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ABSTRACT

Sweetened alcohol is one of the most consumed alcoholic beverages worldwide, and
is gradually getting more popular, especially among adolescents and young adults.
The rising consumption of sweetened alcohol necessitates research into the double
burden of high sugar and alcohol intake on cardiometabolic health and the
development of natural interventions to mitigate these outcomes. Naringin is a
flavonoid phytochemical and a key ingredient in grapefruit, tomatoes, and other citrus
fruits. It has been associated with various biological benefits, including the prevention
and treatment of cardiometabolic diseases. This study aimed to determine the effects
of naringin on sweetened alcohol-induced cardiometabolic derangements in

adolescent male and female Sprague-Dawley rats.

Eighty, 42-day-old (40 males, 40 females) Sprague-Dawley rats sourced from the Wits
Research Animal Facility were randomly allocated to one of four treatment groups,
with n = 20 rats in each group (10 males and 10 females), as follows: Control group:
received plain gelatine (0.5% fructose in gelatine). Sweetened alcohol (SOH) group:
received sweetened alcohol (20% fructose + 10% ethanol) in gelatine. Naringin (NA)
group: received naringin (at 50mg/kg/day) in gelatine. Sweetened alcohol + naringin
(SOH+NA) group: received sweetened alcohol + naringin (20% fructose + 10% ethanol
+ 50mg/kg/day naringin) in gelatine. The rats were freely allowed to eat all the treatments
made available in wide-mouth glass containers and were given once daily at 10ml per
100g body weight for ten weeks. Body mass was recorded daily, food and water intake
were recorded weekly, visceral fat mass, fasting blood glucose (FBG), serum
triglyceride, and serum insulin, were measured at termination to assess different
metabolic derangements. Serum neutrophil-gelatinase-associated lipocalin (NGAL)

and kidney injury molecule-1 (KIM-1), were also measured to assess kidney function.

viii



Cardiac function (left ventricular systolic and diastolic function) was assessed using
echocardiography, along with blood pressure measurements to assess hypertension,
as well as serum cardiac troponin-l concentrations, to assess myocyte damage.
Histology of the liver, kidney, and heart using H&E stain was performed to determine
hepatic steatosis in the liver, nephropathy indicators including glomerular urinary
space, renal corpuscular area, glomerular tuft area, and glomerular density in the
kidney, and left ventricular cardiomyocyte diameters in the heart and Picrosirius red

stain to determine collagen deposition (collagen area fraction) in the heart.

Rats on sweetened alcohol had decreased (p<0.05) food intake (standard rat chow)
in both sexes. Male rats that consumed sweetened alcohol had increased (p<0.05)
terminal body mass, while female rats that consumed sweetened alcohol had
increased (p<0.05) visceral fat mass.

Sweetened alcohol caused concentric remodelling, impaired left ventricular relaxation,
and increased filling pressures in females (p<0.05). Male and female rats that
consumed sweetened alcohol had increased (p<0.05) hepatic steatosis (fatty liver). In
male rats, sweetened alcohol led to decreased (p<0.05) serum NGAL, KIM-1, and
glomerular urinary space, while in female rats, consumption of sweetened alcohol led
to decreased (p<0.05) serum NGAL, increased (p<0.05) KIM-1 concentration, and
increased (p<0.05) glomerular density (early features of nephropathy). Naringin
supplementation had no effects on food intake, body mass, visceral fat mass, or
general cardiometabolic health in both male and female rats (p>0.05). However,
naringin improved (p<0.05) concentric remodelling and decreased (p<0.05) serum TG,
serum NGAL, and KIM-1 in females, while in males naringin caused decreased

(p<0.05) serum NGAL and increased (p<0.05) serum KIM-1 concentrations. When



supplemented with sweetened alcohol, naringin led to decreased (p<0.05) serum

insulin, increased (p<0.05) FBG, increased (p<0.05) glomerular density, and

increased serum (p<0.05) KIM-1 in females, while in males, it led to increased (p<0.05)
serum KIM-1 and NGAL concentrations.

This study highlighted sexually dimorphic effects of sweetened alcohol consumption
and naringin supplementation on cardiometabolic derangements. Female rats were
more prone to sweetened alcohol-induced cardiometabolic derangements. While
naringin supplementation has the potential to ameliorate some cardiometabolic
dysfunctions. Naringin may negatively affect kidney functions when supplemented with
sweetened alcohol. Further research will be necessary to evaluate molecular
mechanism through which naringin supplemented with sweetened alcohol may

negatively affect the kidney.



ACKNOWLEDGEMENTS

First and foremost, | want to profoundly thank Almighty God who, in His infinite mercy,
gave me time, energy and the life to undertake this research work, and all the success

recorded.

| want to express my sincere gratitude and appreciation to my supervisors (Prof.
Kennedy H Erlwanger, Prof. Lebogang Mokotedi, and Prof. Kasimu Ghandi
Ibrahim) for their multifaceted contributions to my research work. Their knowledge has
been useful, from the start to the end of this work, delivering perceptive criticism on
my research design and technique to guiding me through data collection, processing
and interpretation, and putting the thesis together. Furthermore, their support and
encouragement kept me inspired and motivated. Their mentorship encouraged me to
give back and have a positive impact in my sphere of influence, and | will always be
grateful to you for believing in me, pushing me, and helping me develop both

personally and professionally.

| also want to express my gratitude to the staff of the University of the
Witwatersrand's Faculty of Health Sciences, Wits Research Animal Facility
(formerly the Central Animal Service), for helping to put me through animal handling
and for the care and welfare of the animals.

| would also like to thank Dr. Monica Gomes for her technical help with the histology
and metabolic assays, and Mrs Hasiena Ali from the School of Anatomical Sciences
for her technical help with the histology images.

Special appreciation to the Integrated Molecular Physiology Research Initiative
(IMPRI) for providing us with access to their equipment during data collection.

| deeply appreciate my postgraduate colleagues, namely, Xitsakiso Mabasa, who is

thanked for her assistance with animal handling, termination, and data collection, as
Xi



well as Ramatsobane Tladi, Toluwase Olanipekun, Mercy Shafe, and
Gomotsegang Mothlale for their assistance with the termination of animals and data
collection. To all my postgraduate colleagues in the School of Physiology, you served
as a family to me throughout my postgraduate journey. Thank you most sincerely. |
want to appreciate Dr. Mmahiine Mosana, Dr. Abdurrahman Abdulkadir, and
Khaalid Khan for their support in one way or the other for the success of this research
work.

| am very grateful for the funding that this research received from several funding
bodies, including the Faculty of Health Science Research Committee (Grant
Number: 001.401.8521101.0000000000000PHSMFRO), the School of Physiology
Research Incentive Funds (Grant Number:
001.169.8521101.5121105.000000.0000000000.4463), and the National
Research

Foundation of South Africa (NRF) Thuthuka Fund (Grant Number:
TTK200323510481), the Federal University Birnin Kebbi (Nigeria), and the
candidate's PhD funding from the Tertiary Education Trust Fund of Nigeria.

To my parents, brothers, and sisters, thank you for being my strength, my
motivation, and my inspiration. | am grateful for your love, support, and
encouragement, which have helped me to follow my dream.

| want to thank my wife for her patience, support and understanding throughout my
study period. My children (Maryam, Abbas, Fauziyya, and Amir) thank you for
tolerating Dad's absence, disregarding domestic tasks, and surviving without my

presence. Your endurance and adaptability are extremely wonderful.

Xii



TABLE OF CONTENTS

LI LI o ] R i
(0] L0 Y N I (0 ] i
DEDICATION ....coeieecieeeeee e s ssse s s se e s s s e s s sne e ssssn e s s s mn e s s ssn e s sssnnessssneesssnnesansnnesssnnensssnnennsnnensn iv
PRESENTATIONS ARISING FROM THIS RESEARCH PROJECT .......ccccceevimreceersneeesnsneenas v
ORAL PRESENTATIONS ......cooi i tieiceierssressssssessssne s sssssesssnessssssessssnsssssssessssnsesssssessssnsesssnnanas v
PUBLICATIONS ARISING FROM THIS RESEARCH PROJECT .......ccoccrirmrrresneensnneesnnnes vii
Y = S - O SR viii
ACKNOWLEDGEMENTS ......ccctmiiiterissnressssessssssessssssssssssessssssssssssessssssessssssssssnsessssnsssssnnenanss xi
TABLE OF CONTENTS .....ooicoiiiiceiriisnressssnsesssssessssns s ssssne s sssnnessssnesssssnessssnesssssnesssnsnsssnnenanns xiii
LIST OF FIGURES .........oiiiieiicieessssee s s sssessssse s s sssessssne s ssssn e ssssnn e ssssnessssnnessssnessssnsessnsnsesssnnes XX
LIST OF TABLES. ... cceeeeceteireereessnessssneesssss e s s sss e s s sne s s s sne s s snn e ssssne s s snnessssneessssnensssnnenanns xxii
08 0 1 = X R xxii
LIST OF ABBREVIATIONS ... iiiiieriesrerssse s s sssesssns e sssmse s s sms e ssssne s s smsesssnessssnsenenns xxiv
CHAPTER ONE - BACKGROUND AND STUDY RATIONALE...........cccomrriirrreeeemee e 1

1.1 Thesis structure .........cccc————————————— 2

LI = T e (o T o T U] o Lo 5

1.3 Alcohol, fructose, and cardiometabolic diseases ...........cccceirrmiiireciiimci e, 9

1.4 Management of cardiometabolic diseases and challenges ...........ccccccevvvriiiiiiinnnnn. 1

1.5 Rationale for the study ... ————— 14

Xiii



1.6 Aim and ODjJECHIVES .....cuuuueiiiiiiiecceeecce s e e e e e e e e s 15

LG22 OSSPSR 15
1.6.2 SPECITIC ODJECHIVES...... .o e e e e e e e e eeaaaes 16
I A8 1/ o T 1= S 17
CHAPTER TWO - LITERATURE REVIEW ...t s s 19

728 B 1 1o Xo L1 Lo 1 o o T 20
2.2 Sweetened alcoholic beverages: types and consumption patterns........ccccccccceeeeeeeenns 22
2.1.1 Common sweeteners in sweetened alcoholic beverages...........cccccceeiiiiiiiiiiiiiciiei e, 24
2.1.2 Consumption trends and patterns ...........oovuuiiii i 26
2.1.3 Popularity and marketing strategies ..........ooeiiiiiiiiiii e 26
2.1.4 Under-age drinking: a ticking time bomb ...........ccooiiiiii i 28
2.2 Cardiometabolic diseases: overview and risk factors ...........ccocccmmrrriiiniiiiiiinnnnnnn, 29

2.2.1 Evidence on the relationship between sweetened alcoholic beverages and
cardiometaboliC health ... e 30

2.2.2 Findings from human and animal studies related to sweetened alcohol and
cardiometaboliC AISEASES ........ooeeiiiiii e 32

2.3 Potential mechanisms underlying the effects of sweetened alcoholic
beverages on cardiometabolic health ...............oooeeiiici s 46

2.3.1 Overview of fructose and alcohol MetaboliSM .......co.iee o, 46

2.3.2 Evidence for potential synergistic or antagonistic effects of fructose and alcohol on
cardiometaboliC OULCOMES.........couu e 50

2.4 Strategies for mitigating cardiometabolic risk associated with sweetened
alcoholic beverage consumMption ... 51

2.4.1 Management of CardiometaboliC DISEASES...........cevvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 53

Xiv



72838 1 T 1 T o 55
2.5.1 Pharmacokinetics Of Naringin ..........ccoooiiiiiiiiii e e e e e e eeenees 57
2.5.2 Different pharmacological actions of naringin...............cccoooiiiiiiiiii e 59

CHAPTER THREE - EFFECTS OF VOLUNTARILY CONSUMED SWEETENED
ALCOHOL AND NARINGIN ON CARDIAC FUNCTION IN MALE AND FEMALE

SPRAGUE-DAWLEY RATS ...t s s asn s s san s s s s amna s 69

B A 1= - T 70

B 0720 | 1o Xo L1 Lo 1 o o 1 4l
BT T 1) =3 1 3 T T o £ 72
3.3.1 Ethical clearance and study SIte..........cooiiiiiii i 72
3.3.2 Animals and StUAY AeSIGN ........uuiiiiiii e 73
3.3.3 Interventions used and Preparation ... 74
3.3.4 BOAY Mass MEASUIEMENTS........uiiiiiiii e e et e e e et e e e e et e e e eeaaeaaeees 76
3.3.5 Non-invasive blood pressure MmeasuremMeENtS ..........ooouvuiiiiiiiiii e e e e 76
3.3.6 Echocardiography Measurements............o.uii oo e e 77
X IR T A = 4 01T = I o] o Yo=Y o LU 78
3.3.8 LV cardiomyocyte diameter and total collagen content determination ...............ccccc....o... 79
3.3.9 Hematoxylin and €0Sin STaiN .........oooiiiiiiiiiiieeee e 79
3.3.10 PiIcrosirius red Stain..........oooiiiiiiiii e 80
3.3.11 Statistical @nalySiS........coooiiiiiii i 80
B TR B =T ]| 81
3.4.1 Morbidity and mMortality ...........ooooiiiiiiiiii e 81
3.4.2 Body mass, visceral fat mass, and blood pressure measurements.............cccceevvvvvieineeeennn. 81

XV



3.4.3 Gelatine CONSUMPLION ... e e e e e e e e e e e e e 85

I 30 3 o gToToz=1 o [ oo ir=T o] o)V 0S PSRN 88
3.4.5 Cardiomyocyte diamEtErs .........oovuiiiii i ———————————— 97
3.4.6 Collagen area fraCtioN ...........coooiiiiiiii e 99
3.4.7 Associations between the collagen area fraction and tissue Doppler indices ................... 101

BT B 7 o ¥ =T T ] o 103
3.5.1 Effects of sweetened alcohol and naringin on gelatine consumption ............cccccccceeeeeee. 103
3.5.2 Effects of sweetened alcohol on cardiac geometry ...........ccoeveiiiiiiiiiiiiii e 104
3.5.3 Effects of sweetened alcohol on diastolic function ... 105
3.5.4 Effects of sweetened alcohol on systolic function .............ccoooooiiiii 107

3.5.5 Sex-specific effects of sweetened alcohol on cardiac remodelling and diastolic
110 g Le3 170 o PP 106

3.5.6 Effects of naringin on sweetened alcohol-induced concentric remodelling and
diastolic AYSTUNCLON .........iii e 108

B T3 00 3 Vo3 111 oY o T 111

CHAPTER FOUR - EFFECTS OF NARINGIN ON HEPATIC STEATOSIS, AND
OTHER METABOLIC PARAMETERS (FASTING BLOOD GLUCOSE,
TRIGLYCERIDE AND INSULIN) IN MALE AND FEMALE SPRAGUE-DAWLEY

RATS FED WITH SWEETENED ALCOHOL ......coooooieiieeeeee e e e me e e 113

4.1 INtrodUCTION ....ceei 114
|1 =Y 1 Vo T L= 116
4.2.1 Study settings, study design, animal housing, and ethical approval .............cccccccccinnnnnnne. 116
4.2.2 BOdY MaSS MEASUIMEIMENTS .......uiiiiieiiiieiiiiie e e e e e ettt e e e e e e e e e eaeea e e e e e e e eeeaetnnaeeeeeeeeeeenens 117
4.2.3 Terminal PrOCEAUIES ......coeieiiiiiiee et e e e e e e e ettt a e e e e e e e e eeeeann e e eeeeeeeeenens 117

XVi



A Y= gl 4 0 = 11 SO 117

4.2.5 Determination of Serum Triglyceride, Insulin, and Fasting Blood Glucose

(O70] g [e1=T o1 (1= 11 (0] o IS PP 117

4.2.6 Histological assessment of the [IVer ................uuiiiiiiiiiiiiiii e 118
4.2.7 StatiStiCAl @N@IYSIS ........uuuueiiiiiiiiiiiiiie e 119
4.3 RESUIES ... 120
4.3.1 FOOd and Water iNTAKE...........uuuiiiiiiiiiiii e 120
G T I A= g g 0= 1T 125
4.3.3 Serum triglyceride concentration, fasting blood glucose, and serum insulin ....................... 127
4.3.4 Liver NiStOMOIPNOMEIY ... ... ittt 129
4.4 DiSCUSSION ....cuuueeii s 132
4.4 1 Effects of naringin and sweetened alcohol on food and water intake.................cccccuueeeee. 132
4.4 .2 Effects of naringin and sweetened alcohol on liver mass.............cccccuviiiiiiiiiiiiiiiiiee 134
4.4 .3 Effects of naringin and sweetened alcohol on hepatic steatosis .............cccccccciiiiiiinnnnes 135

4.4 .4 Effects of naringin and sweetened alcohol on fasting blood glucose, serum
triglyceride, and SErum INSUIIN ............ e 136

I 0o o o5 117 oY o 138

CHAPTER FIVE - EFFECTS OF NARINGIN AND SWEETENED ALCOHOL ON
EARLY MARKERS OF NEPHROPATHY IN MALE AND FEMALE ADOLESCENT

SPRAGUE-DAWLEY RATS ... cciiiiieiessssssnre s ssssnss e s s sssssse s s s ssss e s sssssmne s ssssssnnassssssnnns 140

E5 T I 1 Yo 11T T o R 141

£ I | = 4 Lo 144
5.2.1 Study settings, study design, animal housing, and ethical approval............cccccccveeninn. 144
5.2.2 Terminal PrOCEAUIES ........ueiiieei e et e e e e et e e et e e e e e et e e e e e eanaas 144



5.2.3 Kidney mass determination ...........co.uiiiiiiiiii e

5.2.4 Determination of serum Neutrophil gelatinase-associated lipocalin (NGAL) and
Kidney injury molecule-1 (KIM-T) ...

5.2.5 Histological assessment of the KidnNey ...
5.2.6 Statistical @analySiS..........coooiiiiiiiiii

E TR T 1] 1 R
5.3.1 KIANEY MASS.. ..ottt
5.3.2 Serum concentration of neutrophil gelatinase-associated lipocalin (NGAL) ...........cccccee....
5.3.3 Serum concentration of kidney injury molecule 1 (KIM-1) ...,
5.3.4 Kidney histomorphOmMEtry ........coooiiiiiiiiiii e

ES T 1L o U= o] o
5.4.1 KIANEY MASS.. . ittt
5.4.2 Kidney Histophotometry ...
5.4.3 Serum NGAL and KIM-1 ...

