A. (2016b). Nigerian Honey

153



Ameliorates Hyperglycemia and Dyslipidemia in Alloxan-Induced Diabetic Rats. Nutrients,
8(3). https://doi.org/10.3390/NU8030095

Erejuwa, O. O., Sulaiman, S. A., & Ab Wahab, M. S. (2011). Oligosaccharides Might Contribute
to the Antidiabetic Effect of Honey: A Review of the Literature. Molecules 2012, Vol. 17,
Pages 248-266, 17(1), 248-266. https://doi.org/10.3390/MOLECULES17010248

Erejuwa, O. O., Sulaiman, S. A., & Ab Wahab, M. S. (2012). Honey - A novel antidiabetic agent.
In International Journal of Biological Sciences (Vol. 8, Issue 6, pp. 913-934).
https://doi.org/10.7150/ijbs.3697

Erejuwa, Omotayo. O., Gurtu, S., Sulaiman, S. A., Wahab, M. S. A,, Sirajudeen, K. N. S., & Salleh,
M. S. M. (2010). Hypoglycemic and antioxidant effects of honey supplementation in
streptozotocin-induced diabetic rats. International Journal for Vitamin and Nutrition
Research, 80(1), 74-82. https://doi.org/10.1024/0300-9831/a000008

Espinosa, A., Mendoza, K., Laviada-Molina, H., Rangel-Méndez, J. A., Molina-Segui, F., Sun,
Q., Tobias, D. K., Willett, W. C., & Mattei, J. (2023). Effects of non-nutritive sweeteners on
the BMI of children and adolescents: a systematic review and meta-analysis of randomised
controlled trials and prospective cohort studies. The Lancet. Global Health, 11, S8.
https://doi.org/10.1016/S2214-109X(23)00093-1

Esteghamati, A., Ashraf, H., Esteghamati, A. R., Meysamie, A., Khalilzadeh, O., Nakhjavani, M.,
& Abbasi, M. (2009). Optimal threshold of homeostasis model assessment for insulin
resistance in an Iranian population: The implication of metabolic syndrome to detect insulin
resistance.  Diabetes Research and  Clinical Practice, 84(3), 279-287.
https://doi.org/10.1016/j.diabres.2009.03.005

Farhat, G., Berset, V., & Moore, L. (2019). Effects of stevia extract on postprandial glucose
response, satiety and energy intake: A three-arm crossover trial. Nutrients, 11(12).
https://doi.org/10.3390/nu11123036

154



Farid, A., Hesham, M., El-Dewak, M., & Amin, A. (2020). The hidden hazardous effects of stevia
and sucralose consumption in male and female albino mice in comparison to sucrose. Saudi
Pharmaceutical Journal, 28(10), 1290-1300. https://doi.org/10.1016/j.jsps.2020.08.019

Fasanmade, A. A., & Alabi, O. T. (2008). Differential effect of honey on selected variables in
alloxan-induced and fructose-induced diabetic rats. African Journal Biomedical Research,
11(2), 191-196.

Fattore, E., Botta, F., Agostoni, C., & Bosetti, C. (2017). Effects of free sugars on blood pressure
and lipids: a systematic review and meta-analysis of nutritional isoenergetic intervention
trials.  The  American Journal of  Clinical  Nutrition, 105(1), 42-56.
https://doi.org/10.3945/AJCN.116.139253

Fawwad, A., Mahmood, Y., Askari, S., Butt, A., Basit, A., Rehman Abro, M. U., Ahmed, K. 1.,
Ahmed, K., Ali, S. S., Bilal, A., Butt, A., Devrajani, B. R., Hayder, I., Humayun, Y., Irshad,
R., Khan, R. A., Khan, A., Khowaja, A. A., Khowaja, R., ... Zafar, J. (2023). NDSP 12:
Atherogenic index of plasma as a useful marker of cardiovascular disease risk among
Pakistani individuals; a study from the second National Diabetes Survey of Pakistan (NDSP)
2016-2017.  Clinical  Epidemiology and  Global Health, 19, 101202.
https://doi.org/10.1016/j.cegh.2022.101202

Feingold, K. R., & Grunfeld, C. (2000). Introduction to Lipids and Lipoproteins. In Endotext.
MDText.com, Inc.

Ferreira, R. S., de Souza Morelini, L., de Azeredo, E. M. C., Vieira, E. C. S., Ferreira, E. B., da
Silva, V. S. N., Tavano, O. L., & Azevedo, L. (2018). The impact of laboratory chow for rats
in the experiments: Chemical and biological evaluation of nine grain-based diet options.
Human and Experimental Toxicology, S 275-284.
https://doi.org/10.1177/0960327117695637/ASSET/IMAGES/LARGE/10.1177_09603271
17695637-FIG1.JPEG

Figlewicz, D. P., loannou, G., Bennett Jay, J., Kittleson, S., Savard, C., & Roth, C. L. (2009a).
Effect of moderate intake of sweeteners on metabolic health in the rat. Physiology and
Behavior, 98(5), 618-624. https://doi.org/10.1016/j.physbeh.2009.09.016

155



Figlewicz, D. P., loannou, G., Bennett Jay, J., Kittleson, S., Savard, C., & Roth, C. L. (2009b).
Effect of moderate intake of sweeteners on metabolic health in the rat. Physiology and
Behavior, 98(5), 618-624. https://doi.org/10.1016/j.physbeh.2009.09.016

Figlewicz, D. P., loannou, G., Bennett Jay, J., Kittleson, S., Savard, C., & Roth, C. L. (2009c).
Effect of moderate intake of sweeteners on metabolic health in the rat. Physiology and
Behavior, 98(5), 618-624. https://doi.org/10.1016/j.physbeh.2009.09.016

Fitch, C., & Keim, K. S. (2012). Position of the Academy of Nutrition and Dietetics: Use of
Nutritive and Nonnutritive Sweeteners. Journal of the Academy of Nutrition and Dietetics,
112(5), 739-758. https://doi.org/10.1016/j.jand.2012.03.009

Freeman, A. M., & Pennings, N. (2021a). Insulin Resistance. In StatPearls. StatPearls Publishing.

Freeman, A. M., & Pennings, N. (2021b). Insulin Resistance - StatPearls - NCBI Bookshelf.
StatPearls Publishing, Treasure Island (FL).

Fried, S. K., & Rao, S. P. (2003). Sugars, hypertriglyceridemia, and cardiovascular disease. The
American Journal of Clinical Nutrition, 78(4), 873S-880S.
https://doi.org/10.1093/AJCN/78.4.873S

Ganea, E. (1970). PROINSULIN AND INSULIN BIOSYNTHESIS. STUD.CERCET.ENDOCR,.,
24(5), 339-348. https://doi.org/10.1016/B978-0-08-015844-0.50039-0

Garcia, N. L. (2018). The Current Situation on the International Honey Market.
Https://Doi.Org/10.1080/0005772X.2018.1483814, 95(3), 89-94.
https://doi.org/10.1080/0005772X.2018.1483814

Gasevic, D., Frohlich, J., Mancini, G. J., & Lear, S. A. (2014a). Clinical usefulness of lipid ratios
to identify men and women with metabolic syndrome: A cross-sectional study. Lipids in
Health and Disease, 13(1), 1-10. https://doi.org/10.1186/1476-511X-13-159/TABLES/3

Gasevic, D., Frohlich, J., Mancini, G. J., & Lear, S. A. (2014b). Clinical usefulness of lipid ratios
to identify men and women with metabolic syndrome: A cross-sectional study. Lipids in
Health and Disease, 13(1), 1-10. https://doi.org/10.1186/1476-511X-13-159

156



Gastaldelli, A. (2022). Measuring and estimating insulin resistance in clinical and research
settings. Obesity, 30(8), 1549-1563. https://doi.org/10.1002/0OBY.23503

Gatineau, E., Savary-Auzeloux, I., Migné, C., Polakof, S., Dardevet, D., & Mosoni, L. (2015).
Chronic Intake of Sucrose Accelerates Sarcopenia in Older Male Rats through Alterations in
Insulin Sensitivity and Muscle Protein Synthesis, ,. The Journal of Nutrition, 145(5), 923—
930. https://doi.org/10.3945/JN.114.205583

Gayoso-Diz, P., Otero-Gonzalez, A., Rodriguez-Alvarez, M. X., Gude, F., Garcia, F., De
Francisco, A., & Quintela, A. G. (2013a). Insulin resistance (HOMA-IR) cut-off values and
the metabolic syndrome in a general adult population: effect of gender and age: EPIRCE
cross-sectional study. BMC Endocrine Disorders, 13, 47. https://doi.org/10.1186/1472-6823-
13-47

Gayoso-Diz, P., Otero-Gonzalez, A., Rodriguez-Alvarez, M. X., Gude, F., Garcia, F., De
Francisco, A., & Quintela, A. G. (2013b). Insulin resistance (HOMA-IR) cut-off values and
the metabolic syndrome in a general adult population: effect of gender and age: EPIRCE
cross-sectional study. BMC Endocrine Disorders 2013 13:1, 13(1), 1-10.
https://doi.org/10.1186/1472-6823-13-47

Gayoso-Diz, P., Otero-Gonzalez, A., Rodriguez-Alvarez, M. X., Gude, F., Garcia, F., De
Francisco, A., & Quintela, A. G. (2013c). Insulin resistance (HOMA-IR) cut-off values and
the metabolic syndrome in a general adult population: Effect of gender and age: EPIRCE
cross-sectional study. BMC Endocrine Disorders, 13(1), 1-10. https://doi.org/10.1186/1472-
6823-13-47

Gaziano, J. M., Hennekens, C. H., O’Donnell, C. J., Breslow, J. L., & Buring, J. E. (1997). Fasting
triglycerides, high-density lipoprotein, and risk of myocardial infarction. Circulation, 96(8),
2520-2525. https://doi.org/10.1161/01.CIR.96.8.2520

Geloneze, B., Repetto, E. M., Geloneze, S. R., Tambascia, M. A., & Ermetice, M. N. (2006). The
threshold value for insulin resistance (HOMA-IR) in an admixtured population. IR in the
Brazilian Metabolic Syndrome Study. Diabetes Research and Clinical Practice, 72(2), 219-
220. https://doi.org/10.1016/j.diabres.2005.10.017

157



Gholami, Z., Sohrabi, Z., Zare, M., Pourrajab, B., & Nasimi, N. (2022). The effect of honey on
lipid profiles: A systematic review and meta-analysis of controlled clinical trials. British
Journal of Nutrition, 127(10), 1482—-1496. https://doi.org/10.1017/S0007114521002506

Ghosh, S., & Collier, A. (2012). Diagnosis, classification, epidemiology and biochemistry.
Churchill’s Pocketbook of Diabetes, 1-49. https://doi.org/10.1016/B978-0-443-10081-
9.00008-7

Gibson, S., Gunn, P., Wittekind, A., & Cottrell, R. (2013). The Effects of Sucrose on Metabolic
Health: A Systematic Review of Human Intervention Studies in Healthy Adults. In Critical
Reviews in Food Science and Nutrition (Vol. 53, Issue 6, pp. 591-614).
https://doi.org/10.1080/10408398.2012.691574

Gillespie, K. M., Kemps, E., White, M. J., & Bartlett, S. E. (2023a). The Impact of Free Sugar on
Human Health—A Narrative Review. In Nutrients (Vol. 15, Issue 4, p. 889).
Multidisciplinary Digital Publishing Institute. https://doi.org/10.3390/nu15040889

Gillespie, K. M., Kemps, E., White, M. J., & Bartlett, S. E. (2023b). The Impact of Free Sugar on
Human Health—A Narrative Review. Nutrients, 15(4). https://doi.org/10.3390/NU15040889

GOmez-Criséstomo, N. P., de la Cruz Arias, D., Camacho Liévano, J. U., de la Cruz-Hernandez,
E. N., & Martinez-Abundis, E. (2017). Chronic consumption of refined but not brown sugar
induces Hypertriglyceridemia and fat accumulation in rat liver. Academia Journal of
Scientific Research, 5(October), 451-459. https://doi.org/10.15413/ajsr.2017.0146

Gong, R., Luo, G., Wang, M., Ma, L., Sun, S., & Wei, X. (2021). Associations between TG/HDL
ratio and insulin resistance in the US population: a cross-sectional study. Endocrine
Connections, 10(11), 1502-1512. https://doi.org/10.1530/EC-21-0414

Gonzalez-Montemayor, A.-M., Flores-Gallegos, A. C., Serrato-Villegas, L. E., Lopez-Pérez, M.
G., Montafiez-Séaenz, J. C., & Rodriguez-Herrera, R. (2019). 6 - Honey and Syrups: Healthy
and Natural Sweeteners with Functional Properties (A. M. Grumezescu & A. M. B. T.-N. B.
Holban, Eds.; pp. 143-177). Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-
12-816689-5.00006-7