CHAPTER SIX - SUPPLEMENTARY FINDINGS: EFFECTS OF NARINGIN AND
SWEETENED ALCOHOL ON ERYTHROCYTE INDICES, GIT MORPHOMETRY
AND TROPONIN-I IN SPRAGUE-DAWLEY RATS.......ccoorrinmmrrrnsrre s nssssesnns

&2 I 1T o 10 T3 o o
B0 =1 1 o T
6.2.1 Study settings, study design, animal housing, and ethical approval..............cccccccceeeeee
6.2.2 Terminal procedures and MeEASUrEMENTS.........coueiiiiiiiiiiiiiie e
I IS = Y1 15] (o= 1= T F= Y]

TG T =X U] =

Xviii



6.3.1 ErytRroCyte INAICES ... .coveieiee e et e et e e e eraeeeaeees 170

6.3.2 CardiaC troOPONIN | .......e e e e e e e e e 173
6.3.3 Visceral Organs Gross Morphometry .............oiiiii i 175
I L7 o U =T o] o 180
TR 00 4 o [T =3 o) T 183

CHAPTER SEVEN - OVERALL CONCLUSIONS, LIMITATIONS,

RECOMMENDATIONS, AND FUTURE DIRECTIONS. .........cccoooiirriiiinssennn s 184
7.1 Summary and CONCIUSION.........coiiiiiiiiiii i ————— 185
CHAPTER EIGHT - REFERENCES .........ieirirn s s 190
APPENDICES ... s nnn e 256
APPENDIX 1: PLAGIARISM DECLARATION ........cooiiieeerree e sssssn s 257
APPENDIX 2: ETHICAL CLEARANCE...........eerrrr s 258

APPENDIX 3: FIRST MODIFICATION AND EXTENSION OF THE ETHICS
03 3 I | (03 I 259

APPENDIX 4: SECOND MODIFICATION AND EXTENSION OF THE ETHICS

03 3 I | (03 I 260
APPENDIX 4: PUBLISHED MANUSCRIPT ...ttt ssssnss e 262
APPENDIX 5A: ELISA PROTOCOL FOR SERUM INSULIN DETERMINATION .............. 280

APPENDIX 5B: PROTOCOL FOR TRIGLYCERIDE DETERMINATION USING

ELISA .. 283
APPENDIX 6A: PROTOCOL FOR NGAL DETERMINATION USING ELISA..........ccccuueeen 286
APPENDIX 6B: PROTOCOL FOR THE DETERMINATION OF KIM-1 USING ELISA ...... 290

XiX



LIST OF FIGURES

CHAPTER TWO

o 10T = e RPN 50
Figure 2.2: Chemical structure of Naringin ..., 57
Figure 2.3: Chemical structure of FIavonoids ................ceiiiiiiiiiiiicc e, 57
CHAPTER THREE

Figure 3.1: Schematic diagram of the study design.........ccccerrrmccciiiiirreccccc e, 76

Figure 3.6: Associations between the collagen area fraction and measures of left ventricular

IASTONIC FUNCLION. ... e e e e e eeeeas 102
CHAPTER FOUR

Figure 4.1: Effects of sweetened alcohol and naringin on weekly food intake ................... 122
Figure 4.2: Effects of sweetened alcohol and naringin on weekly water intake. ................. 124

Figure 4.3: Effects of sweetened alcohol and naringin on hepatic steatosis in male Sprague-
Dawley rats. Representative photomicrographs of liver histology (A) and steatosis score (B)

from each treatment group (stained with H&E) imaged at x40 objective (x100 magnification)

Figure 4.4: Effects of sweetened alcohol and naringin on hepatic steatosis in female Sprague-
Dawley rats. Representative photomicrographs of liver histology (A) and steatosis score (B)

from each treatment group (stained with H&E) imaged at x40 objective (x100 magnification).

CHAPTER FIVE

Figure 5.1: Effects of sweetened alcohol and naringin on serum NGAL in male (A) in female
(B) Sprague-Dawley rats. .......cooooiiiiiiiieeeeeeeee 149
Figure 5.2: Effects of sweetened alcohol and naringin on serum KIM-1 in male (A) in female

(B) Sprague-Dawley rats. .......ccoooiiiiioiieeeeeeee 152

XX



Figure 5.3: Representative photomicrographs of the male (A) and female (B) rat’s kidney
sections stained with Haematoxylin and Eosin at x40 objective (x100 magnification). :...... 155

CHAPTER SIX
Figure 6.1: Effects of sweetened alcohol and naringin on serum cardiac troponin | in male (A)

and female (B) Sprague-Dawley rats. ... 174

XXi



LIST OF TABLES
CHAPTER TWO
Table 2.1: Common types of sweetened alcoholic beverages ..........ccccovvvvviiiiiiiiieeieeiiiiinn. 24
CHAPTER THREE
Table 3.1: Effects of sweetened alcohol and naringin on body mass, visceral fat mass, and
blood pressure at baseline and termination in male and female Sprague-Dawley rats.......... 83
Table 3.2: Effects of sweetened alcohol and naringin on cardiac masses and geometry, and
left ventricular systolic function in male and female Sprague-Dawley rats............................. 90

Table 3.3: Effects of sweetened alcohol and naringin on left ventricular diastolic function

(pulsed Doppler indices) in male and female Sprague-Dawley rats............cccccccceiiiiiieiieennnns 95
CHAPTER FOUR
Table 4.1: Nutritional composition of standard rat chow.............cceneiiiiiciiiccineee, 116

Table 4.2: Effect of sweetened alcohol and naringin on the mass of the liver (absolute and
relative) in male and female Sprague-Dawley rats. ... 126
Table 4.3: Effects of sweetened alcohol and naringin on serum triglyceride, fasting blood
glucose and fasting serum insulin in male and female Sprague-Dawley rats. ..................... 128
CHAPTER FIVE

Table 5.1: Effect of sweetened alcohol and Naringin on the relative mass of the kidneys
in male and female Sprague Dawley rats. ... ————— 146
Table 5.2: Effects of sweetened alcohol and naringin on kidney morphometry in male and
female adolescent Sprague-Dawley rats ..............uuuuuiiiiiiiiiiiiiiiii s 156
CHAPTER SIX

Table 6.1: Effects of sweetened alcohol and naringin on haematological parameters in

male and female Sprague-Dawley rats ...........ccccoiiiiiiiinnnn i ——————— 171

XXii



Table 6.2: Effects of sweetened alcohol and naringin on visceral organs gross morphometry

iN Male and fEMAIE SD FalS ..o e, 177

XXiii



LIST OF ABBREVIATIONS

8-OHdG 8-hydroxy-2-deoxyguanosine

A Late filling pressure

a’ Late diastolic velocity

ACC Acetyl CoA Carboxylase

AChE Acetylcholinesterase E

AD Alzheimer’s Disease

ALDH Acetaldehyde dehydrogenase

ADH Alcohol dehydrogenase

ALD Alcoholic Liver Disease

AMPK-a Adenosine Monophosphate-activated Protein Kinase-a
ANOVA Analysis of variance

ApoB Apolipoprotein B

ALT Alanine Transaminase

AREC Animal Research Ethics Committee

AESC Animal Ethics Screening Committee
ARRIVE Animal Research Reporting of /In Vivo Experiments
AST Aspartate Transaminase

AUD Alcohol Use Disorder

BCCAO Bilateral Common Carotid Artery Occlusion
BM Body Mass

BMI Body Mass Index

XXiV



BP

CA

ChREBP
CLD
CMD(s)
COX-2
CPT-1
CRP
CVA
CVD
CYP2E1
DBP
DGAT2
DNA

E

e’

e'/a’

Ele’
E/A
ELISA
ERK

eNOS

Blood Pressure

Corpuscular Area

Carbohydrate Response Element-Binding Protein
Chronic liver disease

Cardiometabolic Diseases

Cyclooxygenase-2

Carnitine Palmitoyl Transferase-1

C-Reactive Protein

Cardiovascular Accident

Cardiovascular Diseases

Cytochrome P450 2E1

Diastolic Blood Pressure

Diacylglycerol/acyl-CoA Acyltransferase-2
Deoxyribonucleic acid

Trans-mitral blood flow velocity during early diastole
Peak tissue lengthening velocity of the lateral mitral annulus during
early diastole

Ratio of early to late mitral annular diastolic tissue lengthening
velocity

Left ventricular filling pressure

Ratio of early to late diastolic filling velocity
Enzyme-linked immunosorbent assay
Extracellular-signal Related Kinase

endothelial Nitric Oxide Synthase

XXV



FAS Fatty Acid Synthase

FBG/FPG Fasting Blood Glucose/Fasting Plasma Glucose
Fe-NTA Ferric Nitrilotriacetate

FFA Free Fatty Acid

GAT-1 Glycerol-3-Phosphate Acyltransferase 1
GFR Glomerular Filtration Rate

GIT Gastrointestinal Tract

GTA Glomerular Tuft Area

GLUT2 Glucose Transporter-2

GPx Glutathione peroxidase

(GPATA1 Glycerol-3-Phosphate Acyltransferase 1
GST Glutathione S-Transferase

GUS Glomerular Urinary Space

HbA1c Glycated Haemoglobin

Hb Haemoglobin

HDL High-Density Lipoprotein

HDL-c High-Density Lipoprotein-cholesterol
H&E Haematoxylin and Eosin

HIF1-a hypoxia-inducible factor subunit alpha
HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A
Hpc2 Human Polycomb protein 2

IDF International Diabetic Federation

IMPRI Integrated Molecular Physiology Research Initiative (IMPRI),

School of Physiology

XXVi



IL-6/IL-8 Interleukin-6/8

iNOS Induced-nitric oxide synthase

IOM Institute of Medicine

IQR Interquartile range

JNC Joint National Committee

JNK c-Jun N-terminal Kinase

KHK-C ketohexokinase-C

KIM-1 Kidney Injury Molecule-1

LDL Low-Density Lipoprotein

LDLPR low-density lipoprotein receptor

LMIC low- and middle-income countries

LPS Liposaccharides

LXA4 Lipoxin A4

LV Left Ventricle

MAFLD Metabolic dysfunction-associated fatty liver disease
MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein-1

MCHC Mean Corpuscular Haemoglobin Concentration
MetS Metabolic Syndrome

n Number

NA Naringin

Nat-K* ATPase sodium-potassium ATPase
NAD Nicotinamide Adenine Dinucleotide

NADH Nicotinamide Adenine Dehydrogenase

XXVii



NAFLD
NCD
NFkB
NGAL

NIH

NO

NOS
NOAEL
Nrf2
nSREBP-1C
os

PAS
PCSK9
PCV
PPAR-a
PGC 1-a
PKG

PVC tubes
RAAS

RAGE/NF-kB

ROS
SAS

SBP

Non-Alcoholic Fatty Liver Disease
Non-communicable Diseases

Nuclear Factor Kappa-

Neutrophil Gelatinase-Associated Lipocalin

National Institutes of Health

Nitric oxide

nitric oxide synthase

Naringin's Oral no Observed Adverse Effect Level

Nuclear Factor-erythroid 2-related Factor

Nuclear SREBP 1-c

Oxidative Stress

Periodic Acid-Schiff

Protein convertase subtilisin/kexin type 9

Packed Cell Volume

Peroxisome Proliferator-activated Receptor alpha

peroxisome proliferator-activated receptor-gamma coactivator 1-a
protein kinase G

Polyvinyl chloride tubes

Renin-Angiotensin-Aldosterone System

Receptor for Advanced Glycation End-products/ Nuclear Factor-
kB

Reactive Oxygen Species

Statistical software for social sciences

Systolic Blood Pressure

XXViii



SD
SD-Rats
SEM
SNS

SOD

SOH
SOH+NA
SREBP
TBARS
TDI

TG

T2DM
TGF-B

UCP-2
US(A)

VLDL
RAGE/NF-KB
T2DM

TNF-a

WGA

WRAF

WHO

Standard deviation
Sprague-Dawley rats
Standard error of the mean
Sympathetic Nervous System

Superoxide Dismutase

Sweetened Alcohol

Sweetened alcohol + naringin

Sterol regulatory element-binding protein
Thiobarbituric Acid Reactive Substances
Tissue Doppler Imaging

Triglyceride

Type-2 Diabetes mellitus

transforming growth factor-8

Uncoupling Protein-2
Urinary Space (Area)

Very low-density lipoprotein

receptor for advanced glycation end-products/ nuclear factor-kB

Type-2 Diabetes Mellitus
Tumour Necrosis Factor-alpha
Wheat Germ Agglutinin

Wits Research Animal Facility

World Health Organization

XXiX



CHAPTER ONE — BACKGROUND AND STUDY RATIONALE



1.1 Thesis structure

Seven main chapters plus an appendix section make up this thesis, which is organised
in a divided block structure as per the University of the Witwatersrand Faculty of Health
Sciences style guide for theses, dissertations and research reports (Style guide for
theses, dissertations and research reports, 2016). A list of all the references cited in
each chapter is provided at the end of the main chapters and is designated as Chapter
Eight.

Chapter one describes the structure and organisation of the thesis and provides an
overview of the research problem, which generally covers adolescents’ life transition
and challenges, sweetened alcohol consumption in adolescents, and its relationship
to inappropriate or heavy alcohol consumption, and how it is related to cardiometabolic
dysfunction. The public health concern associated with sweetened alcohol and heavy
alcohol consumption is also highlighted in this chapter. The healthcare and public
health challenges related to the management of fructose- and alcohol-induced
cardiometabolic diseases, with the need for alternative preventive and therapeutic
strategic measures using affordable medicinal plant-derived phytochemicals, are also
discussed. The chapter concludes with the thesis justification, aims and objectives, as
well as hypotheses.

Chapter two offers a comprehensive evaluation of the literature pertinent to this study.
These include definition, prevalence, risk factors, components, complications, and
pathophysiology associated with cardiometabolic dysfunctions/diseases, not only in
adolescents but also in adulthood. The chapter also discusses the role of sweetened
alcohol (fructose + alcohol) in the pathogenesis of cardiometabolic diseases. The

shortcomings of the currently available treatment choices and the need for safe,



accessible, and innovative methods of managing sweetened alcohol-induced

cardiometabolic dysfunctions with plant-derived phytochemicals are highlighted as

well. In addition, the chapter also discusses the potential benefits of naringin, an
abundant phytochemical derived from grapefruits and other citrus fruits with different
preventive and therapeutic potentials associated with different cardiometabolic
variables.

Chapters three, four, five, and six present the outcomes of the study. Each of these
chapters is organised with the following primary sections: introduction, materials and
methods, results, discussion, and conclusion. Chapter three has been published in a
peer-reviewed journal, while chapters four, five, and six have neither been published

nor submitted for publication.

In chapter three, the effects of voluntary consumption of sweetened alcohol and
naringin on cardiac function in male and female Sprague-Dawley rats were
investigated. The cardiac function of the rats was assessed using echocardiography,
blood pressure measurements, and a histological study of the left ventricular
cardiomyocyte diameter and fibrosis. The effects of the interventions on body mass
and visceral fat mass were also assessed. The outcomes from this chapter were

published in a peer-reviewed journal: Physiological Reports.

Chapter four focuses on the development of metabolic-associated fatty liver disease
(MAFLD), visceral obesity, and other metabolic dysfunctions in male and female
Sprague- Dawley rats following voluntary consumption of sweetened alcohol.
Specifically, feed and water intake, liver mass, histological determination of hepatic
steatosis, quantification of visceral fat mass, and measurement of circulating metabolic

parameters (fasting blood glucose, serum triglyceride, and serum insulin) were



reported. The potential preventive and therapeutic effects of naringin on these

parameters were also determined.

In chapter five, | investigated and presented the possible protective effect of oral
naringin supplementation against the possible development of nephropathy in male
and female Sprague-Dawley rats voluntarily consuming sweetened alcohol. The
measurements of nephropathy include the determination of kidney mass, kidney
histomorphometry, circulating kidney injury molecule-1, and neutrophil-gelatinase-

associated lipocalin.

Chapter six is an addendum that contains relevant and supplementary data gathered
from the study that was left out of the other chapters. Therefore, in this chapter, the
impact of naringin supplementation on further cardiometabolic health metrics of the
male and female Sprague-Dawley rats given sweetened alcohol is presented. Red
blood cell indices, serum cardiac troponin-l, visceral organ morphometry of the
gastrointestinal tract (GIT), pancreatic and testicular masses are covered in this

chapter.

Chapter seven summarises the main findings, points out the study's limitations, and
makes recommendations for future research. Important conclusions are also made in

this chapter.

In chapter eight, all the references cited in all the chapters were listed accordingly.

The appendices section provides the plagiarism declaration form, the ethical clearance
certificate, the certificates for ethics modification and extension, and a copy of the

published manuscript.



1.2 Background

The American Academy of Paediatrics defines adolescence as an age range between
11 and 21 years (Hagan, 2017). It is characterised as a time for psychological
transition matched by increased feelings of self-sufficiency, reduced acceptance of
inputs from the elderly, and reduced self-regulatory skills (Haynos & O’Donohue,
2012). Adolescence is a critical period that determines the physical and cognitive
development of an individual later in life. It is often during this period that people first
encounter lifestyle risk factors for disease, some of which may last into adulthood (de
Freitas et al., 2020). Accordingly, what an individual consumes at that age is also
important in determining his/her health and well-being in adulthood (Tzioumis & Adair,
2014). In particular, consuming too much of an unhealthy diet (such as alcohol
consumption and fructose-rich diets) early in life can make significant negative
contributions to their health and well-being later in life, which may lead to the
development of cardiometabolic disorders in adulthood (Lelis et al., 2020; Vaschillo et

al., 2018).

Hormonal changes during adolescence are believed to affect adolescents' sensitivity
to the effects of alcohol, making them less sensitive to its negative effects and causing
increased consumption (Tapia-Rojas et al., 2017). This can lead adolescents to
engage in binge drinking, which can adversely affect the functions of their vital organs
(Ojeda et al., 2022). Therefore, alcohol consumption among adolescents is not without
consequences to their health and well-being, as the long-term effects of alcohol
consumption have indeed been linked to the development of cardiometabolic
derangements (Nogales et al., 2014; Yan et al., 2018), renal (Binder et al., 2016) and

liver (Sobrino et al., 2019) impairments.



Alcohol consumption in Africa is ranked as the second highest in the world and is
particularly high among adolescents (Peacock et al., 2018). Sadly, about 3.3% of all
deaths in Africa are attributed to alcohol consumption, which also accounts for 2.4%

of all disability-adjusted life years (DALYs) (Hammer et al., 2018). Alcohol is a leading
risk factor causing mortality and disability in sub-Saharan Africa (Lim et al., 2012). In
South Africa, according to research utilising nationally representative survey data,
roughly 50% of South Africa’s male population and 20% of its female population drink
alcohol (Fontes Marx et al., 2021), with about 32% of females and 48% of males
engaged in unhealthy alcohol consumption (Vellios & van Walbeek, 2018). There are
cultural and lifestyle factors that are reported to influence increased alcohol
consumption among adolescents in South Africa. Some of these factors include poor
self-esteem that increases the vulnerability to peer pressure, poor parent-child
relationships, weak or inadequate parental attention, dating partner’s influence, social
media advertisement, emulating celebrity lifestyles, and higher education transition,
which introduces freedoms not experienced whilst under parental/guardian care
(Hlomani-Nyawasha et al., 2020). (Hlomani-Nyawasha et al., 2020). Consequently,
the WHO placed South Africa among the top countries with a high prevalence of

alcohol consumption (Hammer et al., 2018).

Given the high levels of alcohol consumption, it is not surprising that alcohol has been
identified as one of the four main risk factors for the increased prevalence of
cardiometabolic diseases (CMDs) — which refers to the main cardiovascular disease
risk factors, they include insulin resistance, obesity, and high blood pressure, and fatty
liver (Guan et al., 2022), with the other three modifiable risk factors being smoking,
lack of physical activity, and eating unhealthy diets (WHO, 2022), such as increased

sugar/fructose consumption. Intake of simple sugars, particularly added fructose, has



sharply increased in recent decades, partly as a result of the considerable rise in
consumption of sugar-sweetened beverages (SSB) in which fructose is the popular
sweetener in both carbonated and non-carbonated drinks (Joh et al., 2021).
Adolescents, as compared to other age groups, consume the most SSBs, accounting
for about 10% of daily calories (Rosinger et al., 2017). Additionally, consumption of SSB
is rising quickly worldwide, especially in developing nations (Malik & Hu, 2019). It has
been reported that in five years, more than 50% of adolescents in 53 low- and middle-
income countries would consume carbonated soft drinks at least once daily (Yang et
al., 2017). Due to its sweetening qualities, fructose is frequently utilised in beverages,
dairy goods and processed pastries. Fructose is directly blended with alcohol to
produce sweetened alcoholic beverages, which enhances the palatability of the
beverages (Wakabayashi et al., 2021). Adolescents whose bodies are going through
important periods of development are one of the main populations that consume
sweet products (Heiss et al., 2022), including sweetened alcoholic beverages
(Binakonsky et al., 2011; Crews, 2015; Siegel et al., 2016). Common sweetened
alcoholic beverages found in South Africa include ciders, pre-mixed drinks, cream
liqueurs (e.g. Amarula), sweet wines, cocktails and shooters, and flavoured alcoholic
beverages.

Consuming fructose has a strong link to the emergence of CMDs (Lelis et al., 2020).
Fructose diminishes feelings of fullness, promotes ectopic fat storage, raises
adipogenesis, boosts oxidative stress, decreases insulin sensitivity, and causes
vascular damage, thus linking increased fructose consumption to the emergence of
CMDs (Lelis et al., 2020). Increased waist circumference, fasting blood glucose (FBG)
concentration, raised blood pressure, increased serum triglycerides, and increased
serum cholesterol have been associated with high fructose consumption (Jung et al.,

2022). A high intake of drinks with added fructose raised cardiovascular disease (CVD)
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risk by more than 25% (Malik et al., 2010). Poor diet (such as excess fructose
consumption), sedentary lifestyle and obesity are modifiable risk factors also linked to
cardiovascular diseases (WHO, 2022). Fructose consumption has been related to
cardiac inflammation and cardiac fibrosis by facilitating the release of proinflammatory

mediators and increasing oxidative stress (Kang et al., 2016).

On an individual basis, according to different research reports, increased alcohol and
fructose consumption have a negative consequence on adolescent health. Combining
them as sweetened alcoholic beverages presents a double simultaneous burden of

increased sugar and increased alcohol consumption.

Sweetened alcohol is an alcoholic beverage consisting of liquor combined with a
sweetener (Wakabayashi et al., 2021). Commonly, alcohol is combined with
sweetened gelatine and referred to as ‘jello-shots’ or ‘gelatin-shots’, with different
types of ‘jello-shots’ available in the market (Crews, 2015). Consumption of these
gelatine shots is problematic as many people do not consider them as an alcoholic
beverage, and as such are unaware of the potential danger associated with them
(Crews, 2015). This is partly because the taste resembles that of the sweetener that
is combined with it, rather than the actual taste of alcohol. As a result, a large amount
can be consumed within a short period, causing more adverse effects than
conventional alcohol, as this can lead to binge drinking (Binakonsky et al., 2011;
Albers et al., 2015; Siegel et al., 2016; Wakabayashi et al., 2021). The sweet taste
also entices adolescents to start consuming alcohol at a younger age than their

counterparts who drink unsweetened beverages (Crews, 2015).

It has been reported that people who for the first time try to taste alcohol are more
likely to fall victim to alcohol consumption when they start with a combination that gives

a sweet and flavoured taste that masks the unpleasant taste of conventional alcohol
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(Copeland et al., 2007). Excess alcohol and sugar (sweeteners) consumption is not
without consequences, as several disease conditions are linked to excess alcohol and
sugar consumption, with CMDs in the lead (Fagherazzi et al., 2013).

1.3 Alcohol, fructose, and cardiometabolic diseases

There is an increase in the consumption of alcohol and sugar-sweetened beverages
globally (Vorster et al., 2014). In South Africa, studies have shown that consumption
of sugar-sweetened beverages is on the increase, with an accompanying rise in risk
factors for non-communicable diseases in both rural and urban areas (Vorster et al.,
2014; Manyema et al., 2016). Excessive sugar and alcohol consumption are poor
dietary habits that are implicated among the risk factors for the onset of CMDs

(Fagherazzi et al., 2013; Herman & Birnbaum, 2021; Lelis et al., 2020).

Increased fructose intake leads to continuous hepatic fructose absorption and
metabolism, mediated by glucose transporter-2 (GLUT2) and ketohexokinase-C
(KHK-C) (Herman & Birnbaum, 2021). This causes intrahepatic lipid accumulation,
dyslipidaemia, decreased insulin sensitivity, and hyperuricaemia (Herman &
Birnbaum, 2021). In response to cardiac stress caused by excessive fructose
consumption, hypoxia-inducible factor subunit alpha (HIF1-a)-driven stimulation of
fructose absorption and metabolism in the heart promotes anabolic cardiac

development as well as systolic and diastolic dysfunction (Herman & Birnbaum, 2021).

There is a positive relationship between high sugar consumption and the development
of obesity and metabolic syndrome, as evidenced by increased levels of very low
density lipoprotein (VLDL), glucose intolerance, insulin resistance, and accumulation
of hepatic lipids (de Oliveira et al., 2020). Some of the mechanisms that link increased
fructose consumption to liver diseases include oxidative stress and inflammation. The

inflammatory signalling pathways and lipogenesis are activated, leading to fibrosis,

9



cirrhosis, and hepatocellular carcinoma (Muriel et al., 2021). Studies in clinical,
experimental, and epidemiological settings have demonstrated that fructose can have
a number of harmful effects when consumed in excess of what is advised. Higher
fructose intake promotes a positive energy balance by reducing satiety, increasing
adipogenesis, which results in visceral fat accumulation, and causing ectopic fat
formation, particularly in the liver and skeletal muscle, which results in vascular
damage brought on by insulin resistance, inflammation, and impaired lipid metabolism,
which raise arterial blood pressure increasing the risk of cardiovascular and metabolic
diseases (Lelis et al., 2020).

Just as fructose consumption contributes to CMDs, alcohol consumption has also
been associated with an increased risk of CMDs. This section will, therefore, mainly
focus on risks of excessive alcohol consumption, especially in the context of
adolescents’ health. Notably, some research findings have linked mild to moderate
alcohol consumption to offer some protection and reduced risks against metabolic
syndrome (Sun et al., 2014), coronary heart disease, and stroke (Single et al., 1999).
However, high alcohol consumption is linked with some cardiovascular conditions
such as hypertension, arrhythmias, and heart failure (Hietanen et al., 2020), and
metabolic syndrome (Husain et al., 2014; Sun et al., 2014; Wang et al., 2015). In an
animal study, it was shown that alcohol consumption by adolescent rats altered the
functional growth of the heart and resulted in ‘pathological hypertrophy’ that persisted
even after the withdrawal of alcohol (Ai et al., 2020). The study also reported that
adolescent rat hearts are more prone to damage after alcohol exposure compared to
the control (Ai et al., 2020). Heavy alcohol consumption is physiologically believed to
be associated with increased clotting and reduced ventricular fibrillation threshold

(Rehm et al., 2010). Apart from other health conditions related to alcohol consumption,
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the risk of chronic diseases such as coronary heart disease and sudden heart attack

has also been linked to the pattern of alcohol consumption (Hietanen et al., 2020).

Alcohol consumption is one of the major causes of liver disease and liver damage
(Parker et al., 2019). The majority of individuals who drink alcohol frequently develop
hepatic steatosis that is usually mild and silent, but it is typically regarded as a
precursor to more severe forms of liver disease (Parker et al., 2019). About one-third

of patients with steatosis

progress to steatohepatitis and almost 10 in every 100 develop cirrhosis (Hughes et
al., 2019). Almost half of all liver cirrhosis cases are alcoholic cirrhosis globally,
associated with significant mortality, causing about 10% of all deaths related to
alcohol, and about half of all alcohol-related deaths are associated with liver disease,
and this almost causes 22 million DALY's annually (Rehm et al., 2013; Peacock et al.,
2018; Lucey, 2019). Recurrent inflammation and oxidative stress result in liver fibrosis
due to irregularities between synthesis and degradation of the extracellular matrix,
resulting in chronic hepatic injury from alcohol consumption (Hernandez-Aquino &
Muriel, 2018). Liver fibrosis leads to cirrhosis, which destroys the liver parenchymal
architecture, causing insufficient blood supply to the hepatocytes and leading to liver
failure (Ramachandran & Iredale, 2009) and hepatocellular carcinoma (Serfaty &
Lemoine, 2008).

1.4 Management of cardiometabolic diseases and challenges

Despite remarkable advancements in global health care, a statement from the 2009

Institute of Medicine (IOM), National Institutes of Health (NIH), USA Summit on

Integrative Medicine and Health of the Public stated that “The disease-driven approach

to care has resulted in spiralling costs as well as a fragmented health system that is

reactive and episodic as well as inefficient and impersonal.” (Rao, 2018). The statement
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confirmed the fact that despite the progress made in the treatment of diseases, the
incidence and prevalence of these diseases are still on the increase. Despite the
remarkable progress made in the modern approaches to the management of CMDs,
there is an increasing burden and prevalence of cardiovascular diseases, diabetes,
hypertension, and obesity (Akik et al., 2025).In the past few decades, both the
prevalence of type 2 diabetes and obesity rates have significantly increased (Sattar et
al., 2020). A collection of biochemical and clinical abnormalities known as metabolic
syndrome (MS) raises the risk of cardiovascular disease (CVD) and type 2 diabetes
mellitus (T2DM) (Charles-Davies & Ajayi, 2023). It is a major global clinical and public
health concern that is becoming more common. Worldwide, MS affects more than one
billion individuals (Charles-Davies & Ajayi, 2023). Its incidence varies among
populations in Africa and can reach 50% or higher. MS has a prevalence of about 42%
in South Africa (Jean-Luc Gradidge & Crowther, 2017). This is an indication that
challenges do exist that need an integrative approach to a more affordable, result-
oriented, and disease-focused model of disease treatment and prevention. For many
decades, traditional medicine practitioners across the globe have used herbal medicine
and other phytochemicals and experienced the benefits of their therapeutic
characteristics (Rao, 2018). Usually, several classes of medications and different
treatment modalities are required to manage CMDs in an afflicted individual. Examples
of different medications used in pharmacotherapeutic approaches include
antihypertensives for blood pressure regulation, lipid lowering agents such as statins to
manage dyslipidaemia, antidiabetic agents like sulfonyl ureas for control of diabetes
mellitus, GLP-1 receptor agonists for glucose control and weight loss, and icosapent
ethyl that reduces cardiovascular adverse events such as obesity and triglycerides
(Antwi et al., 2024; Patel et al., 2025). Some of these medications are either non-

affordable, non-accessible, and/or related to different side effects, which render
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compliance very difficult (Jamshidi-kia et al., 2018; Rao, 2018; Shi et al., 2019).
Numerous studies have investigated plant-based dietary patterns, as well as individual
foods and components, to determine the role of important nutrients in the prevention,
protection, and reversal of cardiometabolic diseases (Mullins & Arjmandi, 2021). The
use of phytochemicals as modulators of several cellular pathways to prevent
cardiometabolic diseases appears to be gaining popularity, due to their affordability,
availability, and with fewer or no side effects (Jamshidi-kia et al., 2018). These
phytochemicals work by controlling molecular mechanisms that either interfere with the
inflammatory pathways, such as by reducing the production of pro-inflammatory
cytokines and other modulators, or synergise with the anti-inflammatory pathways, such
as by increasing the production of anti-inflammatory cytokines (Nisar et al., 2023).
Although phytochemicals may help prevent and treat disease, there are a number of
drawbacks to take into account. These include possible adverse effects, drug
interactions, a lack of standardisation, and difficulties with absorption and bioavailability
(Yiwen et al., 2024).

With continued research, nutraceuticals, which are products derived from food and food
components that have nutritional, medical, and health benefits, including disease
treatment and prevention (Puri et al., 2022) are projected to play a critical role in
delivering well-tested complementary treatments that will have an important role in
ensuring affordable healthcare (Rao, 2018). Studies have shown that nutraceuticals may
be able to alleviate the growing burden of CMDs, and they are anticipated to lower the
enormous costs associated with healthcare, providing comfort to the affected person as
well as the relevant authorities (Bruno et al., 2022).

In summary, alcohol and fructose are important dietary risk factors in the development of
cardiometabolic diseases. Combining them in the form of sweetened alcohol will have

a double burden of increased fructose and increased alcohol consumption. Sweetened
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alcohol is becoming popular in the modern world, and its increased consumption is
believed to be associated with increased risk and prevalence of cardiometabolic
diseases, as it is reported to facilitate heavy alcohol consumption, because the sweet
taste masks the unpleasant taste of the conventional alcohol and thereby increases its
palatability. As of today, because it is a relatively new social/health burden, there are no
standard treatment modalities for cardiometabolic derangements associated with
sweetened alcohol. The therapeutic and preventive potential of phytochemicals in CMD
has been proven to be effective and promising (Rajadurai & Stanely Mainzen Prince,
2006; Malakul & Pengnet, 2018; Park et al., 2018; Uryash et al., 2021; Akin et al., 2022,

Shackebaei et al., 2023).

1.5 Rationale for the study

The trend of adolescents consuming more sweetened alcoholic beverages may result
in a double burden of high alcohol and sugar intake, further increasing the risk of
cardiometabolic diseases. Individually, studies have reported the negative
consequences of increased sugar and alcohol consumption; however, the combined
effects in the form of sweetened alcohol have not been well studied. Although there
has been progress in the treatment and management of CMDs, the incidence and
prevalence of these diseases in high (Rao, 2018). It is necessary to make efforts on
disease prevention because individuals tend to only attend medical facilities when they
are ill (Saad et al., 2017). One of the best times to prevent CMDs is during adolescence
and continues throughout life (Rao, 2018). According to studies, medicinal plant-
derived phytochemicals are potential agents in tackling the growing burden of CMDs
and are anticipated to lower the enormous healthcare costs, benefiting both the

individual and the relevant authorities (Bruno et al., 2022).
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Even though it has been demonstrated that females consume more sweetened alcohol
than males, studies that examine the cardiometabolic effects of sugar/fructose and
alcohol intake are typically skewed and concentrate more on males. To address this
gap, both male and female Sprague-Dawley rats were used in this study.

While a forced alcohol paradigm has been employed in previous animal studies, in this
study, | selected a realistic voluntary alcohol intake model. Multiple medications are
necessary for the management of CMD. The medication combinations include
antihypertensives, antidiabetics, and lipid-lowering agents. This can result in an
inappropriate prescription, poor compliance, over- or underdosing, poor drug
selection, inadequate monitoring, adverse drug effects, drug interaction, unnecessary
waste, and expenses (Seidu et al., 2023). As a result of these challenges, alternatives
need to be explored, and one of the best alternatives is the use of phytochemicals due
to their affordability, accessibility, and multiple constituent phytochemicals with
nutraceutical properties, and often minimal or no adverse effects (Rao, 2018; Saad et
al., 2017). Therefore, this study investigated the potential preventive and therapeutic
effects of naringin supplementation on cardiometabolic dysfunction induced by
voluntary sweetened alcohol consumption in male and female adolescent Sprague-
Dawley rats.

1.6 Aim and Objectives

1.6.1 Aim

The study aimed to explore the potential of dietary naringin supplementation to protect
against the development of cardiometabolic derangements induced by the
consumption of sweetened alcohol in adolescent male and female Sprague-Dawley

rats.
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1.6.2 Specific objectives

The specific objectives of the study were to explore the effects of naringin and

sweetened alcohol on:

Cardiac function, by measuring:

a) Blood pressure using the tail-cuff method to assess hypertension as a marker of

cardiovascular function

b) Left ventricular systolic and diastolic function using echocardiography to assess

cardiac contractility and relaxation.

Metabolic function, by determining:

a) The levels of insulin, glucose, and triglycerides, to assess insulin resistance,
diabetes mellitus, and dyslipidaemia as components of cardiometabolic diseases.
b). adiposity: the weight of visceral fat within the abdomen, to assess obesity as an

important risk factor for cardiometabolic diseases.

Kidney function, by measuring

a) neutrophil gelatinase-associated lipocalin (NGAL), and Kidney Injury Molecule-1
(KIM- 1) as surrogate indicators and early markers of kidney function, to assess
the function of the kidney, as a risk factor and a component of cardiometabolic
diseases.

Histology of the heart, liver, and kidney, to determine:
a) cardiomyocyte diameter, and cardiac fibrosis

b) hepatic steatosis
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c) nephropathy indicators, including glomerular urinary space, renal corpuscular

area, glomerular tuft area, and glomerular density

General cardiometabolic health, by measuring:

a). red blood cell indices, to assess the effects of sweetened alcohol and naringin
on red blood cell production

b). cardiac Troponin-I, to further assess the cardiac function

c). morphometry of the GIT and visceral organs, to assess the effects of sweetened

alcohol and naringin on these organs

1.7 Hypothesis

H1:
1. Naringin protects against cardiac dysfunction associated with sweetened
alcohol consumption in adolescent rats.
2. Naringin protects against general metabolic dysfunction associated with
sweetened alcohol consumption in adolescent rats.
3. Naringin protects against metabolic-associated fatty liver disease associated
with sweetened alcohol consumption in adolescent rats.
4. Naringin protects against nephropathy and kidney injury associated with
sweetened alcohol consumption in adolescent rats.
HO:
1. Naringin does not protect against cardiac dysfunction associated with
sweetened alcohol consumption in adolescent rats.
2. Naringin does not protect against general metabolic dysfunction associated

with sweetened alcohol consumption in adolescent rats.
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. Naringin does not protect against metabolic-associated fatty liver disease
associated with sweetened alcohol consumption in adolescent rats.
. Naringin does not protect against Nephropathy and kidney injury associated

with sweetened alcohol consumption in adolescent rats.
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CHAPTER TWO - LITERATURE REVIEW
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2.1 Introduction

Alcohol consumption is a significant global health concern (Barberia-Latasa et al.,
2022). With an estimated 2.3 billion people drinking alcohol worldwide, the social
landscape of many societies is strongly influenced by alcohol consumption (WHO,
2021). Despite several national and international attempts to minimise alcohol
consumption, the global pattern of alcohol consumption exhibits a growing trajectory
and is predicted to continue to increase, producing a tremendous global
socioeconomic and health burden. (Liu et al., 2023). Alcohol consumption is linked to
several acute and long-term health problems, including cardiovascular disease,

metabolic diseases, and cancer (Abbas et al., 2023).