158



Gopalan, C., & Kirk, E. (2022). Endocrine pancreas. Biology of Cardiovascular and Metabolic
Diseases, 209-222. https://doi.org/10.1016/B978-0-12-823421-1.00008-1

Grundy, S. M., Cleeman, J. I., Daniels, S. R., Donato, K. A., Eckel, R. H., Franklin, B. A., Gordon,
D. J., Krauss, R. M., Savage, P. J., Smith, S. C., Spertus, J. A., & Costa, F. (2005). Diagnosis
and Management of the Metabolic Syndrome. Circulation, 112(17), 2735-2752.
https://doi.org/10.1161/CIRCULATIONAHA.105.169404

Guo, S. (2014). Insulin signaling, resistance, and metabolic syndrome: Insights from mouse
models into disease mechanisms. In Journal of Endocrinology (Vol. 220, Issue 2, pp. T1-
T23). Bioscientifica Ltd. https://doi.org/10.1530/JOE-13-0327

Gurina, T. S., &  Simms, L. (2023). Histology  stain. StatPearls.
https://doi.org/10.1101/pdb.rec11149

Gutch, M., Kumar, S., Razi, S. M., Gupta, K., & Gupta, A. (2015). Assessment of insulin
sensitivity/resistance. Indian Journal of Endocrinology and Metabolism, 19(1), 160-164.
https://doi.org/10.4103/2230-8210.146874

Hadaegh, F., Hatami, M., Tohidi, M., Sarbakhsh, P., Saadat, N., & Azizi, F. (2010). Lipid ratios
and appropriate cut off values for prediction of diabetes: A cohort of Iranian men and women.
Lipids in Health and Disease, 9(1), 1-9. https://doi.org/10.1186/1476-511X-9-85

Hannou, S. A., Haslam, D. E., McKeown, N. M., & Herman, M. A. (2018). Fructose metabolism
and metabolic disease. In Journal of Clinical Investigation (Vol. 128, Issue 2, pp. 545-555).
American Society for Clinical Investigation. https://doi.org/10.1172/JCI196702

Harbuwono, D. S., Nenfiati, Tahapary, D. L., Setiati, S., Yunihastuti, E., & Tarigan, T. J. E. (2023).
Defining the optimum HOMA-IR cut-off value for insulin resistance among ARV-treated
HIV patients in Indonesia. Diabetes & Metabolic Syndrome: Clinical Research & Reviews,
17(2), 102719. https://doi.org/10.1016/J.DSX.2023.102719

Harris, J. L., Romo-Palafox, M. J., Gershman, H., Kagan, I., & Duffy, V. (2023). Healthy Snacks
and Drinks for Toddlers: A Qualitative Study of Caregivers’ Understanding of Expert

159



Recommendations and Perceived Barriers to Adherence. Nutrients, 15(4).
https://doi.org/10.3390/NU15041006

Haslam, D. E., Chasman, D. I., Peloso, G. M., Herman, M. A., Dupuis, J., Lichtenstein, A. H.,
Smith, C. E., Ridker, P. M., Jacques, P. F., Mora, S., & McKeown, N. M. (2022). Sugar-
Sweetened Beverage Consumption and Plasma Lipoprotein Cholesterol, Apolipoprotein, and
Lipoprotein Particle Size Concentrations in US Adults. The Journal of Nutrition, 152(11),
2534-2545. https://doi.org/10.1093/IN/NXAC166

He, L., S. Babar, G., M. Redel, J., L. Young, S., E. Chagas, C., V. Moore, W., & Yan, Y. (2021).
Fructose Intake: Metabolism and Role in Diseases. In Sugar Intake - Risks and Benefits and
the Global Diabetes Epidemic. IntechOpen. https://doi.org/10.5772/intechopen.95754

Hedayatnia, M., Asadi, Z., Zare-Feyzabadi, R., Yaghooti-Khorasani, M., Ghazizadeh, H.,
Ghaffarian-Zirak, R., Nosrati-Tirkani, A., Mohammadi-Bajgiran, M., Rohban, M., Sadabadi,
F., Rahimi, H. R., Ghalandari, M., Ghaffari, M. S., Yousefi, A., Pouresmaeili, E., Besharatlou,
M. R., Moohebati, M., Ferns, G. A., Esmaily, H., & Ghayour-Mobarhan, M. (2020).
Dyslipidemia and cardiovascular disease risk among the MASHAD study population. Lipids
in Health and Disease, 19(1). https://doi.org/10.1186/5S12944-020-01204-Y

Hedblad, B., Nilsson, P., Janzon, L., & Berglund, G. (2000). Relation between insulin resistance
and carotid intima-media thickness and stenosis in non-diabetic subjects. Results from a
cross-sectional study in  Malm6, Sweden. Diabetic Medicine, 17(4), 299-307.
https://doi.org/10.1046/J.1464-5491.2000.00280.X

Herman, R., Kravos, N. A., Jensterle, M., Janez, A., & Dolzan, V. (2022). Metformin and Insulin
Resistance: A Review of the Underlying Mechanisms behind Changes in GLUT4-Mediated
Glucose Transport. International Journal of Molecular Sciences 2022, Vol. 23, Page 1264,
23(3), 1264. https://doi.org/10.3390/1JIMS23031264

Hieronimus, B., Medici, V., Bremer, A. A., Lee, V., Nunez, M. V, Sigala, D. M., Keim, N. L.,
Havel, P. J., & Stanhope, K. L. (2020). Synergistic effects of fructose and glucose on
lipoprotein risk factors for cardiovascular disease in young adults. Metabolism, 112, 154356.
https://doi.org/https://doi.org/10.1016/j.metabol.2020.154356

160



Hirabara, S. M., Gorjéo, R., Vinolo, M. A., Rodrigues, A. C., Nachbar, R. T., & Curi, R. (2012).
Molecular targets related to inflammation and insulin resistance and potential interventions.
Journal of Biomedicine and Biotechnology, 2012. https://doi.org/10.1155/2012/379024

Hirode, G., & Wong, R. J. (2020). Trends in the Prevalence of Metabolic Syndrome in the United
States, 2011-2016. JAMA, 323(24), 2526-2528. https://doi.org/10.1001/jama.2020.4501

Hossain, K. S., Hossain, M. G., Moni, A., Rahman, M. M., Rahman, U. H., Alam, M., Kundu, S.,
Rahman, M. M., Hannan, M. A., & Uddin, M. J. (2020). Prospects of honey in fighting against
COVID-19: pharmacological insights and therapeutic promises. In Heliyon (Vol. 6, Issue 12,
p. e05798). Elsevier. https://doi.org/10.1016/j.heliyon.2020.e05798

Huang, C., Huang, J., Tian, Y., Yang, X., & Gu, D. (2014). Sugar sweetened beverages
consumption and risk of coronary heart disease: A meta-analysis of prospective studies.
Atherosclerosis, 234(1), 11-16. https://doi.org/10.1016/j.atherosclerosis.2014.01.037

Huang, P. L. (2009). A comprehensive definition for metabolic syndrome. DMM Disease Models
and Mechanisms, 2(5-6), 231-237. https://doi.org/10.1242/DMM.001180/-/DC1

Huang, Y., Chen, Z., Chen, B, Li, J., Yuan, X., Li, J., Wang, W., Dai, T., Chen, H., Wang, Y.,
Wang, R., Wang, P., Guo, J., Dong, Q., Liu, C., Wei, Q., Cao, D., & Liu, L. (2023). Dietary
sugar consumption and health: umbrella review. BMJ, 381. https://doi.org/10.1136/BMJ-
2022-071609

Hyun Choi, J., Capucho, A. M., & Conde, S. V. (2022). Impact of Sugars on Hypothalamic Satiety
Pathways and Its Contribution to Dysmetabolic States. Diabetology 2023, Vol. 4, Pages 1-
10, 4(1), 1-10. https://doi.org/10.3390/DIABETOLOGY4010001

ljuin, T., & Takenawa, T. (2012). Regulation of Insulin Signaling and Glucose Transporter 4
(GLUT4) Exocytosis by Phosphatidylinositol 3,4,5-Trisphosphate (PIP3) Phosphatase,
Skeletal Muscle, and Kidney Enriched Inositol Polyphosphate Phosphatase (SKIP). The
Journal of Biological Chemistry, 287(10), 6991. https://doi.org/10.1074/JBC.M111.335539

International Sugar Organization. (2019). About Sugar. International Sugar Organization.

https://www.isosugar.org/sugarsector/sugar

161



Ishiguro, E., Haskey, N., & Campbell, K. (2018). Impact of Nutrition on the Gut Microbiota. In E.
Ishiguro, N. Haskey, & K. Campbell (Eds.), Gut Microbiota (pp. 105-131). Academic Press.
https://doi.org/10.1016/b978-0-12-810541-2.00006-3

Jameson, J. L., de Kretser, D. M., Grossman, A. B., Potts, J. T., De Groot, J. L., Giudice, L. C.,
Melmed, S., & Weir, G. C. (2015). Endocrinology: Adult and Pediatric. In Endocrinology:
Adult and Pediatric (Vols 1-2). Elsevier Inc. https://doi.org/10.1016/c2012-1-03052-4

Jiang, M. H., Fei, J,, Lan, M. S,, Lu, Z. P., Liu, M., Fan, W. W., Gao, X., & Lu, D. R. (2008).
Hypermethylation of hepatic Gck promoter in ageing rats contributes to diabetogenic
potential. Diabetologia, 51(8), 1525-1533. https://doi.org/10.1007/S00125-008-1034-
8/FIGURES/5

Jiang, S., Young, J. L., Wang, K., Qian, Y., & Cai, L. (2020). Diabetic-induced alterations in
hepatic glucose and lipid metabolism: The role of type 1 and type 2 diabetes mellitus
(Review). In Molecular Medicine Reports (Vol. 22, Issue 2, pp. 603-611). Spandidos
Publications. https://doi.org/10.3892/mmr.2020.11175

Johnson, R. J., Nakagawa, T., Sanchez-Lozada, L. G., Shafiu, M., Sundaram, S., Le, M., Ishimoto,
T., Sautin, Y. Y., & Lanaspa, M. A. (2013). Sugar, Uric Acid, and the Etiology of Diabetes
and Obesity. Diabetes, 62(10), 3307. https://doi.org/10.2337/DB12-1814

Johnson, R. J., Sanchez-Lozada, L. G., Andrews, P., & Lanaspa, M. A. (2017). Perspective: A
Historical and Scientific Perspective of Sugar and Its Relation with Obesity and Diabetes.
Advances in Nutrition, 8(3), 412—422. https://doi.org/10.3945/AN.116.014654

Johnson, R. K., Appel, L. J., Brands, M., Howard, B. V., Lefevre, M., Lustig, R. H., Sacks, F.,
Steffen, L. M., & Wylie-Rosett, J. (2009). Dietary sugars intake and cardiovascular health a
scientific statement from the american heart association. In Circulation (Vol. 120, Issue 11,
pp. 1011-1020). Lippincott Williams & Wilkins.
https://doi.org/10.1161/CIRCULATIONAHA.109.192627

162



Jomard, A., & Osto, E. (2020). High Density Lipoproteins: Metabolism, Function, and Therapeutic
Potential. In Frontiers in Cardiovascular Medicine (Vol. 7, p. 524586). Frontiers Media S.A.
https://doi.org/10.3389/fcvm.2020.00039

Katuzna, M., Czlapka-Matyasik, M., Kompf, P., Moczko, J., Wachowiak-Ochmanska, K., Janicki,
A., Samarzewska, K., Ruchata, M., & Ziemnicka, K. (2022). Lipid ratios and obesity indices
are effective predictors of metabolic syndrome in women with polycystic ovary syndrome.
Therapeutic Advances in Endocrinology and Metabolism, 13.
https://doi.org/10.1177/20420188211066699

Kamal, N. H., Essmat, A., El Askary, H. I., El Hefnawy, H. M., Wahab, S. M. A., & Meselhy, M.
R. (2022). Chemical profile and beneficial effect of standardized extract of Stevia rebaudiana
Bertoni leaves on metabolic syndrome in high fat diet streptozotocin-induced diabetic rats.
Applied Biological Chemistry, 65(1). https://doi.org/10.1186/s13765-022-00724-8

Kampmann, U., Christensen, B., Nielsen, T. S., Pedersen, S. B., @rskov, L., Lund, S., Mgller, N.,
& Jessen, N. (2011). GLUT4 and UBC9 Protein Expression Is Reduced in Muscle from Type
2 Diabetic Patients with Severe Insulin Resistance. PLOS ONE, 6(11), e27854.
https://doi.org/10.1371/JOURNAL.PONE.0027854

Karaye, R. M., Dikko, A. A. U., Yarube2, I. U., Muhammad, M., Tijjani, U., Alhassan, A. W., &
Saleh, M. I. A. (2018). Effects of cane brown sugar on lipids , liver enzymes and sex
hormones profiles in male Wistar rats Effects of cane brown sugar on lipids , liver enzymes
and sex hormones profiles in male Wistar rats Department of Human Physiology , Faculty of

Medicine ,. Journal of Tropical Biosciences, 13(August), 12-17.

Kawabhito, S., Kitahata, H., & Oshita, S. (2009). Problems associated with glucose toxicity: Role
of hyperglycemia-induced oxidative stress. In World Journal of Gastroenterology (Vol. 15,
Issue 33, pp. 4137-4142). Baishideng Publishing Group Inc.
https://doi.org/10.3748/wjg.15.4137

Kayode, O. O., & Kayode, O. O. (2021). Diet and Obesity. Psychology and Pathophysiological
Outcomes of Eating. https://doi.org/10.5772/INTECHOPEN.98326

163



Kelli, H. M., & Kassas, I. (2015). Cardio Metabolic Syndrome: A Global Epidemic. Journal of
Diabetes & Metabolism, 6(3). https://doi.org/10.4172/2155-6156.1000513

Kelly, R. K., Tong, T. Y. N., Watling, C. Z., Reynolds, A., Piernas, C., Schmidt, J. A., Papier, K.,
Carter, J. L., Key, T. J., & Perez-Cornago, A. (2023). Associations between types and sources
of dietary carbohydrates and cardiovascular disease risk: a prospective cohort study of UK
Biobank participants. BMC Medicine, 21(1), 1-16. https://doi.org/10.1186/S12916-022-
02712-7/TABLES/4

Khamis, N. A., Tayel, D. I., & Aborhyem, S. M. (2020). Impact of aspartame and sucralose
consumption on blood glucose homeostasis and haemoglobin level in male albino rats.
Clinical Nutrition ESPEN, 40, 592. https://doi.org/10.1016/j.clnesp.2020.09.556

Khan, T. A., Ayoub-Charette, S., Sievenpiper, J. L., & Comelli, E. M. (2020). Non-Nutritive
Sweeteners and their Effects on Human Health and the Gut Microbiome. In Encyclopedia of
Gastroenterology (pp. 676-684). Academic Press. https://doi.org/10.1016/b978-0-12-
801238-3.62162-1

Khedroo, L. G. (1957). Acute Hemorrhagic Pancreatitis: An Experiment Method of Its Production
and the Effect of Vagotomy. A.M.A. Archives of Surgery, 74(2), 220-224.
https://doi.org/10.1001/ARCHSURG.1957.01280080070011

Kinosian, B., Glick, H., & Garland, G. (1994). Cholesterol and coronary heart disease: Predicting
risk by levels and ratios. Annals of Internal Medicine, 121(9), 641-647.
https://doi.org/10.7326/0003-4819-121-9-199411010-00002

Kohlmeier, M. (2013). How Nutrients are Affected by Genetics. In Nutrigenetics (pp. 103-221).
Academic Press. https://doi.org/10.1016/b978-0-12-385900-6.00004-6

Kohsaka, R., Park, M. S., & Uchiyama, Y. (2017). Beekeeping and honey production in Japan and
South Korea: past and present. Journal of Ethnic Foods, 4(2), 72-79.
https://doi.org/10.1016/j.jef.2017.05.002

Kushitor, S. B. (2021). Food availability and food habits among Ghanaians: Tracking the dietary
transition in Ghana. Nutrition and Health. https://doi.org/10.1177/02601060211066707

164



Langin, D., & Viguerie, N. (2020). Nutrients and Gene Expression in Type 2 Diabetes. Principles
of Nutrigenetics and Nutrigenomics: Fundamentals of Individualized Nutrition, 441-445.
https://doi.org/10.1016/B978-0-12-804572-5.00059-8

Larsson, S. C., Bergkvist, L., & Wolk, A. (2006). Consumption of sugar and sugar-sweetened
foods and the risk of pancreatic cancer in a prospective study. American Journal of Clinical
Nutrition, 84(5), 1171-1176. https://doi.org/10.1093/ajcn/84.5.1171

Lazarevié¢, K. B., Jovetié, M. S., & Tesi¢, Z. L. (2017). Physicochemical parameters as a tool for
the assessment of origin of honey. Journal of AOAC International, 100(4), 840-851.
https://doi.org/10.5740/jaocacint.17-0143

Lee, H. C., Akhmedov, A., & Chen, C. H. (2022a). Spotlight on very-low-density lipoprotein as a
driver of cardiometabolic disorders: Implications for disease progression and mechanistic
insights. In Frontiers in Cardiovascular Medicine (Vol. 9, p. 2793). Frontiers Media S.A.
https://doi.org/10.3389/fcvm.2022.993633

Lee, H. C., Akhmedov, A., & Chen, C. H. (2022b). Spotlight on very-low-density lipoprotein as a
driver of cardiometabolic disorders: Implications for disease progression and mechanistic
insights. Frontiers in Cardiovascular Medicine, 9, 993633.
https://doi.org/10.3389/FCVM.2022.993633/BIBTEX

Lee, J. S., Ramalingam, S., Jo, I. G., Kwon, Y. S., Bahuguna, A., Oh, Y. S., Kwon, O. J., & Kim,
M. (2018). Comparative study of the physicochemical, nutritional, and antioxidant properties
of some commercial refined and non-centrifugal sugars. Food Research International, 109,
614-625. https://doi.org/10.1016/j.foodres.2018.04.047

Leguisamo, N. M., Lehnen, A. M., Machado, U. F., Okamoto, M. M., Markoski, M. M., Pinto, G.
H., & Schaan, B. D. (2012a). GLUT4 content decreases along with insulin resistance and
high levels of inflammatory markers in rats with metabolic syndrome. Cardiovascular
Diabetology, 11(1), 1-10. https://doi.org/10.1186/1475-2840-11-100

Leguisamo, N. M., Lehnen, A. M., Machado, U. F., Okamoto, M. M., Markoski, M. M., Pinto, G.
H., & Schaan, B. D. (2012b). GLUT4 content decreases along with insulin resistance and

165



high levels of inflammatory markers in rats with metabolic syndrome. Cardiovascular
Diabetology, 11(1), 1-10. https://doi.org/10.1186/1475-2840-11-100

Leibowitz, A., Bier, A., Gilboa, M., Peleg, E., Barshack, 1., & Grossman, E. (2018a). Saccharin
increases fasting blood glucose but not liver insulin resistance in comparison to a high
fructose-fed rat model. Nutrients, 10(3), 1-9. https://doi.org/10.3390/nu10030341

Leibowitz, A., Bier, A., Gilboa, M., Peleg, E., Barshack, I., & Grossman, E. (2018b). Saccharin
increases fasting blood glucose but not liver insulin resistance in comparison to a high
fructose-fed rat model. Nutrients, 10(3), 1-9. https://doi.org/10.3390/nu10030341

Leto, D., & Saltiel, A. R. (2012a). Regulation of glucose transport by insulin: traffic control of
GLUT4. Nature Reviews Molecular Cell Biology 2012 13:6, 13(6), 383-396.
https://doi.org/10.1038/nrm3351

Leto, D., & Saltiel, A. R. (2012b). Regulation of glucose transport by insulin: traffic control of
GLUT4. Nature Reviews Molecular Cell Biology 2012 13:6, 13(6), 383-396.
https://doi.org/10.1038/nrm3351

Li, C., Ford, E. S., Meng, Y. X., Mokdad, A. H., & Reaven, G. M. (2008). Does the association of
the triglyceride to high-density lipoprotein cholesterol ratio with fasting serum insulin differ
by race/ethnicity? Cardiovascular Diabetology, 7(1), 1-9. https://doi.org/10.1186/1475-
2840-7-4

Li, W., Qiu, X., Ma, H., & Geng, Q. (2023). Incidence and long-term specific mortality trends of
metabolic syndrome in the United States. Frontiers in Endocrinology, 13, 3655.
https://doi.org/10.3389/FENDO.2022.1029736/BIBTEX

Li, Y. W,, Kao, T. W., Chang, P. K., Chen, W. L., & Wu, L. W. (2021). Atherogenic index of
plasma as predictors for metabolic syndrome, hypertension and diabetes mellitus in Taiwan
citizens: a 9-year longitudinal study. Scientific Reports 2021 11:1, 11(1), 1-8.
https://doi.org/10.1038/s41598-021-89307-z

166



Liauchonak, 1., Qorri, B., Dawoud, F., Riat, Y., & Szewczuk, M. R. (2019). Non-nutritive
sweeteners and their implications on the development of metabolic syndrome. In Nutrients
(Vol. 11, Issue 3). MDPI AG. https://doi.org/10.3390/nu11030644

Lin,S. Y., Li,W.C,, Yang, T. A., Chen, Y. C., Yu, W., Huang, H. Y., Xiong, X. J., & Chen, J. Y.
(2022). Optimal Threshold of Homeostasis Model Assessment of Insulin Resistance to
Identify Metabolic Syndrome in a Chinese Population Aged 45 Years or Younger. Frontiers
in Endocrinology, 12, 1833. https://doi.org/10.3389/FENDQ.2021.746747/BIBTEX

Lépez-Varela, S., Sanchez-Muniz, F. J., & Cuesta, C. (1995). Decreased food efficiency ratio,
growth retardation and changes in liver fatty acid composition in rats consuming thermally
oxidized and polymerized sunflower oil used for frying. Food and Chemical Toxicology,
33(3), 181-189. https://doi.org/https://doi.org/10.1016/0278-6915(94)00133-9

Lowette, K., Roosen, L., Tack, J., & Vanden Berghe, P. (2015). Effects of High-Fructose Diets on
Central Appetite Signaling and Cognitive Function. Frontiers in Nutrition, 2.
https://doi.org/10.3389/FNUT.2015.00005

Ma, X., Nan, F., Liang, H., Shu, P., Fan, X., Song, X., Hou, Y., & Zhang, D. (2022). Excessive
intake of sugar: An accomplice of inflammation. In Frontiers in Immunology (Vol. 13).
Frontiers Media SA. https://doi.org/10.3389/fimmu.2022.988481

Macdonald, 1. A. (2016a). A review of recent evidence relating to sugars, insulin resistance and
diabetes. European Journal of Nutrition, 55(Suppl 2), 17. https://doi.org/10.1007/S00394-
016-1340-8

Macdonald, 1. A. (2016b). A review of recent evidence relating to sugars, insulin resistance and
diabetes. In European Journal of Nutrition (Vol. 55, Issue Suppl 2, pp. 17-23). Dr. Dietrich
Steinkopff Verlag GmbH and Co. KG. https://doi.org/10.1007/s00394-016-1340-8

Magnuson, B. A., Carakostas, M. C., Moore, N. H., Poulos, S. P., & Renwick, A. G. (2016).
Biological fate of low-calorie sweeteners. Nutrition Reviews, 74(11), 670-689.
https://doi.org/10.1093/nutrit/nuw032

167



Mahmoud, 1., & Sulaiman, N. (2022). Prevalence of Metabolic Syndrome and Associated Risk
Factors in the United Arab Emirates: A Cross-Sectional Population-Based Study. Frontiers
in Public Health, 9, 2301. https://doi.org/10.3389/FPUBH.2021.811006/BIBTEX

Malik, V. S., & Hu, F. B. (2022a). The role of sugar-sweetened beverages in the global epidemics
of obesity and chronic diseases. Nature Reviews Endocrinology 2022 18:4, 18(4), 205-218.
https://doi.org/10.1038/s41574-021-00627-6

Malik, V. S., & Hu, F. B. (2022b). The role of sugar-sweetened beverages in the global epidemics
of obesity and chronic diseases. In Nature Reviews Endocrinology (Vol. 18, Issue 4, pp. 205—
218). Nature Publishing Group. https://doi.org/10.1038/s41574-021-00627-6

Malik, V. S., Popkin, B. M., Bray, G. A., Després, J. P., Willett, W. C., & Hu, F. B. (2010). Sugar-
Sweetened Beverages and Risk of Metabolic Syndrome and Type 2 Diabetes: A meta-
analysis. Diabetes Care, 33(11), 2477. https://doi.org/10.2337/DC10-1079

Manaf, M. R. A., Nawi, A. M., Tauhid, N. M., Othman, H., Rahman, M. R. A., Yusoff, H. M.,
Safian, N., Ng, P. Y., Manaf, Z. A., Kadir, N. B. A., Yanasegaran, K., Basir, S. M. A,,
Ramakrishnappa, S., & Ganasegeran, K. (2021). Prevalence of metabolic syndrome and its
associated risk factors among staffs in a Malaysian public university. Scientific Reports 2021
11:1,11(1), 1-11. https://doi.org/10.1038/s41598-021-87248-1