Alcohol use is also associated with a greater death rate than conditions like diabetes
mellitus, HIV/AIDS, and tuberculosis (WHO, 2021). In fact, approximately three million
fatalities (5.3% of all deaths) and more than 132 million disability-adjusted life years
(DALYs) (about 5% of all DALY's) are estimated to be caused by alcohol consumption
annually, globally (WHO, 2021). Additionally, about 13.5% of all deaths occurring
among adolescents and young adults are alcohol related (WHO, 2022). In addition to
the immediate ill-health effects on the drinker, inappropriate alcohol consumption has
a substantial detrimental influence on society as a whole. It is associated with several
unfavourable social outcomes, including car crashes, injuries due to accidents while
operating machinery when drunk, and family strife, and it places a load on the criminal

justice system (Moss, 2013).

For decades, there has been discourse over the potential advantages of low to
moderate alcohol intake over abstinence and heavy drinking in terms of
cardiometabolic health and mortality (van de Luitgaarden et al., 2022). It is believed

that an imbalance between the positive and negative effects of alcohol intake
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contributes to the burden of diseases related to alcohol (Barberia-Latasa et al., 2022).
According to some reports, the safe amount of alcohol consumption should be zero,
indicating that no degree of alcohol consumption is of health benefit (Burton & Sheron,
2018), as it has been linked to several disorders that might cause health problems

(Bryazka et al., 2022).

Indeed, several studies report that alcohol consumption has been negatively linked to
an increased risk of developing various indices of cardiometabolic diseases (CMDs)
(Piano, 2017; Vaschillo et al., 2018; Lankester et al., 2021; Wang et al., 2022). Thus,
the amount of alcohol consumed may indicate a higher or lower risk for specific
cardiometabolic variables. Literature has associated mild-to-moderate alcohol
consumption with some protection and reduced risks against metabolic syndrome
(Sun et al., 2014), and some cardiovascular diseases such as coronary heart disease
and stroke (Single et al., 1999). However, some cardiovascular conditions such as
hypertension, arrhythmia, and heart failure (Puddey et al., 1999), and metabolic
syndrome (Sun et al., 2014) are adversely affected by excess alcohol consumption
(Husain et al., 2014). These effects are largely associated with different metabolic
processes and mechanisms that occur during alcohol metabolism and that are largely

dependent on the amount of alcohol consumed.

The current increase in the prevalence of cardiometabolic disorders has also been
associated with the greater availability of sugar, especially in sweetened beverages
(Herman & Birnbaum, 2021). Increased consumption of different sugars in food and
beverages significantly affects several cardiometabolic risk variables, including
glucose intolerance and insulin resistance, hypertension, dyslipidemia, endothelial
dysfunction, obesity, inflammation, and adipocyte dysfunction, which are all hallmarks

of cardiometabolic diseases (Alberti et al., 2009).
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Concerning the relationship between sugar and alcohol consumption, it is evident that
on an individual basis, increased sugar (Herman & Birnbaum, 2021), and alcohol
(Lankester et al., 2021; Barberia-Latasa et al., 2022) consumption is related to
increased risk for the development of CMDs. When consumed in the form of flavoured
alcoholic beverages, sweetened alcohol, or jello shots, their combined effects may
potentially present a double burden of increased risk for the development of
cardiometabolic diseases. These flavoured alcoholic beverages, because of their
pleasant nature, have been associated with increased or heavy alcohol consumption
(Binakonsky et al.,, 2011; Siegel et al., 2016). This is reflected in recent statistics
showing an increasing trend of consumption of sweetened alcoholic beverages,

especially by adolescents and young adults (Siegel et al., 2016).

There are limited studies on the impact of sweetened alcohol on different
cardiometabolic indices. However, individual effects of alcohol and sugar or fructose
has been reported in various studies. The objective of this section is to provide an
update on the increased consumption of sweetened alcohol as a lifestyle transition,
how sweetened alcohol facilitates heavy or increased consumption of alcohol and
sugar/fructose, and the relationship between increased alcohol and sugar/fructose to
the increasing burden of cardiometabolic disease. It is hoped that the public will be
educated on the impending risks associated with the consumption of sweetened
alcoholic beverages as they relate to heavy alcohol consumption.

2.2 Sweetened alcoholic beverages: types and consumption patterns
Sweetened alcohol is an alcoholic beverage that is blended with different types of
sweeteners (Crews, 2015; Wakabayashi et al., 2016), of which fructose and glucose
are the most commonly used, and in varying concentrations (Wakabayashi et al.,

2021). There are different types of sweetened alcoholic beverages depending on the
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content and preparations (Crews, 2015; Fortunato et al., 2014). Table 2.1 shows the

most common types of sweetened alcoholic beverages.
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Table 2.1: Common types of sweetened alcoholic beverages

Sweetened alcoholic beverage Constituents

Jello shot Vodka, pure grain alcohol, or flavoured

liquor in sweetened gelatine

Flavoured malt beverages Malt beverages and spirits

Premixed cocktail Spirit and cocktail

Supersized alcopops Malt, wine, or distilled spirit

Cocktail Carbonated drink and spirit. E.g. Coke

and rum or brandy and coke

Source: (Binakonsky et al., 2011; Crews, 2015; Fortunato et al., 2014; Siegel et al.,
2016; Wakabayashi et al., 2021).

2.1.1 Common sweeteners in sweetened alcoholic beverages

Sucrose and fructose are common sugars added to beverages and food products.
Fructose is usually added in the form of high-fructose corn syrup that is manufactured
by an enzymatic process that converts corn starch to its glucose and fructose
monosaccharides (Herman & Birnbaum, 2021). The most widely used formulation,
which is added to beverages, is composed of 45% glucose and 55% fructose

(Wakabayashi et al., 2021).

Other common sweeteners used in alcoholic beverages include:

1. Simple Syrup: A mixture of equal parts sugar and water, often used in cocktails

like Daiquiris and Old Fashioneds.
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2. Honey Syrup: Made by mixing honey with water, it adds a floral sweetness to
drinks like Bee's Knees.
3. Agave Syrup: Derived from agave plants, it's commonly used in tequila-based
cocktails.
4. Demerara Syrup: Made from Demerara sugar, it has a rich, caramel-like flavor,
perfect for enhancing dark spirits.
5. Fruit Juices: Natural sweeteners like orange juice, pineapple juice, and
cranberry juice are often used in cocktails.
6. Grenadine: A sweet, red syrup made from pomegranate juice, used in drinks
like Tequila Sunrise.
7. Sugar Alcohols: Such as xylitol, erythritol, and sorbitol, which are used in some
low-calorie or sugar-free beverages
Glucose, fructose, and sucrose are just a few of the sugars that are frequently found in
sweetened alcoholic beverages (Wakabayashi et al., 2021). Furthermore, sugar
alcohols such as maltitol, sorbitol, erythritol, Aspartame, Saccharin, and xylitol are
commonly utilised, especially in low-calorie or sugar-free products (Abbasi et al., 2021;
Ruiz-Ojeda et al., 2019). Fructose, sucrose and glucose have almost similar metabolic
effects, except that glucose has a strong peripheral sensory effect and crosses the
blood-brain barrier more easily when compared with fructose and sucrose, and
therefore, when combined with alcohol, glucose produces faster and more central
nervous system effects compared to fructose and sucrose (Wakabayashi et al., 2021).
Other sugars (sugar alcohols) used to make sweetened alcoholic beverages provide a
similar or sweeter taste compared to fructose, glucose or sucrose. However, it has very
low caloric value, and therefore, fewer metabolic effects (Ruiz-Ojeda et al., 2019;

Wakabayashi et al., 2021).
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The pleasant taste of these sweeteners encourages overconsumption, which results
in a surplus of calories consumed, weight gain, and obesity (Herman & Birnbaum,
2021). This trend is particularly evident in the rising popularity of sweetened alcoholic
beverages.

2.1.2 Consumption trends and patterns

Sweetened alcoholic beverages were introduced many decades ago, and since then,
there has been an increase in popularity and acceptance globally (Mosher &
Johnsson, 2005).

These beverages have been projected to be among the most consumed alcoholic
beverages globally (Fortunato et al., 2014). The pattern of alcohol drinking has largely
been attributed to the consumption of sugar-sweetened alcoholic beverages
(Wakabayashi et al., 2021). It has also been reported that more than 50% of the

younger population who are involved in inappropriate alcohol consumption are

particularly engaged in the consumption of sweetened alcoholic beverages (Albers et
al., 2015). Frequent consumption of sweetened alcohol has been reported among
people of all ages (Wakabayashi et al., 2016). Studies have shown that increased
consumption of alcohol, especially among younger adults, is more common with
consumption of sugar-sweetened alcoholic beverages (Albers et al., 2015; Crews,
2015; Siegel et al., 2016).

2.1.3 Popularity and marketing strategies

Sweetened alcoholic beverages are sold all over the world, with production and
marketing strategies differing according to national legal constraints (Mosher &
Johnsson, 2005). Studies indicate that underage drinkers find sweetened alcoholic
beverages appealing, and therefore, businesses employ marketing strategies that

seem to target young people (Mosher & Johnsson, 2005). The placement of the
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marketing messages in the media constitutes the promotion component of overall
marketing. Producers of sweetened alcoholic beverages, like those that promote
conventional alcohol, depend increasingly on non-traditional media, including the
Internet, commercial placement in motion pictures, and sponsorship of concerts and
athletic events to promote these products and increase their popularity (WHO, 2022).
Due to another significant global development in recent decades, the rise of social
media and "electronic commerce" on the internet, the area of advertising and
promotion now encompasses much more than only state-regulated media (Room &
O’Brien, 2021). Thus, newer marketing strategies include social media, text
messaging, podcasting, email campaigns, and short message service (SMS)

campaigns (WHO, 2022).

One of the main goals for the manufacturers is to have these sweetened alcoholic
beverage products easily available, particularly in places where young people are

likely to congregate, such as convenience stores, supermarkets, and fuel stations

(Mosher & Johnsson, 2005). Another marketing strategy that makes sweetened
alcoholic beverages more popular among younger people is the cost. Because of the
sensitivity of the youth to cost, sweetened alcoholic beverages are usually less
expensive than conventional alcohol. This is because some regulating authorities do
not consider them as actual alcoholic beverages and therefore tax them lower than
conventional alcohol (Mosher & Johnsson, 2005; Diloreto et al., 2012). These factors
make sweetened alcoholic beverages more popular and widely consumed than
conventional unsweetened alcohol, among younger adults and adolescents.

Although there is a paucity of information about sweetened alcohol consumption
statistics in South Africa, the WHO has placed South Africa among the top countries

with a higher prevalence of alcohol consumption (WHO, 2017). Approximately 41% of
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the South African population is reported to consume alcohol, with 20-30% of them
engaged in heavy drinking (Mafa et al., 2019). In South Africa, the consumption of
sugar-sweetened beverages increased in both urban and rural areas, contributing to
a higher risk of non-communicable diseases. This trend places a serious economic
burden on the country and strains the healthcare system (Vorster et al., 2014; Bosire
et al., 2020).”

2.1.4 Under-age drinking: a ticking time bomb

There is a growing concern about the implications of flavoured alcoholic beverages
replacing soft drinks among teenagers and their potential to exacerbate alcohol-
related issues among these young people (Mosher & Johnsson, 2005). The fact that
the majority of sweetened alcoholic beverages do not taste like alcohol makes them a
dangerous source of alcohol. Alcoholic beverages that do have a noticeable alcohol
taste are typically produced by adding flavourants to the alcohol, which also covers up
the natural flavour of the alcohol (Crews, 2015). While some types of alcohol may
require an "acquired taste”, drinking is made simpler when the strong liquor flavour is
covered up by a more robust sweet taste, which facilitates the consumption of large
amounts of alcohol (Crews, 2015), thus, potentially increasing the development of

alcohol-related diseases.

The fact that most sweetened alcoholic beverages don't taste like conventional
alcohol, people may underestimate how much alcohol they consume, which could lead
to overconsumption and related health problems (Binakonsky et al., 2011; Siegel et

al., 2016).

Consumption of sweetened alcoholic beverages has caused several alcohol poisoning
cases, including some fatalities, caused by binge drinking (Crews, 2015). Based on

findings from studies that investigated sweetened alcohol and its relation to alcohol
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consumption, it is believed that the consumption of sweetened alcoholic beverages
leads to increased alcohol consumption that eventually leads to binge or heavy
drinking (Binakonsky et al., 2011). Binge drinking, heavy alcohol consumption, or
inappropriate alcohol consumption may be associated with an increased burden of
cardiometabolic diseases (Piano, 2017). There are still unanswered crucial concerns,
such as how different types of alcohol and drinking habits affect cardiometabolic
outcomes (Li et al., 2023). Studies have argued that the negative or positive effects of
alcohol depend on the type of alcoholic beverages and the amount consumed (Luo et
al., 2020; Estruch & Hendriks, 2022). However, such findings are limited in their
description of how sweetened alcohol affects different cardiometabolic indices.

2.2 Cardiometabolic diseases: overview and risk factors

Cardiometabolic diseases (CMDs) are a group of conditions that increase the risk of
cardiovascular diseases (CVDs) and metabolic disorders (Kulkarni & Sarin, 2023).
These disorders include coronary artery disease (CAD), heart failure, stroke, obesity,
dyslipidaemia, type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease
(NAFLD) which is now renamed to metabolic dysfunction associated steatotic liver
disease (Kulkarni & Sarin, 2023), chronic kidney disease (CKD) and associated risk
factors (Guan et al., 2022). The spectrum of CMDs evolves to a clinically recognisable
high-risk state of metabolic syndrome and prediabetes, T2DM, and CVDs, with insulin
resistance as the starting point in most cases (Guo et al., 2014). When compared with
other global health concerns, the growth in CMDs, which are responsible for a large
share of the non- communicable diseases (NCDs) burden, has been associated with
minimal outcry and little funding, and as a result, they have become the leading cause
of mortality worldwide (Ralston & Nugent, 2019). CMDs are believed to be the leading

cause of death and disabilities globally (Guan et al., 2022). The prevalence of
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cardiometabolic disorders is still rising globally despite the remarkable progress made
in the management of these conditions (Sattar et al., 2020; Flood et al., 2022).
According to the WHO, cardiometabolic diseases account for roughly 32% of all deaths
worldwide (WHO, 2022). As an important component of non-communicable diseases,
the development of CMD is associated with different risk factors (WHO, 2022).

More than half of the worldwide burden of NCDs is attributable to the four primary
modifiable risk factors for CMDs: unhealthy eating, smoking, excessive alcohol
consumption, and physical inactivity (WHO, 2022). These factors have made CMD
more widespread and deadlier globally, particularly in low- and middle-income
countries(Wang et al., 2023). Alcohol consumption and dietary habits have been listed
among the major risk factors for CMD (Raffa et al., 2017; Stewart et al., 2017). An
increase in the prevalence of CMDs is connected with greater availability of sugar,
especially in the form of sweetened beverages, refocusing public health attention on
the relationship between increased sugar consumption and cardiometabolic diseases
(Herman & Birnbaum, 2021).

2.2.1 Evidence on the relationship between sweetened alcoholic beverages and

cardiometabolic health

Increased consumption of both alcohol (Du et al., 2017), and fructose (Bernardes et
al., 2016), has been associated with increased risk of different indices of
cardiometabolic risk factors. A study where rats were fed with sweetened alcohol
(fructose + ethanol), showed an increased risk of cardiometabolic risk factors such as

dyslipidaemia, insulin resistance and liver damage (Alwahsh et al., 2014) compared

to controls. Over decades of epidemiological research, alcohol intake has been linked
to several characteristics associated with cardiometabolic health in an inverse or J-

shaped relationship (Lankester et al., 2021). These correlations have led to the theory
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that moderate drinking is good for cardiometabolic health (Lankester et al., 2021).
However, it is argued that this interpretation is flawed because the relationship does
not match the data for several established risk factors. For instance, alcohol use has
been directly linked to outcomes like hypertension, regardless of the amount
consumed (Fuchs & Fuchs, 2021). Due to the caloric content of alcohol, excessive
consumption can lead to obesity, which can result in obesity-related complications
such as insulin resistance and hypertension (Fan et al., 2019). In a dose-dependent
manner, alcohol consumption has been associated with an increased risk of metabolic
syndrome, hypertension (Du et al., 2017), and type 2 diabetes mellitus (Li et al., 2016).
Chronic alcohol consumption has also been linked to pancreatic B-cell dysfunction,
inducing insulin resistance and increasing the risk of type 2 diabetes mellitus (Jang et
al., 2019).

In the cardiovascular system, regular excessive alcohol consumption is toxic and can
aggravate pre-existing cardiac conditions (Marcos et al., 2021). Alcohol consumption
is physiologically believed to be associated with increased blood clotting and reduced
ventricular fibrillation threshold (Rehm et al., 2010). According to several
epidemiological and animal studies, excessive alcohol consumption may impair
cardiac function and raise the likelihood of heart failure and cardiomyopathy (Larsson
etal., 2014).

The toxicity produced by excessive fructose consumption has been compared to that
of increased alcohol consumption. This includes hypertension, a rise in uric acid,

elevated triglycerides, increased fat synthesis in the liver, insulin resistance, and

damage to macromolecules such as lipids, proteins, and DNA (Lustig et al., 2012).
Increased fructose consumption has been associated with an increased risk of
cardiometabolic dysfunction, as it is related to metabolic syndrome, oxidative stress,

inflammation, and hypertension (Bernardes et al., 2016), and insulin resistance (Li et al.,
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2016; Kovacevic et al., 2021). All of which increases the risk of cardiovascular diseases
(Bernardes et al., 2016). Based on epidemiological studies from large cohorts, there
is a correlation between fructose (Jalal et al., 2010) or sugar (Te Morenga et al., 2014)
consumption and hypertension. A study that explored the relationship between the
consumption of sweetened beverages and the risk of coronary heart disease (CHD),
reported a positive link between the consumption of sugar-sweetened beverages and
increased risk of CHD by facilitating increased blood lipids, inflammatory markers, and
leptin (De Koning et al., 2012).

2.2.2 Findings from human and animal studies related to sweetened alcohol and

cardiometabolic diseases

2.2.2.1 Sweetened alcohol and liver diseases

Although a lot of information has been published regarding the effects of alcohol and
fructose separately on hepatocellular metabolism, the long-term effects of both
substances remain poorly understood (Alwahsh et al., 2014). A study reported that
both fructose and ethanol undergo a comparable hepatic metabolism in that they both
cause lipogenesis and fructosylation of proteins, which produce superoxide in the
same manner as acetaldehyde, a metabolite of ethanol (Rouault, 2003). Feeding rats
with ethanol combined with fructose resulted in some degree of hepatic inflammation
and portal fibrosis (Alwahsh et al., 2014). Additionally, the combination of alcohol and

fructose significantly raised the expression of metabolic and inflammatory regulators

(such as lipocalin-2 and melanocortin 4 receptors) in the liver (Alwahsh et al., 2014;

Malik & Hu, 2012).