Mangalesh, S., Yadav, P., Dudani, S., & Mahesh, N. K. (2022). Atherogenic index of plasma
predicts coronary artery disease severity and major adverse cardiac events in absence of
conventional  risk  factors.  Coronary  Artery Disease, 33(7), 523-530.
https://doi.org/10.1097/MCA.0000000000001166

Mansbach, C. M. (2004). Fat Digestion and Absorption. Encyclopedia of Gastroenterology, 23—
30. https://doi.org/10.1016/B0-12-386860-2/00263-X

Marques-Vidal, P., Mazoyer, E., Bongard, V., Gourdy, P., Ruidavets, J. B., Drouet, L., & Ferrieres,
J. (2002). Prevalence of Insulin Resistance Syndrome in Southwestern France and Its
Relationship With Inflammatory and Hemostatic Markers. Diabetes Care, 25(8), 1371-1377.
https://doi.org/10.2337/DIACARE.25.8.1371

168



Mattes, R. D., & Popkin, B. M. (2009). Nonnutritive sweetener consumption in humans: effects
on appetite and food intake and their putative mechanisms. The American Journal of Clinical
Nutrition, 89(1), 1. https://doi.org/10.3945/AJCN.2008.26792

Mattes, R. D., Tan, S.-Y., & Tucker, R. M. (2021). Sweeteners: sensory properties, digestion,
consumption trends, and health effects. In Reference Module in Food Science (Fourth Edi,
Issue Cvd). Elsevier. https://doi.org/10.1016/B978-0-12-821848-8.00014-7

May, C. E., Rosander, J., Gottfried, J., Dennis, E., & Dus, M. (2020). Dietary sugar inhibits
satiation by decreasing the central processing of sweet taste. ELife, 9, 1-20.
https://doi.org/10.7554/ELIFE.54530

McCreedy, N., Shung-King, M., Weimann, A., Tatah, L., Mapa-Tassou, C., Muzenda, T., Govia,
l., Were, V., & Oni, T. (2022). Reducing Sugar Intake in South Africa: Learnings from A
Multilevel Policy Analysis on Diet and Noncommunicable Disease Prevention. International
Journal of Environmental Research and Public Health, 19(18), 1-19.
https://doi.org/10.3390/ijerph191811828

McErlane, S. (2014). UBC Animal Care Guidelines SOP: ACC-2014-Techl2 Collection of small

amounts of blood from tail tip microsampling in mice.

McEvoy, J. W., Whelton, S. P., & Blumenthal, R. S. (2018). Dyslipidemia. In Hypertension: A
Companion  to  Braunwald’s ~ Heart  Disease  (pp.  353-360).  Elsevier.
https://doi.org/10.1016/B978-0-323-42973-3.00038-X

McGlynn, N. D., Khan, T. A., Wang, L., Zhang, R., Chiavaroli, L., Au-Yeung, F., Lee, J. J.,
Noronha, J. C., Comelli, E. M., Blanco Mejia, S., Ahmed, A., Malik, V. S., Hill, J. O., Leiter,
L. A., Agarwal, A., Jeppesen, P. B., Raheli¢, D., Kahleova, H., Salas-Salvad¢, J., ...
Sievenpiper, J. L. (2022). Association of Low- and No-Calorie Sweetened Beverages as a
Replacement for Sugar-Sweetened Beverages with Body Weight and Cardiometabolic Risk:
A Systematic Review and Meta-analysis. In JAMA Network Open (Vol. 5, Issue 3). World
Health Organization. https://doi.org/10.1001/jamanetworkopen.2022.2092

169



McLaughlin, T., Reaven, G., Abbasi, F., Lamendola, C., Saad, M., Waters, D., Simon, J., &
Krauss, R. M. (2005). Is there a simple way to identify insulin-resistant individuals at
increased risk of cardiovascular disease? The American Journal of Cardiology, 96(3), 399—
404. https://doi.org/10.1016/J.AMJCARD.2005.03.085

Meo, S. A., Ansari, M. J., Sattar, K., Chaudhary, H. U., Hajjar, W., & Alasiri, S. (2017). Honey
and diabetes mellitus: Obstacles and challenges — Road to be repaired. Saudi Journal of
Biological Sciences, 24(5), 1030-1033. https://doi.org/10.1016/J.SJBS.2016.12.020

Millan, J., Pintd, X., Mufioz, A., Z(figa, M., Rubiés-Prat, J., Pallardo, L. F., Masana, L., Mangas,
A., Hernandez-Mijares, A., Gonzélez-Santos, P., Ascaso, J. F., & Pedro-Botet, J. (2009).
Lipoprotein ratios: Physiological significance and clinical usefulness in cardiovascular
prevention. Vascular Health and Risk Management, 5, 757.
https://doi.org/10.2147/vhrm.s6269

Ministry of Food and Agriculture, & University of Ghana School of Public Health. (2023). Food-
Based Dietary Guidelines.

Mizutani, K., & Tanaka, O. (2001). Use of Stevia rebaudiana sweeteners in Japan. Stevia, 191—
209. https://doi.org/10.1201/9780203165942-17

Mlambo, R., Wang, J., & Chen, C. (2022). Stevia rebaudiana, a Versatile Food Ingredient: The
Chemical Composition and Medicinal Properties. In Journal of Nanomaterials (Vol. 2022).
Hindawi Limited. https://doi.org/10.1155/2022/3573005

Monteiro-Alfredo, T., Caramelo, B., Arbeléez, D., Amaro, A., Barra, C., Silva, D., Oliveira, S.,
Seica, R., & Matafome, P. (2021a). Distinct impact of natural sugars from fruit juices and
added sugars on caloric intake, body weight, glycaemia, oxidative stress and glycation in
diabetic rats. Nutrients, 13(9), 2956. https://doi.org/10.3390/nu13092956

Monteiro-Alfredo, T., Caramelo, B., Arbelaez, D., Amaro, A., Barra, C., Silva, D., Oliveira, S.,
Seica, R., & Matafome, P. (2021b). Distinct impact of natural sugars from fruit juices and
added sugars on caloric intake, body weight, glycaemia, oxidative stress and glycation in
diabetic rats. Nutrients, 13(9), 2956. https://doi.org/10.3390/nu13092956

170



Mora, S., & Pessin, J. (2013). Glucose/Sugar Transport in Mammals. In Encyclopedia of
Biological Chemistry:  Second  Edition (pp. 391-394). Academic  Press.
https://doi.org/10.1016/B978-0-12-378630-2.00041-4

Moriyama, K. (2020). Associations between the Triglyceride to High-Density Lipoprotein
Cholesterol Ratio and Metabolic Syndrome, Insulin Resistance, and Lifestyle Habits in
Healthy Japanese. Metabolic Syndrome and Related Disorders, 18(5), 260-266.
https://doi.org/10.1089/MET.2019.0123/ASSET/IMAGES/LARGE/MET.2019.0123_FIGU
RE3.JPEG

Moroni, D., Brambila, E., Aguilar-Alonso, P., Moreno-Rodriguez, J. A., Diaz, A., & Trevifio, S.
(2016). Toxicological aspects of the chronic consumption of Stevia rebaudiana Bertoni on
pancreas of Wistar rat with normocaloric feeding. Toxicology Letters, 259, S196.
https://doi.org/10.1016/j.toxlet.2016.07.466

Movahedian, M., Golzan, S. A., Ashtary-Larky, D., Clark, C. C. T., Asbaghi, O., & Hekmatdoost,
A. (2021a). The effects of artificial- and stevia-based sweeteners on lipid profile in adults: a
GRADE-assessed systematic review, meta-analysis, and meta-regression of randomized
clinical trials. In Critical Reviews in Food Science and Nutrition. Taylor & Francis.
https://doi.org/10.1080/10408398.2021.2012641

Movahedian, M., Golzan, S. A., Ashtary-Larky, D., Clark, C. C. T., Asbaghi, O., & Hekmatdoost,
A. (2021b). The effects of artificial- and stevia-based sweeteners on lipid profile in adults: a
GRADE-assessed systematic review, meta-analysis, and meta-regression of randomized
clinical trials. In Critical Reviews in Food Science and Nutrition. Crit Rev Food Sci Nutr.
https://doi.org/10.1080/10408398.2021.2012641

Msomi, N. Z., Erukainure, O. L., Salau, V. F., Olofinsan, K. A., & Islam, M. S. (2023).
Comparative effects of xylitol and erythritol on modulating blood glucose; inducing insulin
secretion; reducing dyslipidemia and redox imbalance in a type 2 diabetes rat model. Food
Science and Human Wellness, 12(6), 2052-2060.
https://doi.org/10.1016/J.FSHW.2023.03.023

171



Minstedt, K., Hoffmann, S., Hauenschild, A., Bulte, M., Von Georgi, R., & Hackethal, A. (2009).
Effect of honey on serum cholesterol and lipid values. Journal of Medicinal Food, 12(3),
624-628. https://doi.org/10.1089/JMF.2008.0188

Nakai, Y., Fukushima, M., Nakaishi, S., Kishimoto, H., Seino, Y., Nagasaka, S., Sakai, M., &
Taniguchi, A. (2002). The threshold value for insulin resistance on homeostasis model
assessment  of  insulin  sensitivity.  Diabetic  Medicine, 19(4), 346-347.
https://doi.org/10.1046/J.1464-5491.2002.00712_3.X

Nakajima, K., Nakano, T., & Tanaka, A. (2006). The oxidative modification hypothesis of
atherosclerosis: The comparison of atherogenic effects on oxidized LDL and remnant
lipoproteins in plasma. Clinica Chimica Acta, 367(1-2), 36-47.
https://doi.org/10.1016/J.CCA.2005.12.013

Nakamura, T., Uematsu, M., Horikoshi, T., Yoshizaki, T., Kobayashi, T., Saito, Y., Watanabe, Y.,
Nakamura, K., Obata, J. E., & Kugiyama, K. (2021). Improvement in brachial endothelial
vasomotor function and brachial-ankle pulse wave velocity reduces the residual risk for
cardiovascular events after optimal medical treatment in patients with coronary artery disease.
Journal of Atherosclerosis and Thrombosis, 28(11), 1133-1144.
https://doi.org/10.5551/JAT.57562

Narain, A., Kwok, C. S., & Mamas, M. A. (2016). Soft drinks and sweetened beverages and the
risk of cardiovascular disease and mortality: a systematic review and meta-analysis.
International Journal of Clinical Practice, 70(10), 791-805.
https://doi.org/10.1111/1JCP.12841

National Institute of Diabetes and Digestive and Kidney Diseases. (2018, May). Insulin Resistance
& Prediabetes | NIDDK. https://www.niddk.nih.gov/health-

information/diabetes/overview/what-is-diabetes/prediabetes-insulin-resistance#prediabetes

National Research Council. (2011). Guide for the Care and Use of Laboratory Animals . The
National Academies Press. https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-

laboratory-animals.pdf

172



Navale, A. (2019). Glucose transporters and their cellular form, role and function. In Molecular
Nutrition Carbohydrates (pp. 21-34). Academic Press. https://doi.org/10.1016/B978-0-12-
849886-6.00003-3

Navale, A. M., & Paranjape, A. N. (2016). Glucose transporters: physiological and pathological
roles. In Biophysical Reviews (Vol. 8, Issue 1, pp. 5-9). https://doi.org/10.1007/s12551-015-
0186-2

Nemoseck, T. M., Carmody, E. G., Furchner-Evanson, A., Gleason, M., Li, A., Potter, H.,
Rezende, L. M., Lane, K. J., & Kern, M. (2011). Honey promotes lower weight gain,
adiposity, and triglycerides than sucrose in rats. Nutrition Research, 31(1), 55-60.
https://doi.org/10.1016/j.nutres.2010.11.002

Nguyen, H. T. L., Panyoyai, N., Kasapis, S., Pang, E., & Mantri, N. (2019a). Honey and its role in
relieving multiple facets of atherosclerosis. In Nutrients (Vol. 11, Issue 1). MDPI AG.
https://doi.org/10.3390/nu11010167

Nguyen, H. T. L., Panyoyai, N., Kasapis, S., Pang, E., & Mantri, N. (2019b). Honey and Its Role
in Relieving Multiple Facets of  Atherosclerosis. Nutrients, 11(2).
https://doi.org/10.3390/NU11010167

Nikkos, P., & Rehman, A. (2021). Dyslipidemia. StatPearls.

Noelting, J., & DiBaise, J. K. (2015). Translational medicine: Bench to bedside. Clinical and
Translational Gastroenterology, 6(11), e120-2. https://doi.org/10.1038/ctg.2015.50

Noubiap, J. J., Nansseu, J. R., Lontchi-Yimagou, E., Nkeck, J. R., Nyaga, U. F., Ngouo, A. T.,
Tounouga, D. N., Tianyi, F. L., Foka, A. J., Ndoadoumgue, A. L., & Bigna, J. J. (2022a).
Geographic distribution of metabolic syndrome and its components in the general adult
population: A meta-analysis of global data from 28 million individuals. Diabetes Research
and Clinical Practice, 188, 109924. https://doi.org/10.1016/J.DIABRES.2022.109924

Noubiap, J. J., Nansseu, J. R., Lontchi-Yimagou, E., Nkeck, J. R., Nyaga, U. F., Ngouo, A. T.,
Tounouga, D. N., Tianyi, F. L., Foka, A. J., Ndoadoumgue, A. L., & Bigna, J. J. (2022b).