Research has indicated that a high-fructose diet may be harmful to the liver (Muriel et
al., 2021). When excessive amounts of fructose enter the liver, it is converted into fat

via lipogenesis (Jang et al., 2020). Consumption of excess fructose may eventually
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lead to the development of non-alcoholic fatty liver disease (NAFLD), a condition
where the liver cells retain an excessive amount of fat (Jang et al., 2020). Elevation of
uric acid in the liver could also potentially boost lipogenic enzymes and fructose
metabolism, further augmenting de novo lipogenesis, and this could explain how it
contributes to non- alcoholic fatty liver disease (Wei et al., 2020). Fructose influences
a multitude of signalling pathways that are proinflammatory, fibrogenic, and
carcinogenic, which explains why it has negative effects on the body, particularly the
liver (Muriel et al., 2021). Fructose was also reported to impair liver regeneration in
Sprague-Dawley rats fed with a high fructose diet compared to the control (Tanoue et

al., 2011).

Although the liver is thought to be the only totally regenerating organ in the human
body, chronic liver disorders like alcoholic liver disease (ALD) impede hepatocyte
regeneration(Wu et al., 2023). Alcohol consumption is one of the major causes of liver
disease and liver damage. The International Agency for Research on Cancer (IARC)
has identified alcohol as a human liver carcinogen (Lam et al., 2021). Due to its
hepatotoxicity, alcohol is one of the main factors in liver-related deaths across the

globe (Molina et al., 2023).

Both ethanol and fructose are primarily metabolised in the liver and are recognised to
play a role in the onset of various stages of liver disorders. They can cause
inflammation in the liver and raise the release of proinflammatory mediators, which in
turn encourage hepatocyte damage and death and ultimately lead to more advanced
liver diseases (Shulga & Pastorino, 2014). Combining them (alcohol and fructose) in
the form of sweetened alcohol may potentially increase the toxic and metabolic burden
on the hepatocytes. Another metabolic target of alcohol and sugar is adipose tissue

associated with adiposity.
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2.2.2.2 Sweetened alcohol and obesity

Obesity refers to the excess accumulation of body fat to the detriment of the general
health and well-being of the individual, and it usually happens when the total energy
intake exceeds the total energy expenditure (Niklas et al., 2020). Obesity results from
a multitude of physiological, environmental, behavioural, and sociopolitical factors, all

of which result in a positive energy balance (Malik & Hu, 2022).

Obesity is a risk factor for insulin resistance and metabolic syndrome (Guo et al.,
2014), hypertension, increased blood cholesterol, decreased high-density lipoprotein
cholesterol (HDL-c), and increased blood glucose concentration (Carey et al., 1997),

which contribute to cardiometabolic diseases.

There is a dearth of literature on the effects of sweetened alcohol on obesity. However,
considered individually, sugar, particularly orally consumed fructose, stimulates the
autonomic and endocrine responses resulting in the downregulation of the cephalic
phase of the insulin pathway in taste cells, hence lowering the generation of pancreatic
insulin (Glendinning et al., 2017). Furthermore, consuming fructose raises ghrelin
levels in the serum and decreases leptin and glucagon-like peptide 1 levels, which
makes eating fructose more stimulating than eating glucose (Bodnaruc et al., 2016).
Ghrelin increases the neuronal activity of neuropeptide Y, which increases appetite,

while suppression of glucagon-like peptide 1 results in a decrease in insulin secretion

(Koliaki et al., 2010). All these mechanisms are associated with positive energy

balance, which is associated with obesity.

There is a strong relationship between heavy alcohol consumption (consumption of
more than 3 drinks per day) (Abel, 1998), and obesity as it relates to anthropometric
determinants of obesity such as body mass index, waist circumference, and hip-waist

circumference (Coulson et al., 2013; Traversy & Chaput, 2015). Most of the studies
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conducted in humans are in support of the fact that light {(consumption of less than 2
drinks per day) (Abel, 1998)} to moderate alcohol consumption {(consumption of more
than 3 drinks per day) (Abel, 1998)} does not relate to increased weight gain (Traversy
& Chaput, 2015; Yeomans, 2010), as compared to heavy consumption which has a
strong relationship with obesity and weight gain (Golzarand et al., 2022). This can be
related to increased alcohol consumption, as it is a known fact that 1g of alcohol
provides 7.1 kcal of energy, which is almost double the energy provided by 1g of
carbohydrate or protein (Hendriks, 2020).

The mechanism through which sweetened alcohol regulates appetite may be related
to appetite-regulating hormones. While leptin suppresses appetite, it has been
reported that fructose-fed rats showed raised leptin levels compared to controls
(Alwahsh et al., 2014), while ghrelin, a hormone that stimulates appetite, has been
shown to decrease following alcohol consumption (Yeomans, 2010). Therefore,
through alcohol and fructose synergistic effects, sweetened alcohol (alcohol + fructose)

may have decreased appetite, leading to decreased food intake.

The most prevalent metabolic condition associated with obesity is insulin
resistance/hyperinsulinemia, which is the primary factor contributing to the

development of another component of CMDs — dyslipidemia (Vekic et al., 2019).

2.2.2.3 Sweetened alcohol and dyslipidaemia

Dyslipidaemia is an increased plasma level of triglycerides (TG), decreased high-
density lipoprotein-cholesterol (HDL-c), and increased low-density lipoprotein (LDL)
(Teramoto et al., 2012). It is regarded as a significant modifiable risk factor for
cardiovascular diseases (Addisu et al., 2023). Dyslipidaemia causes cholesterol and
other fats to accumulate in the arterial walls, resulting in plaques that constrict the

arteries and limit blood flow. Plaque formation can result in numerous cardiovascular
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conditions, such as peripheral artery disease, coronary artery disease (which results in

a heart attack), and stroke (Du & Qin, 2023).
Five different diets were used in a particular study. These diets include chow (control),
liquid Lieber-DeCarli (LDC) diet, LDC +30%J of ethanol or fructose, and LDC
combined with 30%J ethanol and 30%J fructose. In this study, dyslipidaemia was
reported in rats fed with sweetened alcohol (a combination of alcohol and fructose), and
this was ascribed to fructose and alcohol's synergistic relationship (Alwahsh et al,,
2014). Fructose co-administered with alcohol has also been reported to be associated
with increased serum triglycerol concentration, contributing to dyslipidaemia and
metabolic syndrome (Uzuegbu & Onyesom, 2009). Both fructose and alcohol facilitate
de novo lipogenesis, causing increased free fatty acid formation that worsens

dyslipidaemia (Alwahsh et al., 2014).

De novo lipogenesis (DNL), which turns fructose carbons into fatty acids, is projected
to be the cause of elevated hepatic triglyceride production and VLDL-triglyceride
secretion, which in turn facilitates the appearance of circulating triglycerides
(Taghibiglou et al., 2000). In a human study that compared the effect of consumption
of glucose- and fructose-sweetened beverages, it was reported that hepatic de novo
lipogenesis, postprandial triglycerides, and indicators of lipid metabolism, including
small LDL particles and fasting apoB, were markedly increased in the fructose-
consuming group (Stanhope et al., 2009). Thus, associating fructose with the

development of dyslipidaemia.

While moderate alcohol use is known to raise HDL cholesterol levels, excessive
alcohol drinking raises body weight and triglyceride levels (Klop et al., 2013). The risk
of dyslipidaemia increases with heavy alcohol consumption due to a reduction in HDL-

c (Capurso & Petrakis, 2016). Several studies have demonstrated that long-term
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alcohol consumption activates the hepatic proprotein convertase subtilisin/kexin type
9 (PCSK9) enzyme, which suppresses the extracellular signal-regulated kinase (ERK)
activation that is linked to decreased LDL receptor expression in the liver and then
downregulates the LDL-receptor (Wang et al., 2010). Alcohol causes inhibition of the
activity of lipoprotein lipase, which then causes decreased clearance of triglycerides

and induces hypertriglyceridemia (Zemankova et al., 2015).

In a patient with a history of heavy alcohol consumption who demonstrated reversed
hypertriglyceridaemia following alcohol withdrawal without any treatment, laboratory
parameters showed that alcohol increased the level of cholesterol, decreased HDL-c,
and caused hypertriglyceridaemia (Capurso & Petrakis, 2016). In an animal study
using male and female Wistar rats, chronic alcohol consumption significantly altered

the levels of different types of lipids, such as diacylglycerol, lysophosphatidylcholine,

phosphatidic acid, phosphatidylcholine, phosphatidylethanolamine, and triacylglycerol
(Li et al., 2018). Low HDL levels, elevated levels of small dense LDL particles, and
elevated triglyceride levels are important characteristics related to diabetes mellitus

(Bahiru et al., 2021).

2.2.2.4 Sweetened alcohol and diabetes mellitus/insulin resistance

Diabetes mellitus occurs as a result of impaired insulin secretion and/or resistance
(Tatsumi et al., 2018). Increased fructose consumption has been linked to several
metabolic problems, such as type 2 diabetes mellitus (T2DM) and insulin resistance
(Elliott et al., 2002). Fructose consumption can result in an ‘energy deficit’ or an
impaired ATP synthesis (Abdelmalek et al., 2012) as a result of rapid phosphorylation
of fructose. Consequently, decreased hepatic ATP can result in reduced utilisation of
insulin, which may potentially result in fewer insulin receptors, causing insulin

resistance (Helsley et al., 2020). Additionally, fructose decreases hepatic fatty acid
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oxidation and increases hepatic de novo lipogenesis, both of which might result in a
greater buildup of fat in the liver, which in turn causes inflammation and hepatic insulin
resistance (Muriel et al., 2021). Increasing hepatic insulin resistance stimulates
pancreatic p-cells to secrete more insulin, which can lead to B-cell dysfunction that
worsens over time (Buchanan et al., 2002). Deterioration in B-cell activity over time
might result in insufficient insulin production, exacerbating oxidative stress and
inflammation brought on by fructose and worsening hepatic insulin resistance
(Hummasti & Hotamisligil, 2010). Overall, the effects of consuming too much additional
fructose include disruption of the body's hepatic and systemic metabolism as well as
widespread insulin resistance (DiNicolantonio et al., 2015). An overwhelming body of
research indicates that consuming more sugar, especially fructose, increases the risk

of developing T2DM and weight gain (Helsley et al., 2020).

A systematic review and dose-response meta-analysis on the association between
alcohol consumption and the risk of T2DM reported that light to moderate alcohol
consumption is related to a lower risk of T2DM (Li et al., 2016). This may be because
drinking alcohol in moderation has been linked to improved insulin sensitivity and
decreased fasting insulin resistance, both of which may have significant effects on the
development of T2DM, and show no sexual dimorphism (Li et al., 2016). In a
Mendelian randomisation analysis on alcohol consumption and risk of diabetes in a
Chinese population, an increased risk of diabetes and insulin resistance was observed
with increased alcohol consumption, with the result more significant among men than
women, showing aggravation of other diabetic-associated traits even among moderate
drinkers (Peng et al., 2019). In a prospective study that investigated the relationship
between alcohol and impaired insulin secretion and insulin resistance in a Japanese
population, it was reported that moderate and heavy alcohol consumption was

associated with impaired insulin secretion and insulin resistance, thereby increasing
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the risk of development of T2DM (Tatsumi et al., 2018). Another study also showed
that light to moderate consumption of alcohol reduces the risk while heavy alcohol
consumption increases the risk of diabetes (Polsky & Akturk, 2017).

When considered collectively, it has been shown that alcohol and fructose combined
as sweetened alcohol can, through synergistic interaction, cause hepatic insulin
resistance, diabetes, and liver disease (Alwahsh et al., 2014). Also, the co-
administration of alcohol and fructose has been shown to cause impaired glucose
levels and increased TG concentrations, an effect that increases the risk of diabetes
mellitus (Uzuegbu & Onyesom, 2009). Sweetened alcohol, therefore, may have the
potential to cause an increased risk of diabetes mellitus. However, some sweeteners
used to prepare sweetened alcohol, like polyols/sugar alcohol (example: lactitol,
mannitol, xylitol, maltitol, isomalt, erythritol, and sorbitol), are considered sugar-free
with a low glycaemic index and have been shown to be safe in diabetic patients (Msomi
et al., 2021). However, studies have also shown these sweeteners to have some
impact on insulinemia and postprandial glycaemia, (Msomi et al., 2021), and therefore,

excess consumption is discouraged.

Gender difference is also reported in relation to alcohol metabolism and diabetes
mellitus. Sex hormones significantly impact energy metabolism, body composition,
vascular function, and inflammatory responses (Ciarambino et al., 2022). Alcohol
dehydrogenase activity in the stomach is lower in women than in men, which raises
the bioavailability of ethanol in women. Thus, for similar consumption, women's blood
alcohol levels are greater due to a 7.3% reduction in the volume of ethanol distribution
compared to men (Gimunova et al., 2022). Additionally, gastric emptying time is slower
in females, resulting in higher blood alcohol concentration in females compared to
males (Gimunova et al., 2022). However, in relation to diabetes, more males have

diabetes before puberty, whereas more females have it after menopause and in old
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age, indicating women have some protection against diabetes due to sex hormones

(Ciarambino et al., 2022).

Cumulatively, it has been shown that fatty liver, hyperglycaemia, dyslipidaemia, and
hyperinsulinemia are all linked to insulin resistance and metabolic syndrome. The
cumulative effect of these factors raises the risk of cardiovascular disease (Shimomura

& Wakabayashi, 2013).

2.2.2.5 Sweetened alcohol and cardiovascular diseases

Fructose (Mirtschink et al., 2018) and alcohol (Piano et al., 2018) consumption has
been implicated in different cardiovascular diseases such as hypertension, vascular
dysfunction, myocardial infarction and arrhythmias. The various cardiovascular
diseases related to alcohol and fructose consumption resulted from alterations in the
structural and functional status of the heart, which ultimately resulted in heart failure
(Piano et al., 2018; Groenewegen et al., 2020; Busnatu et al., 2022). There is an
increasing amount of evidence to suggest that both alcohol (Larsson et al., 2014) and

fructose (Zhang et al., 2024) contribute to heart failure.

Given the growing number of individuals with heart failure, heart failure continues to
be a major clinical and public health problem (Groenewegen et al., 2020). Heart failure
affects 1-12% of the adult population, depending on the type, region, sex, and ethnicity
(Roger, 2021), and it is also showing an increasing trend in South Africa (van

Rensburg, 2022).

According to the European Society of Cardiology, heart failure is a clinical disease
that results from structural and functional abnormalities of the heart, causing decreased
contractile ability of the heart and increasing intracardiac pressures (Ponikowski et al.,

2016). This may alter the amount of blood pumped by the ventricles, called ejection
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fraction (EF). Usually, this is a condition that results in systolic and/or diastolic

ventricular dysfunction (Schwinger, 2021).

Heart failure may be present in two forms based on the measurement of LV ejection
fraction (LVEF) (Ponikowski et al., 2016). Heart failure with preserved ejection fraction
(HFpEF), is seen in individuals with normal ejection fraction (250%), and heart failure
with reduced ejection fraction (HFrEF) is seen in individuals with reduced ejection
fraction (<40%). HFpEF presents normal LV cavity size but with an increased LV wall
thickness, resulting in LV diastolic dysfunction and an increase in filling pressure. On
the other hand, HFrEF is associated with increasing LV dilatation and detrimental
cardiac remodelling (Murphy et al., 2020), and systolic dysfunction (Ponikowski et al.,

2016).

Different studies have reported various findings linking alcohol and fructose
consumption to the development of systolic and diastolic dysfunction. It has been
demonstrated that drinking alcohol results in severe cardiac steatosis, mitochondrial
dysfunction, contractile dysfunction, impaired myocardial relaxation, increased arterial
elastance, and a decrease in total peripheral resistance (Matyas et al., 2016). Alcohol
induces vascular responsiveness that affects the function of coronary arteries and the
heart, resulting in heart failure (Piano 2018). An increase in alcohol consumption has
been related to increased LV hypertrophy, an increase in relative wall thickness, and
causes a decrease in LV diastolic function (Park et al., 2018). Regardless of age, body
mass index, blood pressure, insulin sensitivity, or left ventricular mass index, alcohol

consumption was associated with diastolic dysfunction(Catena et al., 2016).

In a population-based study, LV systolic function has also been related to increased

alcohol consumption (Yousaf et al., 2014).
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As seen with alcohol, the increase in fructose consumption has also been related to

structural and functional abnormalities of the heart. Fructose consumption is

associated with apoptosis, inflammation, lipid buildup, metabolic disruption, and
pathological growth in the heart (Annandale et al., 2021). A high-fructose diet not only
caused inflammation but also heart failure (Wang et al., 2023). Recent research
revealed that cardiomyopathy brought on by high fructose consumption contributes to
systolic and diastolic dysfunctions (Wang et al., 2023). Fructose consumption has
been related to increased LV hypertrophy (Wu et al., 2018), increasing the risk of
diastolic dysfunction. Fructose also decreases the fatty acid oxidation flux rate, which
interferes with LV function, leading to heart failure (Zhang et al., 2024). Increased
fructose consumption has been shown to exacerbate LV eccentric hypertrophy and
reduce LV function (Bouchard-Thomassin et al., 2011). Fructose consumption has
also been associated with increased cardiac fibrosis and worsened diastolic
dysfunction (Xing et al., 2010).

Increased alcohol consumption has been associated with increased risk of clinical and
subclinical left ventricular dysfunction (Piano, 2002). Alcohol causes direct injury to
the myocardium by stimulating the renin-angiotensin system and causes oxidative
stress in the heart (Dominguez et al., 2024). Acetaldehyde, a byproduct of alcohol
metabolism, can cause mitochondrial dysfunction and cardiac injury by impairing
actin-myosin interaction, leading to heart failure (Dominguez et al., 2024). As a
proinflammatory agent, acetaldehyde has been associated with heart failure with
preserved ejection fraction (HFpEF) (Wong et al., 2024).

Overconsumption of fructose causes oxidative stress, changes energy metabolism,
and causes cardiac hypertrophy, all of which lead to heart failure (Zhang et al., 2024).
Increased fructose consumption causes detrimental energy shifts in an overworked

heart, which could result in the accumulation of dangerous lipids and unchecked
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cardiac hypertrophy that could eventually cause heart failure (Daniels et al., 2021). By
causing cardiac inflammation, changing heart metabolism, and fostering conditions
like obesity and hypertension that are risk factors for heart failure with reduced ejection
fraction (HFrEF), excessive fructose consumption may play a role in the onset and
exacerbation of HFrEF. According to research conducted on both human patients and
animal models, high fructose diets are associated with decreased cardiac function,
elevated heart inflammation, and inhibited fatty acid oxidation (Zhang et al., 2024).

Other cardiovascular risk factors (such as hypertension, dyslipidaemias, diabetes, and
obesity) have been associated negatively with excess alcohol and fructose
consumption, which can worsen heart failure. Fructose and alcohol have been shown
to induce insulin resistance, diabetes, and liver disease (Alwahsh et al., 2014). Co-
administration of alcohol and fructose has been shown to cause impaired glucose
levels and increased TG concentrations, an effect that increases the risk of diabetes
mellitus (Uzuegbu & Onyesom, 2009). In an animal model, after 10 days of
intervention, it was demonstrated that a diet containing 5% alcohol and one episode of
binge drinking at a rate of 5 g/kg body weight resulted in significant mitochondrial
dysfunction, cardiac steatosis, contractile impairments, as well as impaired relaxation
and arterial elastance and a decrease in total peripheral resistance, which can lead to
heart failure (Matyas et al., 2016). Chronic alcohol exposure in other mouse models
resulted in cardiac fibrosis (Liu et al., 2011), worsened the progression of fibrosis and
heart failure following myocardial infarction (Liang et al., 2020), and raised blood
pressure, causing alcohol-induced hypertension, which can worsen heart failure

(Andersson et al., 2022).

Considering the individual effects of fructose and alcohol on cardiac function, the

combined effects of fructose and alcohol need to be further investigated on the heart
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as there is currently limited evidence to explain fully the combined effects in the form

of sweetened alcohol.

2.2.2.6 Sweetened alcohol, gut microbiota, and cardiometabolic diseases

The gastrointestinal tract (GIT) microbiota is made up of a large variety of species of
bacteria, fungi, archaea, and protozoa that coexist in a community and interact with
the host organism (Matijasi¢ et al., 2020). Healthy gut microbiota promotes the
production of immune cells, maintains the intestinal mucosal barrier, and aids in the
digestion of foods and medications (Jandhyala et al., 2015). Before birth, commensal
bacteria begin to colonise the GIT, and both in newborns and adults, the gut microbiota
and its byproducts increase the number of immune cells (Luo et al., 2015). Immune
cells' interactions with the microbiome may influence how CVD develops (Kazemian

et al., 2020). Endotoxins or metabolites from the gut microbiota can enter the

bloodstream and cause metabolic inflammation, particularly in people with a risk of
CVD, like obesity (Chen et al., 2018). The pathogenesis of CMDs is thought to be
influenced by irregularities/alterations in the gut microbiota range and microbial

metabolism (Tang et al., 2019).

According to recent studies, fructose consumption modifies the gut microbiota and the
bacterial metabolites that they produce, which encourages the onset and spread of
non-alcoholic steatohepatitis (NASH) (Lambertz et al., 2017). Consuming too much
fructose reduces the expression of intestinal tight junction proteins, including E- E-
cadherin, B-catenin, occludin, zonula occludens 1, and junctional adhesion molecule A
(Rahman et al., 2016; Cho et al., 2021). This situation causes dysbiosis by increasing
the number of ‘Bacteroides, Proteobacteria, Enterobacteria, Escherichia, Blatitia
producta, and Bacteroides fragilis and decreasing the number of Actinobacteria,

Akkermansia, Verrucomicrobia, Coprococcus eutactus, and Lactobacillus’ (Do et al.,
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2018; Mirtschink et al., 2018). This increases the loss and blebbing of the laminar
propria, which causes inflammation in the small intestine, and increases the possibility
that toxic bacterial metabolites will reach the liver, further exacerbating inflammation

in NASH (Do et al., 2018; Mirtschink et al., 2018).

Following alcohol intake, the small intestine and stomach are the primary locations
from where ethanol is taken into the bloodstream. A growing body of research indicates
that ethanol is directly harmful to the GIT before it enters the liver for metabolism (Silva
et al, 2021). Gut microbiota is also impacted by various drinking behaviours and
amounts of ethanol consumed over time (Giuffré et al., 2020). Alcohol specifically
destroys the intestinal protective mucus layer, reduces gastric acid output, promotes
the growth of microorganisms, particularly gram-negative bacteria, increases intestinal

permeability and impairs the immune system (Giuffreé et al., 2020). Thus, chronic

ethanol consumption can alter bacterial populations and host gene expression, thus
disrupting protein transport (for example, gap junction protein GJA5) and metabolism
(Barr et al., 2018). Alcohol-induced changes in the composition of the gut microbiota
can lead to cardiometabolic disorders such as atherosclerosis, hypertension, and
heart failure (Silva et al., 2021). Through these mechanisms, alcohol consumption can
alter the gut microbiota system and can lead to an increased risk of cardiometabolic

diseases (Attaye et al., 2020).

Therefore, looking at the negative individual effects of alcohol and fructose on gut
microbiota and cardiometabolic diseases, combining them in the form of sweetened
alcohol will most likely increase the risk of cardiometabolic diseases by facilitating the
growth of unfavourable microbiota, which leads to a leaky gut and entry of harmful
substances such as acetate into the liver, which has negative inflammatory effects,

oxidative stress, and ROS formation.
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2.3 Potential mechanisms underlying the effects of sweetened alcoholic
beverages on cardiometabolic health

2.3.1 Overview of fructose and alcohol metabolism

Both sugar and alcohol facilitate the progression of cardiometabolic diseases by
increasing the formation of ROS, which increases the production of inflammatory
mediators, mitochondrial dysfunction, ATP depletion, and apoptosis, which are the
major drivers of the increased risk of cardiometabolic diseases (Ojeda et al., 2022).
There is mounting data that suggests that the fructose component of sucrose, in
particular, plays a significant role in the pathophysiologic effects of high sugar intake
(Alberti et al., 2009). The cardiometabolic effects caused by fructose are directly
related to its metabolism. Unrestricted hepatic fructose uptake and metabolism, which

is mediated by glucose transporter-2 (GLUT2) and ketohexokinase-C (KHK-C), from

increased fructose intake, results in intrahepatic lipid buildup, dyslipidaemia, reduced
insulin sensitivity, and hyperuricemia (Lelis et al., 2020; Herman & Birnbaum, 2021).
Hypoxia-inducible factor subunit alpha (HIF1-a)-driven activation of fructose uptake
and metabolism in the heart promotes anabolic cardiac development as well as
systolic and diastolic dysfunction in response to cardiac stress from excess fructose
consumption (Herman & Birnbaum, 2021). From these mechanisms, high fructose
consumption causes vascular dysfunction, insulin resistance, metabolic syndrome,
hypertension, inflammation, and cardiac hypertrophy, ultimately resulting in cardiac
fibrosis and hypertrophy (Cheng et al., 2021). Furthermore, because fructose is
involved in the inflammatory response, excessive fructose consumption speeds up
inflammation in the gut, liver, kidney, heart, and brain (Zhang et al., 2017) Cheng et

al., 2021).
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Fructose goes through an intermediate three-step metabolism in the liver, producing
triosephosphates that enter the route of glycolysis. Fructokinase, the primary
phosphorylating enzyme that converts fructose to fructose-1-phosphate, is
uncontrolled; hence, it has been suggested that consuming fructose may decrease
hepatic ATP pools, which will increase hepatic nucleotide turnover and uric acid
generation (Sun & Empie, 2012). Due to its powerful activation of the Node-Like
Receptor family pyrin domain containing 3 (NALP3) inflammasome, increased uric
acid may cause a low-grade chronic inflammation. This low-grade inflammation is
primarily responsible for developing insulin resistance (Lanaspa et al., 2012) which
typically serves as the initial stage that leads to different cardiometabolic diseases

(Guo et al., 2014).

After its consumption, alcohol is metabolised by alcohol dehydrogenase to

acetaldehyde, a highly toxic chemical and proven carcinogen, which then undergoes

additional metabolism by the action of aldehyde dehydrogenase to produce acetate, a
different byproduct that is less active (Molina et al., 2018; Wu et al., 2023). This
facilitates the reduction of nicotinamide adenine dinucleotide (NAD) to nicotinamide
adenine dehydrogenase (NADH) (Jiang et al., 2020), which leads to the formation of
ROS, which reduces the formation of endothelial nitric oxide synthase (eNOS) (Chao
et al., 2010). The reduction in the formation of eNOS then negatively affects different
organs in the body, with the liver being primarily affected, as greater than 90% of
alcohol is metabolised in the liver (Ojeda et al., 2022). While nitric oxide plays an
important role in liver function, increased ROS formation interferes with nitric oxide
activity, leading to oxidative stress. An increased oxidative stress can cause
proinflammatory mediators, which can damage the hepatocytes (Diesen & Kuo, 2010).

Excess consumed alcohol is metabolised in cytochrome P450 2E1 (CYP2E1) in the
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endoplasmic reticulum because alcohol dehydrogenase becomes saturated in such
situations (Tanaka et al., 2000; Wu et al., 2023). In the presence of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) (Teschke, 2019), CYP2E1
causes the generation of more ROS, leading to more injuries to the liver and other vital

organs, such as the heart and kidneys (Tanaka et al., 2000; Wu et al., 2023).

In excess amounts, alcohol also causes mitochondrial dysfunction by damaging the
mitochondrial membrane. This causes ROS formation, reduces ATP production, and
induces apoptosis (Kowaltowski & Vercesi, 1999; Zhang et al., 2015). Excess alcohol
consumption also activates the sympathetic nervous system, the renin-angiotensin-
aldosterone system, and the hypothalamic-hypophyseal axis that facilitates an
increase in the amount of aldosterone and angiotensin-Il released, leading to
vasoconstriction in the kidneys and causing increased systolic blood pressure (Jian et
al., 2017; Piano et al., 2018). This increased systolic blood pressure is usually the
starting point for hypertensive nephropathy. In the same process, the cardiovascular
system is adversely affected, thus, increasing the risk for different cardiovascular
conditions, such as hypertension (Molina et al., 2018), vascular dysfunction (Vaschillo

et al., 2018), and arrhythmias (Piano et al., 2018; Wang et al., 2022).

Catalase is the major enzyme that metabolizes alcohol in the heart, and in cases of
excess amounts of alcohol being present, CYP2E1 also participates in the metabolism
of alcohol, causing more ROS formation (Zhang et al., 2013). The generated acetate
from the metabolism of alcohol combined with acetate supplied from the blood (Wilson
& Matschinsky, 2020), increases ROS production in the mitochondria, leading to
mitochondrial oxidation (Ojeda et al., 2022). Additionally, excess alcohol consumption
leads to activation of Caspase-3 and nuclear factor kappa beta- p65 (NFkB P65). This

further maintains ROS production within the heart and leads to the activation of NFkB,
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which can activate the release of the injurious cytokines release (Hoffmann et al.,
2007), which can affect the functions of the heart and lead to different disease

conditions.

Three metabolic pathways have been described that involve alcohol and alcohol-
related diseases. Alcohol dehydrogenase (ADH), catalase, and the microsomal
ethanol oxidation system (MEOS) are the enzymes involved in these pathways (Jiang
et al., 2020). Free radicals produced by any of these mechanisms have the potential
to compromise the antioxidant system and lead to disease conditions (Wilson &

Matschinsky, 2020).

The liver converts a large portion of the acetaldehyde to acetate, a significant portion
of which exits the liver and travels to peripheral tissues, where it is converted to the
essential metabolite acetyl coenzyme A (Wilson & Matschinsky, 2020). The primary
metabolite generated by the three main nutrients, fat, carbohydrate, and extra protein,

is acetyl CoA (Molina et al., 2023). Thus, alcohol's carbon atoms turn into the same

byproducts that are created when protein, fat, and carbohydrates are oxidized,

including COg, fatty acids, ketone bodies, and cholesterol (Cederbaum, 2012).

Microsomal ethanol oxidation system (MEOS), which involves mainly the cytochrome
P450 2E1 (CYP2E1), compromises the defensive systems, which exacerbates
oxidative stress both directly and indirectly (Zima et al., 2001). CYP2E1 is an important
contributor to oxidative stress in the hepatocytes by generating several ROS such as
hydroxyl radical (OH-), superoxide (02 -), hydrogen peroxide (H202), and
hydroxyethyl radical (HER) (Jiang et al., 2020). Figure 2.1 below summarises the
mechanisms through which alcohol and excess alcohol consumption interfere with

liver function leading to liver damage/disease.
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Figure 2.1: Summary of metabolic pathways/process of alcohol and excess alcohol
consumption and liver damage. ADH: Alcohol dehydrogenase; ALDH: Aldehyde
dehydrogenase; CYPE1: cytochrome P450 2E1; NAD: Nicotinamide adenine dinucleotide;

NADH: Nicotinamide adenine dehydrogenase.

Overall, these suggest that long-term combined use of ethanol and fructose may
increase ROS generation, mitochondrial dysfunction, and production of pro-
inflammatory mediators leading to increased risk for the development of different
cardiometabolic disease variables.

2.3.2 Evidence for potential synergistic or antagonistic effects of fructose and

alcohol on cardiometabolic outcomes

Fructose undergoes a ‘Maillard reaction’, which promotes lipid peroxidation and
mitochondrial damage and decreases the mitochondrial-biogenic proteins, e.g.,

peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC1a) in the
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liver (Alwahsh et al., 2014; Rao et al., 2020). Consuming ethanol has also been shown
to lead to a decrease in hepatic PGC1a, which in turn leads the liver to produce
reactive oxygen species (ROS) and iron overload (Zhu et al., 2014). According to
another study, ethanol may cause hepatic mitochondrial dysfunction, which may affect
the mitochondrial DNA by generating protein adducts that hinder the synthesis of ATP
and result in a CYP2E1 deficiency (Zhong et al., 2014). The breakdown of fructose
and alcohol when given simultaneously produces compounds (increase triglyceride,

increase blood glucose, increase total cholesterol), that cause oxidative stress and

mitochondrial dysfunction (Alwahsh et al., 2014). These results suggest that long-term
combined use of ethanol and fructose may increase ROS generation and
mitochondrial dysfunction (Alwahsh et al., 2014), which are important mechanisms in

the pathophysiology of different cardiometabolic diseases.

Numerous cardiometabolic risk factors, which are all characteristics of CMD, such as
insulin resistance and glucose intolerance, hypertension, dyslipidaemia, endothelial
dysfunction, obesity, inflammation, and adipocyte dysfunction are significantly
influenced by the type of diet and lifestyle of an individual (Alberti et al., 2009). An
animal study where rats were fed a combination of fructose and alcohol reported an
increased incidence of cardiometabolic risk factors such as insulin resistance,
hyperglycaemia, dyslipidaemia, and total cholesterol in the rats (Alwahsh et al., 2014).
2.4 Strategies for mitigating cardiometabolic risk associated with sweetened

alcoholic beverage consumption

The fact that people mix their beverages to make cocktails and jello shots at their
convenience in addition to commercially available sweetened alcoholic beverages,
indicates that little information is available to people with regards to the health
consequences of consuming such beverages, which makes them more dangerous
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than the conventional alcoholic beverages. As reported in the previous section,
fructose and alcohol interfere with different enzymes and metabolic pathways that
ultimately affects different body functions and increasing the risk of different
cardiometabolic risk factors.

The most popular method used to address different cardiometabolic risk factors is
pharmacotherapy (Repas, 2007). However, since a lot of cardiometabolic risk factors
co-occur, this strategy might result in polypharmacy, poor patient adherence, and

underwhelming results (Grundy, 2006).

A good plan will often involve identifying at-risk individuals, encouraging behaviour
modification, and using medicines where necessary. Lifestyle changes are always

appropriate in mitigating cardiometabolic diseases. Excessive alcohol consumption is

the one modifiable lifestyle factor that is known to contribute to tissue damage and
several diseases, including cardiometabolic diseases (Wu et al., 2023). Of importance
in lifestyle modification in the management and prevention of cardiometabolic
diseases is the control of the increased consumption of sugar/fructose and alcohol as
important risk factors for CMD. As practically all physiological systems in the body are
influenced by nutrition and because everyone needs to eat and drink every day, dietary
interventions are currently the most fundamental and practical lifestyle therapy for

promoting cardiometabolic health and avoiding CMDs (Wang et al., 2023).

Regulations for alcohol-sweetened beverages, such as limits on marketing and
packaging and the percentage of sugar and alcohol content need to be evaluated and
taken into consideration by public health professionals and lawmakers. Governments
can mitigate the negative effects of these beverages on health, safety, and
socioeconomic issues by developing and enforcing suitable legislation. Policymakers

should be urged to implement policies that have proven to be economical and
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successful, such as regulation and controlling the promotion of sweetened alcoholic
drinks, especially to younger individuals, lowering demand through price and taxation,
and expanding knowledge of the negative effects of consumption of these beverages
on people's health and social issues that affect both individuals and society.

Studies and information are available regarding the negative individual effects of
consuming excess sugar and alcohol. However, with increasing popularity and
consumption of sweetened alcoholic beverages, there is a paucity of information on the
combined effects of sugar and alcohol in the form of sweetened alcohol on public
health. This might hinder implementation of strategies to mitigate the potential negative
consequences that might be impacted by sweetened alcohol consumption. Thus, there
is need for research to provide evidence-based interventions.

2.4.1 Management of Cardiometabolic Diseases

2.4.1.1 Pharmacological and non-pharmacological management
The management of CMD and its related complications can be pharmacological and/or
non-pharmacological, and in some cases, surgery is recommended. Non-
pharmacological components of the management include promoting or changing
lifestyle, such as engaging in regular exercise and avoiding a sedentary lifestyle
(Cardel et al., 2020). Change in diet and nutritional counselling, avoiding processed
food and diets with added sugars, eating a diet with more nutritional value rather than
a diet that is more energy-concentrated (Cardel et al., 2020; Calcaterra & Zuccotti,
2022). However, in some cases, pharmacological intervention may be required to
manage such conditions, and surgical intervention may be necessary in severe cases
(Cardel et al., 2020).

In Pharmacotherapy for cardiometabolic diseases, the primary goal of the treatment

approaches is to control individual risk factors, such as diabetes, hypertension, and

dyslipidaemia (Ren & Zhang, 2018). In this approach, it may be necessary to prescribe
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and administer several medications to a patient in order to increase life expectancy and

improve quality of life (Seidu et al., 2023).

Examples of medications used in the treatment of cardiometabolic diseases includes:
(Antwi, et al., 2024.; Patel et al., 2025)
- Lipid lowering agents, for example statins, such as atorvastatin and simvastatin
- Blood pressure lowering agents for example angiotensin converting enzyme
inhibitors (e.g. Lisinopril) and calcium channel blockers (e.g. Amlodipine)
- Anti-diabetic medications exemplified by metformin, SGLT2 inhibitors (e.g.
empagliflozin and dapagliflozin), GLP-1 receptor agonists (e.g. Liraglutide and
semaglutide that facilitate insulin release, control blood sugar and decrease

obesity).