Global, regional, and country estimates of metabolic syndrome burden in children and

173



adolescents in 2020: a systematic review and modelling analysis. The Lancet Child and
Adolescent Health, 6(3), 158-170. https://doi.org/10.1016/S2352-4642(21)00374-6

Nurmasitoh, T., & Pramaningtyas, M. D. (2016). Honey improves lipid profile of diet-induced
hypercholesterolemic rats. Universa Medicina, 34(3), 177.
https://doi.org/10.18051/UNIVMED.2015.V34.177-186

Nwachuku, E. O., Elekima, I., & Ben-chioma, A. (2017). Effects of Natural Honey and Refined
Sugar on the Lipid Profile and Some Atherogenic Indices of Wister Rats. International
Journal of Science and Research, 6(May), 1472-1477.
https://doi.org/10.21275/ART20172989

OECD. (2017). Obesity Update 2017.

OECD/FAQ. (2018). OECD-FAO Agricultural Outlook. In OECD Publishing (Vol. 181).
https://doi.org/10.1787/agr-outl-data-en

OECD/FAOQO. (2021). Sugar. In OECD-FAO Agricultural Outlook 2021-2030. OECD.
https://doi.org/10.1787/19428846-EN

Ofori-Asenso, R., Agyeman, A. A., & Laar, A. (2017). Metabolic Syndrome in Apparently
“Healthy” Ghanaian Adults: A Systematic Review and Meta-Analysis. International Journal
of Chronic Diseases, 2017, 1-9. https://doi.org/10.1155/2017/2562374

Olamoyegun, M., Oluyombo, R., & Asaolu, S. (2016). Evaluation of dyslipidemia, lipid ratios,
and atherogenic index as cardiovascular risk factors among semi-urban dwellers in Nigeria.
Annals of African Medicine, 15(4), 194. https://doi.org/10.4103/1596-3519.194280

Osawa, H., Sutherland, C., Robey, R. B., Printz, R. L., & Granner, D. K. (1996). Analysis of the
signaling pathway involved in the regulation of hexokinase Il gene transcription by insulin.
Journal of Biological Chemistry, 271(28), 16690-16694.
https://doi.org/10.1074/jbc.271.28.16690

Osei-Yeboah, J., Owiredu, W. K. B. A., Norgbe, G. K., Yao Lokpo, S., Gyamfi, J., Alote Allotey,
E., Asumbasiya Aduko, R., Noagbe, M., & Attah, F. A. (2017). The Prevalence of Metabolic

174



Syndrome and Its Components among People with Type 2 Diabetes in the Ho Municipality,
Ghana: A Cross-Sectional Study. International Journal of Chronic Diseases, 2017, 8765804.
https://doi.org/10.1155/2017/8765804

Oztasan, N., Altinkaynak, K., Akcay, F., Gocer, F., & Dane, S. (2005). Effects of mad honey on
blood glucose and lipid levels in rats with streptozocin-induced diabetes. Turkish Journal of
Veterinary and Animal Sciences, 29(5), 1093-1096.

Palaniappan, L. P., Wong, E. C., Shin, J. J., Fortmann, S. P., & Lauderdale, D. S. (2011). Asian
Americans Have Greater Prevalence of Metabolic Syndrome Despite Lower Body Mass
Index. International Journal of Obesity (2005), 35(3), 393.
https://doi.org/10.1038/1J0.2010.152

Paley, C. A., & Johnson, M. I. (2018). Abdominal obesity and metabolic syndrome: Exercise as
medicine? BMC Sports Science, Medicine and Rehabilitation, 10(1), 1-8.
https://doi.org/10.1186/S13102-018-0097-1/PEER-REVIEW

Panagiotis, A. (2022, December 9). Metabolic syndrome . BMJ Best Practice.
https://bestpractice.bmj.com/topics/en-gb/212

Pappan, N., & Rehman, A. (2022). Dyslipidemia. Chronic Disease Follow-Ups for Adults in
Primary Care, 243-256. https://doi.org/10.29309/tpmj/2014.21.05.2529

Paquette, M., Bernard, S., Cariou, B., Hegele, R. A., Genest, J., Trinder, M., Brunham, L. R.,
Béliard, S., & Baass, A. (2023). Metabolic syndrome predicts cardiovascular risk and
mortality in  familial hypercholesterolemia. Journal of Clinical Lipidology.
https://doi.org/10.1016/J.JACL.2023.03.008

Parasuraman, S., Raveendran, R., & Kesavan, R. (2010). Blood sample collection in small
laboratory animals. Journal of Pharmacology and Pharmacotherapeutics, 1(2), 87-93.
https://doi.org/10.4103/0976-500X.72350

Park, S. S., & Seo, Y. K. (2020). Excess accumulation of lipid impairs insulin sensitivity in skeletal
muscle. International Journal of Molecular Sciences, 21(6).
https://doi.org/10.3390/ijms21061949

175



Parmar, R. M., & Can, A. S. (2023). Dietary Approaches To Obesity Treatment. StatPearls.

Patel, C., Douard, V., Yu, S., Gao, N., & Ferraris, R. P. (2015). Transport, metabolism, and
endosomal traffickingdependent regulation of intestinal fructose absorption. FASEB Journal,
29(9), 4046-4058. https://doi.org/10.1096/f].15-272195

Paulo, L., Saavedra, J., Raposo, S. R., Kian, G., Cezar, P., & Mathias, D. F. (2023). Impact of
Dietary Sugars on 8 -Cell Function. 178-183.

Pekny, M., & Pekna, M. (2016). Reactive gliosis in the pathogenesis of CNS diseases. Biochimica
et Biophysica Acta (BBA) - Molecular Basis of Disease, 1862(3), 483-491.
https://doi.org/10.1016/J.BBADIS.2015.11.014

Penaforte, F. R. O., Japur, C. C., Pigatto, L. P., Chiarello, P. G., & Diez-Garcia, R. W. (2013).
Short-term impact of sugar consumption on hunger and ad libitum food intake in young
women. Nutrition Research and Practice, 7(2), 77. https://doi.org/10.4162/NRP.2013.7.2.77

Pendergrass, M., Koval, J., Vogt, C., Yki-Jarvinen, H., lozzo, P., Pipek, R., Ardehali, H., Printz,
R., Granner, D., DeFronzo, R. A., & Mandarino, L. J. (1998). Insulin-induced hexokinase Il
expression is reduced in obesity and NIDDM. Diabetes, 47(3), 387-394.
https://doi.org/10.2337/diabetes.47.3.387

Petersen, M. C., & Shulman, G. I. (2018). Mechanisms of Insulin Action and Insulin Resistance.
Physiological Reviews, 98(4), 2133. https://doi.org/10.1152/PHYSREV.00063.2017

Piggott, J. R., & Conner, J. M. (2003). Whisky, Whiskey, and Bourbon. Encyclopedia of Food
Sciences and Nutrition, 6171-6177.

Pitsavos, C., Tampourlou, M., Panagiotakos, D. B., Skoumas, Y., Chrysohoou, C., Nomikos, T.,
& Stefanadis, C. (2007). Association Between Low-Grade Systemic Inflammation and Type
2 Diabetes Mellitus Among Men and Women from the ATTICA Study. The Review of
Diabetic Studies : RDS, 4(2), 98. https://doi.org/10.1900/RDS.2007.4.98

Plaza-Diaz, J., & Gil, A. (2015). Sucrose: Dietary Importance. In Encyclopedia of Food and Health
(pp. 199-204). Academic Press. https://doi.org/10.1016/B978-0-12-384947-2.00668-1

176



Popkin, B. M., & Ng, S. W. (2021). Sugar-sweetened beverage taxes: Lessons to date and the
future of taxation. In PLoS Medicine (Vol. 18, Issue 1, p. €1003412). Public Library of
Science. https://doi.org/10.1371/journal.pmed.1003412

Rasad, H., Entezari, M. H., Ghadiri, E., Mahaki, B., & Pahlavani, N. (2018). The effect of honey
consumption compared with sucrose on lipid profile in young healthy subjects (randomized
clinical trial). Clinical Nutrition ESPEN, 26, 8-12.
https://doi.org/10.1016/J.CLNESP.2018.04.016

Rashad, N. M., Abdelsamad, M. A. E., Amer, A. M., Sitohy, M. Z., & Mousa, M. M. (2019). The
impact of stevioside supplementation on glycemic control and lipid profile in patients with
type 2 diabetes: a controlled clinical trial. The Egyptian Journal of Internal Medicine, 31, 22—
30. https://doi.org/10.4103/ejim.ejim_68 18

Reaven, G. M. (2013). What do we learn from measurements of HOMA-IR? In Diabetologia (Vol.
56, Issue 8, pp. 1867-1868). Springer. https://doi.org/10.1007/s00125-013-2948-3

Ribeiro, M. I., Fernandes, A. J., Cabo, P. S., & Diniz, F. J. (2019). Trends in honey purchase and
consumption in Tré&s-os-Montes Region, Portugal. Economy of Region, 15(3), 822-833.
https://doi.org/10.17059/2019-3-15

Ricciuto, L., Fulgoni, V. L., Gaine, P. C., Scott, M. O., & Difrancesco, L. (2022). Trends in Added
Sugars Intake and Sources Among US Children, Adolescents, and Teens Using NHANES
2001-2018. Journal of Nutrition, 152(2), 568-578. https://doi.org/10.1093/jn/nxab395

Richter, E. A., & Hargreaves, M. (2013). Exercise, GLUT4, and skeletal muscle glucose uptake.
Physiological Reviews, 93(3), 993-1017.
https://doi.org/10.1152/PHYSREV.00038.2012/ASSET/IMAGES/LARGE/Z9J0031326620
008.JPEG

Riley, L. (2023). Mean fasting blood glucose. WHO. https://www.who.int/data/gho/indicator-
metadata-registry/imr-details/2380

177



Rippe, J. M., & Angelopoulos, T. J. (2016). Relationship between added sugars consumption and
chronic disease risk factors: Current understanding. In Nutrients (Vol. 8, Issue 11).
Multidisciplinary Digital Publishing Institute (MDPI). https://doi.org/10.3390/nu8110697

Roberts, D. J., & Miyamoto, S. (2015a). Hexokinase Il integrates energy metabolism and cellular
protection: Akting on mitochondria and TORCing to autophagy. In Cell Death and
Differentiation (Vol. 22, Issue 2, pp. 248-257). Nature Publishing Group.
https://doi.org/10.1038/cdd.2014.173

Roberts, D. J., & Miyamoto, S. (2015b). Hexokinase Il integrates energy metabolism and cellular
protection: Akting on mitochondria and TORCing to autophagy. In Cell Death and
Differentiation (Vol. 22, Issue 2, pp. 248-257). Nature Publishing Group.
https://doi.org/10.1038/cdd.2014.173

Romo-Romo, A., Aguilar-Salinas, C. A., Brito-Cordova, G. X., Diaz, R. A. G., Valentin,D. V., &
Almeda-Valdes, P. (2016). Effects of the non-nutritive sweeteners on glucose metabolism
and appetite regulating hormones: Systematic review of observational prospective studies and
clinical Trials. PLoS ONE, 11(8). https://doi.org/10.1371/journal.pone.0161264

Rosales-gomez, C. A., Martinez-carrillo, B. E., Reséndiz-albor, A. A., Ramirez-duran, N., Valdés-
ramos, R., Mondragén-velasquez, T., & Escoto-herrera, J. A. (2018). Chronic Consumption
of Sweeteners and Its Effect on Glycaemia , Cytokines , Hormones , and Lymphocytes of
GALT in CD1 Mice. 2018.

Ross, R., Neeland, I. J., Yamashita, S., Shai, I., Seidell, J., Magni, P., Santos, R. D., Arsenault, B.,
Cuevas, A., Hu, F. B., Griffin, B. A., Zambon, A., Barter, P., Fruchart, J. C., Eckel, R. H.,
Matsuzawa, Y., & Després, J. P. (2020). Waist circumference as a vital sign in clinical
practice: a Consensus Statement from the IAS and ICCR Working Group on Visceral Obesity.
Nature Reviews Endocrinology, 16(3), 177-189. https://doi.org/10.1038/s41574-019-0310-7

Rui, L. (2014). Energy metabolism in the liver. Comprehensive Physiology, 4(1), 177-197.
https://doi.org/10.1002/cphy.c130024

178



Rumessen, J. J. (1992). Fructose and related food carbohydrates: Sources, intake, absorption, and
clinical implications. In Scandinavian Journal of Gastroenterology (Vol. 27, Issue 10, pp.
819-828). Informa Healthcare. https://doi.org/10.3109/00365529209000148

Ryder, J. W., Chibalin, A. V., & Zierath, J. R. (2001). Intracellular mechanisms underlying
increases in glucose uptake in response to insulin or exercise in skeletal muscle. Acta
Physiologica  Scandinavica, 171(3),  249-257. https://doi.org/10.1046/J.1365-
201X.2001.00827.X

Sakamoto, E., Seino, Y., Fukami, A., Mizutani, N., Tsunekawa, S., Ishikawa, K., Ogata, H.,
Uenishi, E., Kamiya, H., Hamada, Y., Sato, H., Harada, N., Toyoda, Y., Miwa, I., Nakamura,
J., Inagaki, N., Oiso, Y., & Ozaki, N. (2012). Ingestion of a moderate high-sucrose diet results
in glucose intolerance with reduced liver glucokinase activity and impaired glucagon-like
peptide-1 secretion. Journal of  Diabetes Investigation, 3(5), 432.
https://doi.org/10.1111/J.2040-1124.2012.00208.X

Saklayen, M. G. (2018a). The Global Epidemic of the Metabolic Syndrome. In Current
Hypertension Reports (Vol. 20, Issue 2). Current Medicine Group LLC 1.
https://doi.org/10.1007/s11906-018-0812-z

Saklayen, M. G. (2018b). The Global Epidemic of the Metabolic Syndrome. Current Hypertension
Reports, 20(2). https://doi.org/10.1007/S11906-018-0812-Z

Salcedo-Cifuentes, M., Belalcazar, S., Acosta, E. Y., & Medina-Murillo, J. J. (2019). Conventional
biomarkers for cardiovascular risks and their correlation with the castelli risk index-indices
and tg/hdl-c. Archivos de Medicina (Manizales), 20(2), 11-22.
https://doi.org/10.30554/archmed.20.1.3534.2020

Saljoughian, M. (2017, February 16). Cardiometabolic Syndrome: A Global Health Issue.
Cardiovascular. https://www.uspharmacist.com/article/cardiometabolic-syndrome-a-global-

health-issue

Samat, S., Kanyan Enchang, F., Nor Hussein, F., & Wan Ismail, W. I. (2017). Four-Week

Consumption of Malaysian Honey Reduces Excess Weight Gain and Improves Obesity-

179



Related Parameters in High Fat Diet Induced Obese Rats. Evidence-Based Complementary
and Alternative Medicine, 2017. https://doi.org/10.1155/2017/1342150

Samat, S., Nor, N. A. M., Nor Hussein, F., & Ismail, W. I. W. (2014). Effects of Gelam and Acacia
honey acute administration on some biochemical parameters of Sprague Dawley rats. BMC
Complementary and Alternative Medicine, 14. https://doi.org/10.1186/1472-6882-14-146

Samuel, P., Ayoob, K. T., Magnuson, B. A., Woélwer-Rieck, U., Jeppesen, P. B., Rogers, P. J.,
Rowland, 1., & Mathews, R. (2018). Stevia Leaf to Stevia Sweetener: Exploring Its Science,
Benefits, and Future Potential. The Journal of Nutrition, 148(7), 1186S-1205S.
https://doi.org/10.1093/IN/NXY 102

Sanchez, M., Galisteo, M., Vera, R., Villar, I. C., Zarzuelo, A., Tamargo, J., Pérez-Vizcaino, F.,
& Duarte, J. (2006). Quercetin downregulates NADPH oxidase, increases eNOS activity and
prevents endothelial dysfunction in spontaneously hypertensive rats. Journal of
Hypertension, 24(1), 75-84. https://doi.org/10.1097/01.HJH.0000198029.22472.D9

Sanchez-Lozada, L. G., Mu, W., Roncal, C., Sautin, Y. Y., Abdelmalek, M., Reungjui, S., Le, M.,
Nakagawa, T., Lan, H. Y., Yu, X., & Johnson, R. J. (2010). Comparison of free fructose and
glucose to sucrose in the ability to cause fatty liver. European Journal of Nutrition, 49(1), 1.
https://doi.org/10.1007/S00394-009-0042-X

Sanchez-Tapia, M., Miller, A. W., Granados-Portillo, O., Tovar, A. R., & Torres, N. (2020). The
development of metabolic endotoxemia is dependent on the type of sweetener and the
presence  of  saturated fat in  the  diet. Gut  Microbes, 12(1).
https://doi.org/10.1080/19490976.2020.1801301

Sano, R., Shinozaki, Y., & Ohta, T. (2020a). Sodium-glucose cotransporters: Functional
properties and pharmaceutical potential. In Journal of Diabetes Investigation (Vol. 11, Issue
4, pp. 770-782). John Wiley & Sons, Ltd. https://doi.org/10.1111/jdi.13255

Sano, R., Shinozaki, Y., & Ohta, T. (2020b). Sodium-—glucose cotransporters: Functional
properties and pharmaceutical potential. In Journal of Diabetes Investigation (Vol. 11, Issue
4, pp. 770-782). John Wiley & Sons, Ltd. https://doi.org/10.1111/jdi.13255

180



Santoleri, D., & Titchenell, P. M. (2019). Resolving the Paradox of Hepatic Insulin Resistance. In
CMGH (Vol. 7, Issue 2, pp. 447-456). Elsevier. https://doi.org/10.1016/j.jcmgh.2018.10.016

Sarwar, N., Sandhu, M. S., Ricketts, S. L., Butterworth, A. S., Di Angelantonio, E., Matthijs
Boekholdt, S., Ouwehand, W., Watkins, H., Samani, N. J., Saleheen, D., Lawlor, D., Reilly,
M. P., Hingorani, A. D., Talmud, P. J., Danesh, J., Braund, P. S., Hall, A. S., Thompson, J.,
Marz, W., ... Wood, A. M. (2010). Triglyceride-mediated pathways and coronary disease:
Collaborative analysis of 101 studies. The Lancet, 375(9726), 1634-1639.
https://doi.org/10.1016/S0140-6736(10)60545-4

Satokari, R. (2020). High intake of sugar and the balance between pro-and anti-inflammatory gut
bacteria. In Nutrients (Vol. 12, Issue 5). https://doi.org/10.3390/nu12051348

Sayem, A. S. M., Arya, A., Karimian, H., Krishnasamy, N., Ashok Hasamnis, A., & Hossain, C.
F. (2018). Action of Phytochemicals on Insulin Signaling Pathways Accelerating Glucose
Transporter (GLUT4) Protein Translocation. Molecules, 23(2), 258.
https://doi.org/10.3390/molecules23020258

Schaefer, E. J., Gleason, J. A., & Dansinger, M. L. (2009). Dietary Fructose and Glucose
Differentially Affect Lipid and Glucose Homeostasis. The Journal of Nutrition, 139(6),
12578S. https://doi.org/10.3945/JN.108.098186

Schiatti-Siso, 1. P., Quintana, S. E., & Garcia-Zapateiro, L. A. (2022). Stevia (Stevia rebaudiana)
as a common sugar substitute and its application in food matrices: an updated review. Journal
of Food Science and Technology, 1-10. https://doi.org/10.1007/S13197-022-05396-
2/TABLES/2

Seraglio, S. K. T., Schulz, M., Gonzaga, L. V., Fett, R., & Costa, A. C. O. (2021). Current status
of the gastrointestinal digestion effects on honey: A comprehensive review. Food Chemistry,
357, 129807. https://doi.org/10.1016/J.FOODCHEM.2021.129807

Shah, H., Jain, A., Laghate, G., & Prabhudesai, D. (2020). Pharmaceutical excipients. In
Remington: The Science and Practice of Pharmacy (pp. 633-643). Academic Press.
https://doi.org/10.1016/B978-0-12-820007-0.00032-5

181



Shahbandeh, M. (2021). Honey market worldwide and in the U.S. - statistics & facts. Statista.

https://www.statista.com/topics/5090/honey-market-worldwide/

Shamsi-Goushki, A., Mortazavi, Z., Mirshekar, M. A., Behrasi, F., Moradi-Kor, N., &
Taghvaeefar, R. (2021a). Effects of high white and brown sugar consumption on serum level
of brain-derived neurotrophic factor, insulin resistance, and body weight in albino rats.
Journal of Obesity and Metabolic Syndrome, 29(4), 320-324.
https://doi.org/10.7570/JOMES20037

Shamsi-Goushki, A., Mortazavi, Z., Mirshekar, M. A., Behrasi, F., Moradi-Kor, N., &
Taghvaeefar, R. (2021b). Effects of high white and brown sugar consumption on serum level
of brain-derived neurotrophic factor, insulin resistance, and body weight in albino rats.
Journal of Obesity and Metabolic Syndrome, 29(4), 320-324.
https://doi.org/10.7570/JOMES20037

Shamsi-Goushki, A., Mortazavi, Z., Mirshekar, M. A., Behrasi, F., Moradi-Kor, N., &
Taghvaeefar, R. (2021c). Effects of high white and brown sugar consumption on serum level
of brain-derived neurotrophic factor, insulin resistance, and body weight in albino rats.
Journal of Obesity and Metabolic Syndrome, 29(4), 320-324.
https://doi.org/10.7570/JJOMES20037

Shapiro, A., Mu, W., Roncal, C., Cheng, K. Y., Johnson, R. J., & Scarpace, P. J. (2008). Fructose-
induced leptin resistance exacerbates weight gain in response to subsequent high-fat feeding.
American Journal of Physiology - Regulatory Integrative and Comparative Physiology,
295(5), 1370-1375. https://doi.org/10.1152/ajpregu.00195.2008

Sharari, S., Abou-Alloul, M., Hussain, K., & Khan, F. A. (2020). Fanconi-bickel syndrome: A
review of the mechanisms that lead to dysglycaemia. In International Journal of Molecular
Sciences (Vol. 21, Issue 17, pp. 1-21). Multidisciplinary Digital Publishing Institute (MDPI).
https://doi.org/10.3390/ijms21176286

Sharif, S., Van der Graaf, Y., Cramer, M. J., Kapelle, L. J., de Borst, G. J., Visseren, F. L. J.,
Westerink, J., van Petersen, R., Dinther, B. G. F., Algra, A., van der Graaf, Y., Grobbee, D.
E., Rutten, G. E. H. M., Visseren, F. L. J., Kappelle, L. J., Leiner, T., & Nathoe, H. M. (2021).

182



Low-grade inflammation as a risk factor for cardiovascular events and all-cause mortality in
patients with type 2 diabetes. Cardiovascular Diabetology, 20(1), 1-8.
https://doi.org/10.1186/S12933-021-01409-0/TABLES/3

Shetty, A. K. (2014). Hippocampal Injury Induced Cognitive and Mood Dysfunction, Altered
Neurogenesis and Epilepsy: Can Early Neural Stem Cell Grafting Intervention Provide
Protection? Epilepsy & Behavior : E&B, 38, 117.
https://doi.org/10.1016/J.YEBEH.2013.12.001

Shimobayashi, M., Thomas, A., Shetty, S., Frei, I. C., Wolnerhanssen, B. K., Weissenberger, D.,
Vandekeere, A., Plangue, M., Dietz, N., Ritz, D., Meyer-Gerspach, A. C., Maier, T., Hay, N.,
Peterli, R., Fendt, S. M., Rohner, N., & Hall, M. N. (2023). Diet-induced loss of adipose
hexokinase 2 correlates with hyperglycemia. ELife, 12. https://doi.org/10.7554/ELIFE.85103

Shum, B., & Georgia, S. (2021a). The Effects of Non-Nutritive Sweetener Consumption in the
Pediatric Populations: What We Know, What We Don’t, and What We Need to Learn. In
Frontiers in  Endocrinology (Vol. 12, p. 625415). Frontiers Media S.A.
https://doi.org/10.3389/fend0.2021.625415

Shum, B., & Georgia, S. (2021b). The Effects of Non-Nutritive Sweetener Consumption in the
Pediatric Populations: What We Know, What We Don’t, and What We Need to Learn.
Frontiers in Endocrinology, 12, 625415.
https://doi.org/10.3389/FENDO.2021.625415/BIBTEX

Shum, B., & Georgia, S. (2021c). The Effects of Non-Nutritive Sweetener Consumption in the
Pediatric Populations: What We Know, What We Don’t, and What We Need to Learn.
Frontiers in Endocrinology, 12, 625415.
https://doi.org/10.3389/FENDO.2021.625415/BIBTEX