Considering the different classes of drugs to be prescribed for the patient with
cardiometabolic diseases, this might affect treatment outcome. It might be difficult to
stick to the drug regimen, especially while taking several medications. The cost of
medications, side effects, and discomfort in taking many medications are all factors that
demerit treatment outcomes. It has also been reported that in multiple drug prescription,
each drug added to prescription increases prescription error by about 16% (Seidu et al.,
2023).

Surgical intervention; as obesity is considered to be a leading risk factor for CMD, in

severe cases of obesity, metabolic and bariatric surgery is usually recommended as

the most preferred surgical intervention (Cardel et al., 2020).

Considering the complexity associated with the available conventional approaches to

the treatment of cardiometabolic diseases, a better alternative that is more user

friendly, affordable, accessible, and with no or minimal side effects, phytochemicals
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have been shown to have potential in the treatment and prevention of cardiometabolic

diseases (Rao, 2018).

2.4.1.2 Phytochemicals in the treatment of cardiometabolic diseases

Progress and advances have been made in the management and treatment of
cardiometabolic diseases, but challenges still exist that warrant improvement and
finding better ways to prevent such diseases and target those at risk (Sattar et al.,
2020). Despite the progress made in the treatment and management of these
diseases, the incidence and prevalence of these diseases are still on the increase
(Rao, 2018). This may not be unconnected with the nature of the treatment, treatment
is sometimes expensive, accessibility may be difficult, associated with side/adverse

effects leading to poor compliance, and some treatment modalities do not confer

permanent cure, as such people prefer choices that are affordable, accessible, with

fewer or no side effects (Rao, 2018).

Because people have a history of only attending healthcare facilities when they are
unwell, efforts for disease prevention must be made, and one of the best times for
CMD prevention is throughout adolescence, and to continue throughout life (Rao,
2018). Nutraceuticals such as naringin have been proposed for the treatment and
prevention of CMDs. Nutraceuticals have been shown in studies to be promising in
tackling the growing burden of CMDs and are projected to save massive healthcare
spending, giving relief to both individuals and authorities (Bruno et al., 2022). Naringin
is one of the promising compounds for disease treatment and prevention (Yang et al.,
2022).

2.5 Naringin

Naringin, a flavonoid phytochemical with chemical structure ‘4’, 5, 7-trihydroxy

flavanone-7-rhamnoglucoside’, is a major component of grapefruit, tomato, and lots of
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citrus fruits (Ho et al., 2000; Bharti et al., 2014;). Naringin has a molecular weight of
580.4g/mol (Alam et al., 2013). In 1928, the chemical/molecular structure of naringin
(see Figure 2.2) was depicted by Asahina and Inubuse (Alam et al., 2020). Flavonoids
are natural plant compounds available in vegetables and herbs (Stevens et al., 2019).
The chemical structure of flavonoids (Figure 2.3) is made up of 15 carbon atoms and
3 rings, of which 2 belong to benzene rings connected with a 3-carbon chain, consisting
of a flavonoid backbone, two phenolic rings, and a heterocyclic pyran ring (Shilpa et
al., 2023). The structure is made of A, B, and C rings (Dias et al., 2021). The A ring
originates from resorcinol or phloroglucinol, synthesised from the acetate pathway with
characteristic hydroxylation patterns at the 5 and 7 positions, but the B ring starts from
the shikimate pathway (D’Amelia et al., 2018). Naringin is abundant in grapefruit and is
responsible for the bitter taste in most citrus fruits (Cavia-Saiz et al., 2010). In
grapefruit, a high concentration of naringin has been reported at about 800mg/L
(Rouseff et al., 1987), and 100mg of naringin is equivalent to the naringin provided by
1.5 servings of grapefruit juice or by one fruit, this is according to the United Kingdom
(UK) Food Standard Agency (Chanet et al., 2012). The amount of naringin in

commercially marketed citrus juices ranges from 50 to 1200 mg/L (Ho et al., 2000).

Naringin is a common content of the human diet, available in many dietary products
used by humans (Bharti et al., 2014). As a flavonoid, naringin can only be taken in the
diet as it cannot be produced by the body Sharma et al., 2011). Naringin is found in a
variety of plant species and is one of the most extensively utilised active chemicals in

Chinese herbal medicine (Ravetti et al., 2023).

It has been attributed with a wide variety of beneficial effects, such as antioxidant, anti-

inflammatory, antilipidemic, cardioprotective, neuroprotective, hepatoprotective, and
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so many other functions (Alam et al., 2020; Benavente-Garcia & Castillo, 2008; Chanet

et al., 2012; Shackebaei et al., 2023).
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Figure 2.2: Chemical structure of Naringin (Ansicht, 1928)

Figure 2.3: Chemical structure of Flavonoids

2.5.1 Pharmacokinetics of Naringin

Following oral administration, naringin, through active transport, is mostly concentrated
in the liver and bile, where different enzymatic processes convert it into its metabolites
such as naringenin, naringenin glucuronide, and naringin sulphate in the blood (Liu et

al., 2011). The enzymes a-rhamnosidases and (-Glucosidases participate in the
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hydrolysis of naringin to naringenin (Felgines et al., 2000; Kim et al., 1998). Naringin
can also be transformed by intestinal microflora into many types of phenolic resin acids
because of ring fission (Kim et al., 1998). There are four major metabolites of naringin:
4-hydroxybenzoic  acid, 2,4,6-trihydroxybenzoic  acid, phloroglucinol, 4-
hydroxyphenylpropionic acid, and 4-hydroxyphenylacetic acid (Kim et al., 1998; Alam

et al., 2020).

Within five hours following oral administration, naringin is found in the plasma (Li et
al., 2004). Because Naringin and its metabolites are extremely lipophilic, they are
transported to most bodily organs, with the highest concentrations found in the
abdomen and the lowest in the brain due to reduced blood-brain barrier permeability
(Alam et al., 2020). A greater percentage of naringin is absorbed in the portal system

(Tsai & Tsai, 2012), with a lesser part of it in the lymphatic system (Alam et al., 2020).

Naringin is eliminated by the kidneys into the urine, and by the liver into digestive juice
after partially undergoing bacterial ring cleavage (of the C-ring) and then the three
carbon bridges to the dihydrochalcone moiety (Alam et al., 2020; Tsai, 2002). Naringin has
a half-life of approximately 3 hours, with about 8% bioavailability (Mohamed et al., 2018).
In a study by Liu and co-workers, the maximum plasma concentration of naringin was
6-8 hours at a dose of 50mg/kg/day and 6-8 hours at 250mg/kg/day, and 6-10 hours
ata maximum dose of 1250mg/kg/day (Liu et al., 2011). Naringin has therapeutic effects

on numerous health conditions due to its availability, affordability,

different pharmacological functions, and a prolonged period of use from a historical

perspective (Chen et al., 2016).

Naringin shows no toxicity profile after acute, subacute, and chronic administration in

Sprague-Dawley rats at 50, 250, and 1250mg/kg/day (Li et al., 2013, 2014). In
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humans, naringin's oral no observed adverse effect level (NOAEL) is about 200 mg/kg
(Li et al., 2013).

2.5.2 Different pharmacological actions of naringin

2.5.2.1 Naringin as an antioxidant and anti-inflammatory agent

The major driver of the progress of many disease processes is inflammation, which is
a component of vascular tissues' biological reaction to adverse stimuli such as
pathogens, damaged cells, or irritants (Ferrero-Miliani et al., 2007). Inflammation
initiates the pathogenesis of many cardiometabolic diseases such as atherosclerosis,
heart diseases, obesity, metabolic syndrome, T2DM, and stroke (Rao, 2018). Obesity
is marked by inflammatory mechanisms brought in by infiltration of the adipocytes by
macrophages and mast cells (Weisberg et al., 2003; Xu et al., 2003). Adipose tissues
also act as endocrine organs that produce inflammatory mediators/adipokines like IL-
6, TNF-a, and leptin (Yu et al., 2006). These inflammatory mediators are believed to
be in high proportion in individuals with metabolic derangements (Shoelson et al.,
2007; Wisse, 2004). Tumour necrosis factor-a is the major inflammatory mediator in
obese individuals, and it facilitates insulin resistance and damage to B-insulin-
producing cells of the pancreas (Lin et al., 2012; Stephens et al., 1997). TNF-a disrupts insulin
signalling by activating serine/threonine (ser/Thr) kinases that mediate the function of
insulin receptors and insulin-receptor substrates, rendering them as non-functional
substrates for insulin-mediated tyrosine phosphorylation (Yu & Ginsberg, 2005).
Naringin has been shown in animal models of inflammation to be effective in reducing
the expression of signalling factors associated with the inflammatory response, such
as interleukin-6 (IL-6), interleukin-8 (IL-8), inducible nitric oxide synthase (iNOS),
nuclear factor erythroid 2-related factor 2 (Nrf2), and TNF-a (Chen et al., 2016). Habauzit

et al show the ability of naringin to potentially halt an increase in serum IL-6 during
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ageing-related inflammation in a 20-month-old male Wistar rat experimental model
(Habauzit et al., 2011). As an anti-inflammatory flavonoid, naringin counteracts the
increased level of TNF-a and improves inflammatory cell infiltration in an air-pouch
model of inflammation (Jain & Parmar, 2011). In the LPS-induced TNF-a liver injury rat
model, naringin supplementation resulted in decreased levels of TNF-a and prevented
liver injury (Kawaguchi et al., 1999). Pre-treatment with naringin sufficiently
ameliorates high-glucose-induced expression of cell adhesion molecules in human
umbilical vein endothelial cells by suppressing a high glucose-induced increased

expression of NF- kB (Lee et al., 2009).

In 3-nitro propionic acid-induced neurodegeneration rat models, naringin has been
reported to cause upregulation of NADPH: quinone oxidoreductase 1, Heme
oxygenase-1(HO-1), Placental Glutathione-S-transferase (GST p) and y-
glutamylcysteine ligase mRNA expression accompanied by activation of nuclear
factor-erythroid 2-related factor (Nrf2). Through a similar mechanism, naringin causes
decreased expression of pro-inflammatory mediators like TNF-a, cyclooxygenase 2,
and induced nitric oxide synthase (INOS) (Gopinath & Sudhandiran, 2012). Nrf2
facilitates the control of cellular antioxidant secretion, and this is significant in the
mechanism of many degenerative diseases (Alam et al., 2013). Naringin and
naringenin are also associated with free radical scavenging and antioxidant ability and
prevent lipid peroxidation (Cavia-Saiz et al., 2010). Naringin sufficiently prevents the
activity of xanthine oxidase, an enzyme that produces superoxide anions in the
nucleus-containing cells (Russo et al., 2000). Antioxidant enzymes such as SOD,
catalase, and GPx were improved by naringin in diabetic rats, displaying a good
protective function (Ali et al., 2004; Jeon et al., 2002; Punithavathi, 2008). In another

study involving cholesterol-fed rabbits, naringin also proved its antioxidant effects by
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maintaining the concentration of thiobarbituric acid reactive substances (TBARS)

unchanged in rabbits fed a high-cholesterol diet after treatment with naringin (Jeon et

al., 2002). Also, in the heart of isoproterenol-induced Wistar rats, naringin shows an
antioxidant property by preventing cardiotoxicity induced by isoproterenol (Rajadurai

& Stanely Mainzen Prince, 2007).

2.5.2.2 Naringin in the management of obesity, dyslipidaemia, and metabolic syndrome

Metabolic syndrome is a conglomeration of different risk factors associated with
cardiovascular disease, such as obesity, hypertension, insulin resistance, and NAFLD
(Rochlani et al., 2017). It is associated with poor dietary habits such as increased
added sugar and fatty foods (Phillips & Prins, 2008). Naringin, through its anti-
inflammatory effects, reduced blood lipid concentration, oxidative stress, and improved
mitochondrial function and as such reduced obesity and risk of metabolic syndrome
(Alam et al., 2013; Kumar et al., 2019). Many studies have been conducted, and
findings are in line with the effects of naringin in converting and preventing obesity and
dyslipidemia. High-fat diet supplemented with naringin in rats has shown an ability of
naringin to lower the increased plasma lipids concentration and reduced lipid and
cholesterol in high-cholesterol-diet-fed rats (Pu et al., 2012). Naringin supplementation
in low-density lipoprotein receptor (LDLR)-knocked mice was able to affect a reduction
in the activity of HMG-CoA reductase significantly, and to increase the production of

nitric oxide (NO) metabolites in the urine (Li et al., 2004). Administration of naringin in

rats were also able to enhance the expression of carnitine palmitoyl transferase-1
(CPT-1) and uncoupling protein-2 (UCP-2) which are regulated by Peroxisome
proliferator-activated receptor alpha (PPAR a) (Cho et al., 2011). A mouse with
deficient Low-density lipoprotein receptors was fed a high-fat diet and displayed

features of obesity and metabolic syndrome. In this study, Naringin administration was
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able to prevent an increase in blood insulin and displayed a reduced hepatic sterol
regulatory element binding protein (SREBP) -1¢ and hepatic lipogenesis. Decreased
hepatic TG, leads to VLDL-TG formation and VLDL-apoB secretion and in that way
mitigates dyslipidaemia (Mulvihill et al., 2009). Naringin has also been shown to
decrease plasma cholesterol, TG, and circulating free fatty acids (FFA) in high-
fat/high-carbohydrate-diet-fed obese rats (Alam et al., 2013). Hypercholesterolemic
patients treated with naringin in a clinical trial have displayed decreased plasma LDL-
c and HDL-c remained normal (Jung et al., 2003). Naringin was able to decrease fat
deposition in experimental rats by significantly increasing PPAR a, CPT-1, and UCP- 2
expression in the liver (Cho et al., 2011). In adipose tissues, adipocyte differentiation is
seen as a key factor in fatty deposition. This is facilitated by adipose tissue-derived
MCP-1 that potentiates macrophage infiltration of adipose tissue and activates the
release of inflammatory marker TNF-a that further worsens the inflammatory event (Yu
et al., 2006). Naringin supplementation has been shown to block the production of
MCP-1, TNF-a, and nitric oxide (NO) (Hirai et al., 2007), through which naringin
mitigates the inflammatory changes in adipose tissues (Alam et al., 2014). Naringin
also inhibits TNF-a mediated inflammation and tissue damage in the liver and
vasculature. It also regulates AMPK, PPARa-, and CPT-1-mediated fat utilization and
protects mitochondrial function in metabolic syndrome, obesity, and concomitant

cardiovascular diseases (Alam et al., 2014). Naringin, therefore, improves metabolic

syndrome by increasing AMPK activity and decreasing the expression of major
gluconeogenic enzymes. It also decreases HMG-CoA reductase activity while
increasing NO metabolite synthesis (Chen et al., 2016). The antioxidant properties of
naringin are achieved through the activation of Nrf2, a transcription factor that plays a
central role in cellular defence against oxidation (Gopinath & Sudhandiran, 2012).

Naringin lowers the expression of pro-inflammatory mediators such as tumour
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necrosis factor-alpha, cyclooxygenase-2, and inducible nitric oxide synthase and
increases the expression of NAD(P)H: quinone oxidoreductase-1, haem oxygenase-
1, glutathione S-transferase P1, and gamma-glutamylcysteine ligase mRNA (Gopinath

& Sudhandiran, 2012).

2.5.2.2 Naringin as a hypoglycaemic/anti-diabetic agent

Hyperglycaemia is the increase in the concentration of glucose within the blood. It is
believed to be initiated when there is decreased peripheral cell sensitivity to insulin,
reducing glucose utilisation by the cells and causing glucose buildup in the blood (Alam
et al., 2013). Both mitochondrial and cytosolic ROS are produced more readily in
hyperglycaemia, and the oxidative stress that follows leads to the development of
numerous clinical problems associated with diabetes (Gonzalez et al., 2023). Insulin
resistance and diabetes mellitus (DM) facilitate the increased release of inflammatory
mediators such as interleukin-6 (IL-6) and tumour necrosis factor a (TNF-a) (Kado et al.,
1999; Pickup et al., 2000). TNF-a and IL-6 are associated/implicated in the aetiology of
insulin-receptor dysfunction, promoting insulin resistance and hyperglycaemia
(Dandona et al., 2004; Krogh-Madsen et al., 2006). A diet rich in fat also induces the
secretion of inflammatory mediators, causing insulin resistance and increased blood
glucose concentration(Lee et al., 2009; Terra et al., 2009). In a streptozotocin-induced
diabetic rat model, naringin co-administered with vitamin C, prevented diabetes by
increasing blood levels of insulin and improving oxidative stress (Punithavathi, 2008).
Naringin supplementation was also shown to improve insulin concentration and
prevent damage to the pancreatic cells in mice (Jung et al., 2004). Naringin
significantly decreased the activity of hepatic glucose-6-phosphatase and
phosphoenol pyruvate carboxy kinase in db/db mice (Jung et al., 2004). Naringin also
facilitates glucose uptake in the skeletal muscle via the upregulation of AMPK in the

cells of skeletal muscle (Zygmunt et al., 2010). Additionally, in a high-fat diet mouse
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model, naringin administration ameliorated glucose intolerance and insulin resistance
(Pu et al., 2012). In diabetes-induced male rats, naringin administration at 50mg/kg
lowered blood glucose and plasma glycated haemoglobin (HbA1c) levels while
increasing insulin levels, and oxidative stress-induced inflammatory markers such as
IL-6, TNF-a, and NO were also decreased after naringin supplementation. Naringin
also increased the antioxidant enzyme activity and the levels of glutathione (Mahmoud et

al., 2012).

2.5.2.3 Naringin as a hepatoprotective agent

Many research findings have documented the hepatoprotective effects of naringin. In
a nickel and cadmium-induced liver toxicity rat model, naringin administration
sufficiently decreased the activity of increased plasma transaminase(Pari & Amudha,
2011; Renugadevi & Prabu, 2010). In the liver, naringin has been shown to decrease
lipid peroxidation and increase the activity of SOD, catalase, GPx, and GST, which
provides antioxidant defence against liver damage (Pari & Amudha, 2011; Renugadevi
& Prabu, 2010). In a rat model of dimethyl nitrosamine-induced liver toxicity, naringenin
supplementation improved serum albumin and total protein concentration and
decreased malondialdehyde levels in the liver (Lee et al., 2004)(Lee et al., 2004).
Within the liver of fructose-fed rats, naringin administration sufficiently decreased
oxidative and nitrosative stress compared to control (Kannappan et al., 2010).
Likewise, it reduced fat accumulation in the liver in a high-fat diet rat model (Pu et al.,
2012). Lipopolysaccharide (LPS) facilitates liver injury by its ability to induce the
release of TNF-a. Naringin prevents LPS-induced liver injury by decreasing the
secretion of TNF-a (Kawaguchi et al., 1999). In a high-fat diet diabetic male albino rat
model, naringin supplementation facilitated the expression of PPAR-Y in the
hepatocytes and reduced expression of liver X receptor (LXR), SREBP-1c, and

SREBP-1ain a fatty liver (Sharma et al., 2011).
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High-carbohydrate, high-fat diet obese rats show the decreased activity of liver
enzymes makers such as Aspartate Aminotransferase (AST), Alanine transaminase
(ALT), and Alkaline phosphatase (ALP) and decreased fatty accumulation and liver

fibrosis with naringin supplementation (Alam et al., 2013).