Silverman, M. G., Ference, B. A., Im, K., Wiviott, S. D., Giugliano, R. P., Grundy, S. M.,
Braunwald, E., & Sabatine, M. S. (2016). Association Between Lowering LDL-C and
Cardiovascular Risk Reduction Among Different Therapeutic Interventions: A Systematic
Review and Meta-analysis. JAMA, 316(12), 1289-1297.
https://doi.org/10.1001/JAMA.2016.13985

183



Singh, S., Kohli, A., Trivedi, S., Kanagala, S. G., Anamika, F. N. U., Garg, N., Patel, M. A,,
Munjal, R. S., & Jain, R. (2023). The contentious relationship between artificial sweeteners
and cardiovascular health. The Egyptian Journal of Internal Medicine 2023 35:1, 35(1), 1-6.
https://doi.org/10.1186/S43162-023-00232-1

Sirisha, A., Gaur, G. S., Pal, P., Bobby, Z., Balakumar, B., & Pal, G. K. (2021). Effect of honey
and insulin treatment on oxidative stress and nerve conduction in an experimental model of
diabetic neuropathy Wistar rats. PLoS ONE, 16(1 January 2021), e0245395.
https://doi.org/10.1371/journal.pone.0245395

Snel, M., Jonker, J. T., Schoones, J., Lamb, H., De Roos, A., Pijl, H., Smit, J. W. A., Meinders, A.
E., & Jazet, I. M. (2012). Ectopic fat and insulin resistance: Pathophysiology and effect of
diet and lifestyle interventions. In International Journal of Endocrinology (Vol. 2012).
https://doi.org/10.1155/2012/983814

Sousa, A., Sych, J., Rohrmann, S., & Faeh, D. (2020). The Importance of Sweet Beverage
Definitions When Targeting Health Policies—The Case of Switzerland. Nutrients, 12(7), 1-
18. https://doi.org/10.3390/NU12071976

Sparks, J. D., Sparks, C. E., & Adeli, K. (2012). Selective hepatic insulin resistance, VLDL
overproduction, and hypertriglyceridemia. Arteriosclerosis, Thrombosis, and Vascular
Biology, 32(9), 2104-2112. https://doi.org/10.1161/ATVBAHA.111.241463

Stamataki, N. S., Scott, C., Elliott, R., McKie, S., Bosscher, D., & McLaughlin, J. T. (2020). Stevia
Beverage Consumption prior to Lunch Reduces Appetite and Total Energy Intake without
Affecting Glycemia or Attentional Bias to Food Cues: A Double-Blind Randomized
Controlled Trial in Healthy Adults. The Journal of Nutrition, 150(5), 1126-1134.
https://doi.org/10.1093/JN/NXAA038

Stanhope, K. L. (2016a). Sugar consumption, metabolic disease and obesity: The state of the
controversy. In Critical Reviews in Clinical Laboratory Sciences (Vol. 53, Issue 1, pp. 52—
67). NIH Public Access. https://doi.org/10.3109/10408363.2015.1084990

184



Stanhope, K. L. (2016b). Sugar consumption, metabolic disease and obesity: The state of the
controversy. Critical Reviews in Clinical Laboratory Sciences, 53(1), 52.
https://doi.org/10.3109/10408363.2015.1084990

St-Pierre, P., Pilon, G., Dumais, V., Dion, C., Dubois, M. J., Dubé, P., Desjardins, Y., & Marette,
A. (2014). Comparative analysis of maple syrup to other natural sweeteners and evaluation
of their metabolic responses in healthy rats. Journal of Functional Foods, 11(C), 460-471.
https://doi.org/10.1016/J.JFF.2014.10.001

Stylianopoulou, C. (2022). Fructose: metabolism and health effects. In Reference Module in Food
Science (pp. 389-396). Academic Press. https://doi.org/10.1016/b978-0-12-821848-8.00072-

X

Sumner, A. E., & Cowie, C. C. (2008). Ethnic differences in the ability of triglyceride levels to
identify insulin resistance. Atherosclerosis, 196(2), 696-703.
https://doi.org/10.1016/j.atherosclerosis.2006.12.018

Sun, S. Z., & Empie, M. W. (2012). Fructose metabolism in humans - What isotopic tracer studies
tell us. In Nutrition and Metabolism (Vol. 9, Issue 1, p. 89). BioMed Central.
https://doi.org/10.1186/1743-7075-9-89

Swithers, S. E. (2016). Not-so-healthy sugar substitutes? Current Opinion in Behavioral Sciences,
9, 106-110. https://doi.org/10.1016/j.cobeha.2016.03.003

Swithers, S. E., & Davidson, T. L. (2008). A role for sweet taste: calorie predictive relations in
energy  regulation by rats. Behavioral Neuroscience, 122(1), 161-173.
https://doi.org/10.1037/0735-7044.122.1.161

Sylvetsky, A. C., & Rother, K. I. (2016). Trends in the consumption of low-calorie sweeteners. In
Physiology and Behavior (Vol. 164, pp. 446-450). Elsevier.
https://doi.org/10.1016/j.physbeh.2016.03.030

Sylvetsky, A., Rother, K. I., & Brown, R. (2011). Artificial sweetener use among children:
epidemiology, recommendations, metabolic outcomes, and future directions. Pediatric
Clinics of North America, 58(6), 1467. https://doi.org/10.1016/J.PCL.2011.09.007

185



Tanaka, S., Nakaizumi, A., loka, T., Oshikawa, O., Uehara, H., Nakao, M., Yamamoto, K.,
Ishikawa, O., Ohigashi, H., & Kitamra, T. (2002). Main pancreatic duct dilatation: A sign of
high risk for pancreatic cancer. Japanese Journal of Clinical Oncology, 32(10), 407—411.
https://doi.org/10.1093/jjco/hyf093

Tappy, L., & Le, K. A. (2010). Metabolic effects of fructose and the worldwide increase in obesity.
Physiological Reviews, 90(2), 23-46.
https://doi.org/10.1152/PHYSREV.00019.2009/ASSET/IMAGES/LARGE/Z9J0011025290
007.JPEG

Tappy, L., Lé, K. A,, Tran, C., & Paquot, N. (2010). Fructose and metabolic diseases: New
findings, new questions. Nutrition, 26(11-12), 1044-1049.
https://doi.org/10.1016/J.NUT.2010.02.014

Teysseire, F., Bordier, V., Budzinska, A., Van Oudenhove, L., Weltens, N., Beglinger, C.,
Wodlnerhanssen, B. K., & Meyer-Gerspach, A. C. (2023). Metabolic Effects and Safety
Aspects of Acute D-allulose and Erythritol Administration in Healthy Subjects. Nutrients
2023, Vol. 15, Page 458, 15(2), 458. https://doi.org/10.3390/NU15020458

Thorens, B. (2015). GLUTZ2, glucose sensing and glucose homeostasis. In Diabetologia (\Vol. 58,
Issue 2, pp. 221-232). Springer. https://doi.org/10.1007/s00125-014-3451-1

Thorens, B., & Mueckler, M. (2010). Glucose transporters in the 21st Century. In American
Journal of Physiology - Endocrinology and Metabolism (Vol. 298, Issue 2, pp. 141-145).
https://doi.org/10.1152/ajpendo.00712.2009

Tomé, M. A., Botana, M. A., Cadarso-Suarez, C., Rego-Iraeta, A., Fernandez-Marifio, A., Mato,
J. A., Solache, I., & Perez-Fernandez, R. (2009). Prevalence of metabolic syndrome in Galicia
(NW Spain) on four alternative definitions and association with insulin resistance. Journal of
Endocrinological Investigation, 32(6), 505-511.
https://doi.org/10.1007/BF03346497/METRICS

Tordoff, M. G. (1988). How do non-nutritive sweeteners increase food intake? Appetite, 11, 5-11.
https://doi.org/10.1016/S0195-6663(88)80039-4

186



Tou, J., Fitch, C., & Bridges, K. (2011). Sweeteners: Uses, dietary intake and health effects. In

Chocolate, Fast Foods and Sweeteners: Consumption and Health (pp. 1-28).

Tsalamandris, S., Antonopoulos, A. S., Oikonomou, E., Papamikroulis, G. A., Vogiatzi, G.,
Papaioannou, S., Deftereos, S., & Tousoulis, D. (2019). The Role of Inflammation in
Diabetes: Current Concepts and Future Perspectives. European Cardiology Review, 14(1),
50. https://doi.org/10.15420/ECR.2018.33.1

Ugusman, A., Shahrin, S. A. S., Azizan, N. H., Pillai, S. B., Krishnan, K., Salamt, N., Aminuddin,
A., Hamid, A. A., Kumar, J., & Mokhtar, M. H. (2022). Role of Honey in Obesity
Management: A  Systematic Review. Frontiers in  Nutrition, 9, 924097.
https://doi.org/10.3389/FNUT.2022.924097

U.S. Department of Agriculture and U.S. Department of Health and Human Services. (2020).
Dietary Guidelines for Americans, 2020—2025. https://doi.org/10.1177/21650799211026980

USFDA. (2018). Additional Information about High-Intensity Sweeteners Permitted for Use in
Food in the United States. 1-5.

Uzunget, S. B., & Sahin, K. E. (2022). Atherogenic index of plasma is an independent predictor
of mitral annular calcification. BMC Cardiovascular Disorders, 22(1), 1-8.
https://doi.org/10.1186/s12872-022-02891-4

Vaduganathan, M., Van Meijgaard, J., Mehra, M. R., Joseph, J., O’donnell, C. J., & Warraich, H.
J. (2020). Trends in the Prevalence of Metabolic Syndrome in the United States, 2011-2016.
JAMA, 323(24), 2526—2528. https://doi.org/10.1001/JAMA.2020.4501

Valle, M., St-Pierre, P., Pilon, G., & Marette, A. (2020a). Differential effects of chronic ingestion
of refined sugars versus natural sweeteners on insulin resistance and hepatic steatosis in a rat
model of diet-induced obesity. Nutrients, 12(8), 1-14. https://doi.org/10.3390/nu12082292

Valle, M., St-Pierre, P., Pilon, G., & Marette, A. (2020b). Differential effects of chronic ingestion
of refined sugars versus natural sweeteners on insulin resistance and hepatic steatosis in a rat
model of diet-induced obesity. Nutrients, 12(8), 1-14. https://doi.org/10.3390/nu12082292

187



van Schattingen, E. (2021). Energy metabolism: Hexokinase/Glucokinase. In Encyclopedia of
Biological  Chemistry:  Third  Edition (Vol. 1, pp. 149-161). Elsevier.
https://doi.org/10.1016/B978-0-12-819460-7.00034-7

Vargas, E. (2022). Physiology, Glucose Transporter Type 4 Article. StatPearls.

Vargas, E., & Carrillo Sepulveda, M. A. (2019). Physiology, Glucose Transporter Type 4
(GLUT4). In StatPearls. StatPearls Publishing.

Vargas-Garcia, E. J., Evans, C. E. L., Prestwich, A., Sykes-Muskett, B. J., Hooson, J., & Cade, J.
E. (2017). Interventions to reduce consumption of sugar-sweetened beverages or increase
water intake: evidence from a systematic review and meta-analysis. Obesity Reviews : An
Official Journal of the International Association for the Study of Obesity, 18(11), 1350-1363.
https://doi.org/10.1111/OBR.12580

Veit, M., van Asten, R., Olie, A., & Prinz, P. (2022a). The role of dietary sugars, overweight, and
obesity in type 2 diabetes mellitus: a narrative review. European Journal of Clinical Nutrition
2022 76:11, 76(11), 1497-1501. https://doi.org/10.1038/s41430-022-01114-5

Veit, M., van Asten, R., Olie, A., & Prinz, P. (2022b). The role of dietary sugars, overweight, and
obesity in type 2 diabetes mellitus: a narrative review. European Journal of Clinical Nutrition
2022 76:11, 76(11), 1497-1501. https://doi.org/10.1038/s41430-022-01114-5

Velasquez, F., Espitia, J., Mendieta, O., Escobar, S., & Rodriguez, J. (2019). Non-centrifugal cane
sugar processing: A review on recent advances and the influence of process variables on
qualities attributes of final products. Journal of Food Engineering, 255, 32-40.
https://doi.org/10.1016/J.JFOODENG.2019.03.009

Villareal, L. M. A, Cruz, R. A. M., Ples, M. B., & Vitor, R. J. S. (2016). Neurotropic effects of
aspartame, stevia and sucralose on memory retention and on the histology of the hippocampus
of the ICR mice (Mus musculus). Asian Pacific Journal of Tropical Biomedicine, 6(2), 114—
118. https://doi.org/10.1016/J.APJTB.2015.11.001

188



Von Rymon Lipinski, G. W. (2006). Reduced-calorie sweeteners and caloric alternatives. In
Optimising Sweet Taste in Foods (pp. 252-280). Woodhead Publishing.
https://doi.org/10.1533/9781845691646.2.252

Wakabayashi, I., & Daimon, T. (2019). Comparison of discrimination for cardio-metabolic risk by
different cut-off values of the ratio of triglycerides to HDL cholesterol. Lipids in Health and
Disease, 18(1). https://doi.org/10.1186/S12944-019-1098-0

Walbolt, J., & Koh, Y. (2020a). Non-nutritive Sweeteners and Their Associations with Obesity
and Type 2 Diabetes. Journal of Obesity & Metabolic Syndrome, 29(2), 114.
https://doi.org/10.7570/JOMES19079

Walbolt, J., & Koh, Y. (2020b). Non-nutritive Sweeteners and Their Associations with Obesity
and Type 2 Diabetes. Journal of Obesity & Metabolic Syndrome, 29(2), 114.
https://doi.org/10.7570/JOMES19079

Wang, H., Wang, C., Xuan, X., Xie, Z., Qiu, Y., Qin, H., & Xiaoning, Z. (2023). Association
between triglyceride to high-density lipoprotein cholesterol ratio and type 2 diabetes risk in
Japanese. Scientific Reports 2023 13:1, 13(1), 1-10. https://doi.org/10.1038/s41598-022-
25585-5

Wei, R., Deng, D., Teng, Y., Lu, C., Luo, Z., Abdulai, M., Liu, H., Xu, H., Li, L., Hu, S., Hu, J.,
Wei, S., Zeng, X., & Han, C. (2022). Study on the effect of different types of sugar on lipid
deposition in  goose  fatty liver.  Poultry  Science, 101(4), 101729.
https://doi.org/10.1016/j.psj.2022.101729

Welsh, J. A., Sharma, A., Abramson, J. L., Vaccarino, V., Gillespie, C., & Vos, M. B. (2010a).
Caloric sweetener consumption and dyslipidemia among US adults. JAMA, 303(15), 1490-
1497. https://doi.org/10.1001/jama.2010.449

Welsh, J. A., Sharma, A., Abramson, J. L., Vaccarino, V., Gillespie, C., & Vos, M. B. (2010b).
Caloric sweetener consumption and dyslipidemia among US adults. Jama, 303(15), 1490
1497. https://doi.org/10.1001/jama.2010.449

189



WHO. (2023a). WHO advises not to use non-sugar sweeteners for weight control in newly released
guideline.  https://www.who.int/news/item/15-05-2023-who-advises-not-to-use-non-sugar-

sweeteners-for-weight-control-in-newly-released-guideline

WHO. (2023b). World Health Statistics 2023 (World Health Organisation, Ed.).
https://doi.org/10.2307/3348165

Wilson, P. W. F., & Grundy, S. M. (2003). The metabolic syndrome. A practical guide to origins
and treatment: Part Il. Circulation, 108(13), 1537-1540.
https://doi.org/10.1161/01.CIR.0000089506.12223.F1

Wojtczak, M., Biernasiak, J., & Papiewska, A. (2012). Evaluation of microbiological purity of raw
and refined  white cane sugar. Food Control, 25(1), 136-139.
https://doi.org/10.1016/j.foodcont.2011.10.031

Wolever, T. M. S. (2003). Carbohydrate and the regulation of blood glucose and metabolism.
Nutrition Reviews, 61(5 1), 40-48. https://doi.org/10.1301/nr.2003.may.s40-s48

World Cancer Research Fund International. (2015). Curbing global sugar consumption.

World Health Organisation. (2018). Guideline: Sugars intake for adults and children. World Health
Organization, 57(6), 1716-1722.

World Health Organisation. (2024). Obesity and overweight.

World Health Organization. (2020, December 9). WHO - The top 10 causes of death.
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death

World Health Organization. (2021, June 9). Obesity and overweight. World Health Organization.

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight

Wright, E. M., Sala-Rabanal, M., Ghezzi, C., & Loo, D. D. F. (2018a). Sugar Absorption.
Physiology of the Gastrointestinal Tract, Sixth Edition, 2, 1051-1062.
https://doi.org/10.1016/B978-0-12-809954-4.00046-3

190



Wright, E. M., Sala-Rabanal, M., Ghezzi, C., & Loo, D. D. F. (2018b). Sugar Absorption. In
Physiology of the Gastrointestinal Tract, Sixth Edition (Vol. 2, pp. 1051-1062). Academic
Press. https://doi.org/10.1016/B978-0-12-809954-4.00046-3

Wu, X., Cui, L., Wang, H., Xu, J., Zhong, Z., Jia, X., Wang, J., Zhang, H., Shi, Y., Tang, Y., Yang,
Q., Liang, Q., Zhang, Y., Li, J., & Jiang, X. (2023). Impact of dietary sucralose and sucrose-
sweetened water intake on lipid and glucose metabolism in male mice. European Journal of
Nutrition, 62(1), 199-211. https://doi.org/10.1007/s00394-022-02980-2

Xu, H., Collins, J. F., & Ghishan, F. K. (2012). Molecular Physiology of Gastrointestinal Function
during Development. In Physiology of the Gastrointestinal Tract, Two Volume Set (pp. 415—
449). Academic Press. https://doi.org/10.1016/B978-0-12-382026-6.00014-2

Yamakawa, M., Wada, K., Koda, S., Mizuta, F., Uji, T., Oba, S., & Nagata, C. (2020). High Intake
of Free Sugars, Fructose, and Sucrose Is Associated with Weight Gain in Japanese Men. The
Journal of Nutrition, 150(2), 322-330. https://doi.org/10.1093/IN/NXZ227

Yang, J. (2014). Enhanced Skeletal Muscle for Effective Glucose Homeostasis. In Progress in
Molecular Biology and Translational Science (Vol. 121, pp. 133-163). Academic Press.
https://doi.org/10.1016/B978-0-12-800101-1.00005-3

Yin, J., Zhu, Y., Malik, V., Li, X., Peng, X., Zhang, F. F., Shan, Z., & Liu, L. (2021). Intake of
Sugar-Sweetened and Low-Calorie Sweetened Beverages and Risk of Cardiovascular
Disease: A Meta-Analysis and Systematic Review. Advances in Nutrition, 12(1), 89-101.
https://doi.org/10.1093/ADVANCES/NMAA084

Yu, L., Zhou, H., Zheng, F., Song, J., Lu, Y., Yu, X., & Zhao, C. (2022). Sugar Is the Key Cause
of Overweight/Obesity in Sugar-Sweetened Beverages (SSB). Frontiers in Nutrition, 9,
885704. https://doi.org/10.3389/FNUT.2022.885704/BIBTEX

Yu, S., Li, C., Ji, G., & Zhang, L. (2021). The Contribution of Dietary Fructose to Non-alcoholic
Fatty Liver Disease. Frontiers in Pharmacology, 12, 3305.
https://doi.org/10.3389/FPHAR.2021.783393/BIBTEX

191



Yudkin, J. (1972). Pure, White and Deadly: The new facts about the sugar you eat as a cause of
heart disease, diabetes and other killers . https://www.goodreads.com/book/show/5261610-

pure-white-and-deadly

Zafrilla, P., Masoodi, H., Cerda, B., Garcia-Viguera, C., & Villafio, D. (2021). Biological effects
of stevia, sucralose and sucrose in citrus-maqui juices on overweight subjects. Food and
Function, 12(18), 8535-8543. https://doi.org/10.1039/d1fo01160j

Zamri, N. A., Ghani, N., Ismail, C. A. N., Zakaria, R., & Shafin, N. (2022). Honey on brain health:
A promising  brain  booster.  Frontiers in  Aging  Neuroscience, 14.
https://doi.org/10.3389/FNAGI.2022.1092596

Zayed, E. A., AinShoka, A. A., El Shazly, K. A., & Abd EI Latif, H. A. (2018). Improvement of
insulin resistance via increase of GLUT4 and PPARY in metabolic syndrome-induced rats
treated with omega-3 fatty acid or I-carnitine. Journal of Biochemical and Molecular
Toxicology, 32(11), N/A-N/A. https://doi.org/10.1002/jbt.22218

Zhang, L., Pagoto, S., May, C., Olendzki, B., L.Tucker, K., Ruiz, C., Cao, Y., & Ma, Y. (2018).
Effect of AHA dietary counselling on added sugar intake among participants with metabolic
syndrome. European Journal of Nutrition, 57(3), 1073-1082.
https://doi.org/10.1007/s00394-017-1390-6

Zhao, F., Qi, Y., Liu, J., Wang, W., Xie, W., Sun, J., Liu, J., Hao, Y., Wang, M., Li, Y., & Zhao,
D. (2017). Low Very low-Density Lipoprotein Cholesterol but High Very low-Density
Lipoprotein Receptor mMRNA Expression in Peripheral White Blood Cells: An Atherogenic
Phenotype for Atherosclerosis in a Community-Based Population. EBioMedicine, 25, 136—
142. https://doi.org/10.1016/J.EBIOM.2017.08.019

Zhao, X., An, X,, Yang, C., Sun, W., Ji, H., & Lian, F. (2023). The crucial role and mechanism of
insulin resistance in metabolic disease. In Frontiers in Endocrinology (Vol. 14, p. 1149239).
Frontiers Media S.A. https://doi.org/10.3389/fend0.2023.1149239

Zhou, K., Qin, Z., Tian, J., Cui, K., Yan, Y., & Lyu, S. (2021). The Atherogenic Index of Plasma:
A Powerful and Reliable Predictor for Coronary Artery Disease in Patients With Type 2

192



Diabetes. Angiology, 72(10), 934-941.
https://doi.org/10.1177/00033197211012129/ASSET/IMAGES/LARGE/10.1177_0003319
7211012129-FIG2.JPEG

Zhu, X., Yu, L., Zhou, H., Ma, Q., Zhou, X., Lei, T., Hu, J., Xu, W., Yi, N., & Lei, S. (2018).
Atherogenic index of plasma is a novel and better biomarker associated with obesity: A
population-based cross-sectional study in China. Lipids in Health and Disease, 17(1), 1-6.
https://doi.org/10.1186/s12944-018-0686-8

Zidan, D., & Azlan, A. (2022). Non-Centrifugal Sugar (NCS) and Health: A Review on Functional
Components and Health Benefits. Applied Sciences (Switzerland), 12(1), 460.
https://doi.org/10.3390/app12010460

193



APPENDICES

Appendix A: Bi-Weekly Measurement of Fasting Plasma Glucose

FBS (mmol/l) C (n=3) WSL WSM WSH BSL BSM BSH HL HM HH SL SM SH p-value
(n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3)
Baseline 5.7+0.2 5.8+0.1 6.1+0.2 5.1+0.2 4.9+0.1 5.6+0.2 5.8+0.3 5.540.2 4.7+0.1 4.6%0.2 4.4+0.3 4.840.3 5.5+0.2 <0.0001*
Week 3 4.240.2 4.4+0.1 3.840.2 4.01£0.1 3.840.2 4.1+0.2 4.310.1 3.9+0.1 3.8£0.02  3.4+0.2 3.4+0.2 3.620.1 4.7+0.1 <0.0001*
Week 5 3.7+0.2 4.310.1 4.1+0.2 3.7+0.4 4.1+0.1 4.2+0.2 4.910.2 4.1+0.1 4.3+0.2 4.0+0.1 4.6%0.2 4.240.1 4.910.1 0.026*
Week 7 4.5%0.6 4.440.2 3.9+0.2 4.510.1 4.9+0.1 4.5+0.1 4.4+0.1 4.3+0.1 4.0+0.1 3.8+0.2 4.4+0.04  4.240.2 4.440.2 0.059
Week 9 4.610.1 3.840.1 45+0.1 4.2+0.05  4.6+0.02 4.4+0.5 4.5+0.1 4.9+0.3 4.2+0.2 3.8£0.04  4.2+0.2 3.9+0.2 4.7+0.3 <0.0001*
Week 11 4.7+0.4 4.5+0.1 4.6+0.1 4.5+0.1 4.6+0.2 4.9+0.02 4.9+0.1 4.5+0.2 4.6+0.1 4.0£0.2 4.7+0.3 4.5+0.1 4.6+0.3 <0.0001*
Week 13 4.8+0.2 4.4+0.1 4.9+0.2 4.7+0.1 4.6+0.1 4.5+0.1 4.3+0.4 4.20.2 4.7+0.2 4.2+0.2 4.3+0.2 4.5+0.1 4.5+0.1 0.274
Week 15 5.6+0.1 4.840.2 4.6+0.05 4.9+0.1 5.1+0.1 4.8+0.2 4.7+0.02 4.8+0.02 4.610.1 4.4+0.1 4.6+0.1 4.9+0.1 4.7+0.2 0.0003*
Week 17 4.7+0.1 4.4+0.1 5.5+0.2 4.8+0.2 5.340.1 4.9+0.1 4.8+0.1 4.4+0.2 4.7+0.1 4.1+0.03  4.8+0.032 4.4+0.2 4.7+0.1 <0.0001*
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