2.5.2.4 Naringin as a cardioprotective agent
Naringin is a well-known cardioprotective agent with therapeutic and preventive
potential against different cardiovascular conditions. This has been possible because

of its antioxidant and anti-inflammatory properties (Yaseen et al., 2024).

In rats with sepsis-induced myocardial dysfunction, naringin demonstrated a protective
effect by reducing lipopolysaccharide-induced cardiac oxidative stress through the
Kelch-like ECH-associated protein 1/Nuclear factor erythroid 2-related factor/Heme
oxygenase-1 (Keap1/Nrf2/HO-) pathway (Sun et al., 2021). Naringin improved left
ventricular function and reduced interstitial fibrosis and cardiac hypertrophy in
pressure-overloaded mice (Zhang et al, 2015). Naringin's known antioxidant
properties may be responsible for its ability to reduce cardiac fibrosis via modifying the
expression of the p38 and Protein Kinase C beta (PKC-B) proteins (Adebiyi et al.,
2016). Naringin reduced diastolic calcium overload, enhanced glucose transport,
decreased the generation of reactive oxygen species, and inhibited myocardial
inflammation to protect against type 2 diabetes-induced cardiomyocyte injury and
improved diastolic dysfunction (Uryash et al., 2021). Naringin administration has been
shown to decrease LV hypertrophy, LV fibrosis, and LV stiffness by reducing
inflammatory and oxidative stress. It also facilitated the recovery of some left
ventricular variables like fractional shortening and ameliorated cardiac remodelling in
the heart of an experimental rat (Alam et al.,, 2013). In high cholesterol-fed rats,

naringin administration improved endothelial dysfunction and LV hypertrophy
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(Pengnet et al., 2019). By inhibiting reactive oxygen species-dependent Ataxia-
Telangiectasia Mutated-mediated (ROS-dependent ATM-mediated) P53 signalling
(Park et al., 2018), and oxidative stress (Visnagri et al., 2015) naringin protected
against fructose-induced cardiac hypertrophy and improved ventricular dysfunction.
Naringin has been shown to inhibit myocardial fibrosis, ameliorate features of LV

systolic and diastolic dysfunction in rats with chronic heart failure (Ruan et al., 2024).

By controlling the AMPK-mTOR signalling axis, naringin decreased the formation of
ROS and mitochondrial dysfunction in cardiomyocytes exposed to fructose, which in
turn decreases cardiomyocyte hypertrophy (Park et al., 2018) and acute myocardial

infarction (Chen et al., 2016).

Aside from the cardiometabolic potential associated with naringin, naringin also has

preventive and therapeutic potential in other disease conditions.

2.5.2.5. Naringin in other disease conditions
Through a variety of signalling channels and molecular processes, naringin
significantly contributes to the anti-inflammatory and antioxidant regulation of different

systemic diseases (Peng et al., 2024).

In an acute kidney injury model, naringin was shown to protect the kidney via modifying
microRNA-10a in the renal tissue (Amini et al., 2022). Through inhibiting the MAPK/
NF-kB inflammatory signalling pathway and promoting the activation of the Nrf2
antioxidant signalling pathway, naringin ameliorated severe lung injury caused by
Actinobacillus pleuropneumoniae in a mouse model (Huang et al., 2024). For several
neurological disorders, such as Alzheimer’s Disease, Parkinson’s Disease, cerebral
ischemia, anxiety, depression, schizophrenia, chronic hyperglycaemia, and peripheral

neuropathy, naringin and naringenin have shown to have a treatment potential (Emran
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et al., 2023). Naringin and naringenin inhibit the growth of cancerous cells and prevent

their spread. As a result, they have intriguing therapeutic potential for use as

efficient substitute treatments for cancer patients. Because both substances can
overcome resistance to traditional chemotherapy and boost the effectiveness of
chemotherapeutic medicines, they may be utilised as an adjuvant therapy
(Stabrauskiene et al., 2022). In an osteoporotic SD rat model, naringin showed the
potential to promote osteogenesis. It also improved the bone weight index, length, and
diameter of the rat femoral bone (Zhao et al., 2016). The gastroprotective effect of
naringin was demonstrated in rats after acetylsalicylic acid (ASA)-induced peptic ulcer

(Galati et al., 1998), and diclofenac sodium-induced peptic ulcer disease.

Even though naringin has been shown to possess various therapeutic and preventive
potentials against different cardiometabolic indices as discussed above, the potential
of naringin against sweetened alcohol-induced cardiometabolic derangements has not

been reported, and more research needs to be done, which is the focus of this study.

Having highlighted the burden of alcohol consumption, the increased popularity and
consumption of sweetened alcohol, especially among the younger population, the
relationship between sweetened alcohol consumption and heavy or inappropriate
alcohol consumption, the increased double burden of sweetened alcohol consumption,
and risk of cardiometabolic diseases, and the potential therapeutic effects of naringin
in the treatment and prevention of sweetened alcohol-induced cardiometabolic

dysfunctions. The following research gaps have been identified:

i. Previous studies focused more on the individual effects of alcohol and
fructose

ii. Previous studies emphasised more on male subjects
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iii. Previous studies used a forced alcohol consumption model in animals
instead of a more realistic voluntary consumption model
iv. Protective potentials of naringin against sweetened alcohol-induced

cardiometabolic derangements have not been explored.

The focus of this thesis is on three target organs that are most impacted by alcohol
consumption and high fructose intake, namely the heart, liver and kidneys. In the next
chapter, the impact of sweetened alcohol and naringin on cardiovascular structure and

function is explored. The chapter is presented in a word format in the publication.
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CHAPTER THREE - EFFECTS OF VOLUNTARILY CONSUMED SWEETENED
ALCOHOL AND NARINGIN ON CARDIAC FUNCTION IN MALE AND FEMALE

SPRAGUE-DAWLEY RATS

This chapter has been published (Jelani Muhammad, Kennedy H. Erlwanger, Kasimu
G. Ibrahim, Lebogang Mokotedi; Physiological Reports. 2024;12:e70030.

https://doi.org/10.14814/phy2.70030) - see Appendix 4 for the copy of the published

version.
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3.1 Abstract

This study assessed the impact of sweetened alcohol and naringin on cardiac function
in Sprague-Dawley rats. Male (n = 40) and female (n = 40) rats were allocated to
control, sweetened alcohol (SOH), naringin (NA), and sweetened alcohol with naringin
(SOH + NA) groups. SOH and SOH + NA rats received 10% alcohol + 20% fructose
in gelatine; SOH + NA and NA rats received 50 mg/kg naringin in gelatine daily for 10
weeks. Echocardiography was performed to assess left ventricular (LV) function. LV
cardiomyocyte diameters and collagen area fraction were determined by H&E and
picrosirius-red staining, respectively. In males, sweetened alcohol and naringin did not
affect cardiac function. Female SOH rats had increased LV end-diastolic posterior wall
(p = 0.04), relative wall thicknesses (p = 0.01), and LV cardiomyocyte diameters (p =
0.005) compared with controls. Female SOH and SOH + NA had reduced lateral €’
and e’/a’ and increased E/e’ (p < 0.0001). Female SOH (p = 0.01) and SOH + NA (p
= 0.04) rats had increased LV collagen area fraction compared with controls. In males,
neither sweetened alcohol nor naringin affected cardiac geometry or diastolic function.
In females, sweetened alcohol induced concentric remodelling, impaired LV
relaxation, and elevated filling pressures. Naringin may have the potential to improve
the sweetened alcohol-induced concentric remodelling; however, it did not ameliorate
diastolic dysfunction in females.

Keywords: cardiac geometry, diastolic function, naringin, sweetened alcohol
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3.2 Introduction

Modern society has seen a rise in the popularity of sweetened alcoholic beverages,
including flavored spirits, jello shots, and cocktails (Crews, 2015; Mosher & Johnsson,
2005; Wakabayashi et al., 2021). The sweeteners incorporated into these beverages
mask the presence of alcohol, making the beverages more palatable and consequently
less apparent how much alcohol is being ingested. This can increase the risk of
overconsumption, particularly among adolescents who often start drinking these
beverages at a young age (Binakonsky et al., 2011; Crews, 2015; Mola et al., 2023).
Common sweeteners in these beverages typically include sucrose (a blend of 50%
glucose and 50% fructose), high fructose corn syrup, or concentrates from fruit juice
(primarily fructose) (Poppitt, 2015). The combination of alcohol and fructose in these
drinks poses a double health risk burden, as individually, alcohol and fructose have
been associated with negative cardiometabolic health outcomes such as obesity,
dyslipidaemia, and insulin resistance (Poppitt, 2015). These modifiable risk factors
may lead to the development of cardiovascular diseases such as heart failure and
atherosclerosis (Liu et al., 2022; Meijers & De Boer, 2019; Tan et al., 2020). A high
fructose diet may cause cardiac inflammation and fibrosis through various
mechanisms including increased production of pro-inflammatory factors, upregulation
of pro-fibrotic gene expression, macrophage infiltration, and heightened oxidative
stress (Kang et al., 2016; Wang et al., 2023; Xu et al., 2022; Zhang et al., 2016).
Alcohol consumption may result in increased reactive oxygen species (ROS) leading
to reduced endothelial nitric oxide synthase in cardiomyocytes (Tsermpini et al., 2022;
Wang et al., 2015). Therefore, the combined effects of fructose and alcohol may cause
several structural changes as well as functional disturbances in the heart which may

predispose individuals to cardiac dysfunction. Although fructose and alcohol
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individually have been extensively studied for their effect on cardiac function, their
combined effects remain an area of ongoing investigation. Managing the
cardiometabolic consequences of alcohol and high fructose consumption results in a
heavy socioeconomic burden for many countries globally (Rao, 2018). There is a need
to explore prophylactic interventions early in life to reduce the poor health outcomes
associated with alcohol and sugar consumption. Phytochemicals are increasingly
being targeted as candidates for nutraceutical potential (Bruno et al., 2022).

Naringin, a flavonoid phytochemical found in citrus fruit, has recently become of
interest for its possible cardioprotective effects (Akin et al., 2022; Malakul & Pengnet,
2018; Shackebaei et al., 2023; Uryash et al., 2021). Studies have reported that
naringin has antioxidant and anti-inflammatory properties (Akin et al., 2022; Uryash et
al., 2021) that may protect the myocardium by reducing inflammation as well as
oxidative stress that takes place after the consumption of fructose or alcohol.
Nevertheless, to the best of our knowledge, there is no literature regarding the effects
of naringin on sweetened alcohol-induced cardiac changes. Consequently, further
studies are required to determine naringin's potential cardioprotective effects in the
context of sweetened alcoholic beverage consumption. There is a bias towards the
use of males in animal-based studies, despite the societal trends showing that both
males and females consume sweetened alcoholic beverages (Wakabayashi et al.,
2021). Therefore, this research aimed to investigate the effects of sweetened alcohol
and naringin on cardiac function in male and female Sprague—Dawley rats.

3.3 Methods

3.3.1 Ethical clearance and study site

The study adhered to international ethical guidelines and standards governing the care

and utilization of laboratory animals, receiving approval from the Animal Research
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Ethics Committee of the University of Witwatersrand (AREC clearance certificate
number 2022/10/02/C). The research took place at the Wits Research Animal Facility
(WRAF) situated at the University of the Witwatersrand in Johannesburg, South Africa.
The study adhered to the Animal Research Reporting of in Vivo Experiments
(ARRIVE) guidelines both during the research process and in the compilation of the
manuscript.

3.3.2 Animals and study design

A total of 80, 42-day-old (adolescent) Sprague—Dawley rats (comprising 40 males and
40 females) were sourced from the WRAF of the University of the Witwatersrand,
Johannesburg. Each rat was housed in a perspex cage topped with steel mesh covers.
The cages were lined with wood shavings and shredded paper for bedding and
environmental enrichment.

Additional environmental enrichment included wooden blocks for the rats to gnaw on
and sections of wide bore pipes for the rats to hide in. Rats were provided with ad
libitum access to standard pelletized rat chow (LabChefR, Johannesburg, South
Africa) and tap water for the entirety of the study. To maintain a hygienic environment,
cages and bedding were changed twice a week. The room's ambient temperature was
controlled at 26°C + 2°C, with appropriate ventilation and a 12-h light/dark cycle (lights
on at 07.00 h). The experiment was designed as a randomised, interventional,
prospective study. The rats were subjected to a 1-week acclimatization period wherein

initial assessments, including body mass, food consumption, and blood pressure, were

recorded. The rats were also acclimatized with gelatine, which was prepared by adding
0.5 g fructose with 6 g gelatine in 100 mL of water. It was given daily at 10 mL/100 g

body weight for all the rats during the acclimatization period. Following this
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acclimatization period, rats were randomly assigned to one of four treatment groups,
each consisting of 20 rats (10 males and 10 females):

1. Control: received plain gelatine (0.5% fructose in 6% gelatine)—fructose was added
to the gelatine to improve the palatability of the preparation.

2. Sweetened alcohol (SOH): received sweetened alcohol (10% alcohol +20%
fructose) in 6% gelatine.

3. Naringin (NA): received 50 mg/kg body mass (BM) naringin in gelatine (0.5%
fructose in 6% gelatine).

4. Sweetened alcohol + naringin (SOH + NA): received sweetened alcohol (10%
alcohol +20% fructose) + 50 mg/kg BM naringin in 6% gelatine.

The gelatine with or without alcohol and/or naringin was provided daily to the rats in
glass containers at a volume of 10 mL per 100 g body mass. The use of gelatine for
voluntary administration of alcohol has been previously described and reported in
various studies (Dess et al., 2013; Peris et al., 2006; Ralevski et al., 2006). Before the
commencement of the intervention, baseline blood pressure and body masses were
measured. The study design is depicted in Figure 3.1 below.

3.3.3 Interventions used and preparation

For our study, gelatine (Sheridan's gelatine, Libstar Operations (Pty) Ltd, Dunkeld,
South Africa) was used as a vehicle. Plain gelatine was prepared by mixing 6 g
gelatine with 0.5 g fructose powder (Fructose, Nature's Choice, Randvaal, South
Africa), fructose administered to SD-rats at a milder dose (5.3g/kg/day) for 20 weeks
does not affect rat’s metabolism (Song et al., 2021) and 1-2 mL Bovril (Beefy Bovril,
Pioneer Foods (Pty) Ltd, South Africa) in 100 mL of hot water. Naringin was
incorporated into gelatine by adding 0.05 g (to provide a dose of 50 mg/kg body mass

(Adebiyi et al., 2016), naringin (>95% HPLC, CAS No. 10236-47-2, Sigma-Aldrich,
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China) to the plain gelatine as described above. Sweetened alcohol in gelatine was
prepared by adding 20 g fructose powder (equivalent to 20% fructose suspension
(Komnenov et al., 2020), 6 g gelatine, and 1-2 mLBovril, with 10 mL of ethanol
(equivalent to 10% ethanol (Al-Awwadi et al., 2004) (Ethanol 99.9%; CAS No. 64-17-
5; Batch No. 37500; ACE chemicals, South Africa) to provide up to a maximum ethanol
dose of 0.79 g/100 g body weight, in 90 mL of hot water (<60°C). The alcohol used
has a purity of 99.9% according to the manufacturers (other constituents that make
the 0.1% includes acetic acid, acetaldehyde, esters, iron, lead, methanol, and water).
This dose is equivalent to about half of a glass/unit of alcohol in humans which
corresponds to chronic light alcohol consumption (Brick, 2006) and has been
associated with elevated liver enzymes (Niemela et al., 2017). Sweetened alcohol with
naringin was prepared by adding 0.05 g naringin (to provide a dose of 50 mg/kg body
mass) of naringin into the sweetened alcohol in gelatine preparation as described
above (doses were adjusted to the rats' body mass). In each case, the mixture was
thoroughly mixed using a magnetic hot plate stirrer. The solutions/mixtures were then
placed into glass containers and sealed to prevent evaporation of the alcohol. All
preparations were kept and allowed to set in a fridge at 2—7°C for 4—-24 h before being
served to the rats. All treatments (either plain gelatine, sweetened alcohol, naringin in
gelatine, or sweetened alcohol with naringin) were offered to the rats once daily (at
approximately 2:00 pm) at a dosage of 10 mL per 100 g body mass over 10 weeks.
The gelatine preparation consumed by each rat was estimated by subtracting the
remaining gelatine in millilitres (mL) from the gelatine provided each week. Relative
gelatine consumption was determined by dividing the gelatine consumed by body

mass and then multiplying by 100.
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Figure3.1: Schematic diagram of the study design

BP: Blood pressure; BM: Body mass; Echo: Echocardiography; LV: Left ventricle;
SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol + naringin

3.3.4 Body mass measurements

An electronic weighing balance (Snowrex EQ-1200, Snowrex International Company,
Taipei, Taiwan) was used to measure the baseline body mass. Subsequently,
measurements were conducted twice weekly to assess growth progress and make
necessary adjustments to the dosage of fructose, gelatine, ethanol, and naringin,
thereby ensuring a consistent dosage proportionate to the body mass. The final body
mass was measured at termination.

3.3.5 Non-invasive blood pressure measurements

Blood pressure was measured at baseline and termination using the tail-cuff technique
(Biopac Systems, Santa Barbara, CA, USA), as previously described (Pauline et al.,
2011). Briefly, each rat (priorly habituated to the procedure) was put in a restrainer,
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with the rat's tail on a heating pad. After the rats' tails were heated, the blood pressure
machine's cuff was placed at the base of the tail, and readings of blood pressure were
recorded. Two to three readings per rat were taken, and the average was determined.
To prevent diurnal variation, measurements were done at midday.

3.3.6 Echocardiography measurements

Nine weeks after the commencement of the intervention, rats were anaesthetised with
isoflurane delivered in 100% oxygen using a precision vaporiser with an induction
chamber and a nosecone for maintenance. Induction was performed at 3-4%
isoflurane with an oxygen flow of 2—3 L/min until loss of the righting reflex (=1-3 min).
For echocardiography, anaesthesia was maintained at 1.0-1.5% isoflurane with an
oxygen flow of 0.5-1.0 L/min to preserve heart rate and myocardial function. The
anterior chest wall was shaved. Echocardiography was performed with the rats in the
left lateral decubitus position using a high-resolution ultrasound probe (10 MHz)
coupled to an echocardiographic machine (Affiniti CVx, Philips Healthcare, Andover,
Massachusetts). LV dimensions were determined using two-dimensional directed M-
mode echocardiography in the parasternal long-axis view during three consecutive
beats. LV end-systolic and end- diastolic internal diameters, interventricular septal
thickness, and posterior wall thickness was measured in systole and diastole. Relative
wall thickness was calculated as (2 x posterior wall thickness)/(LV internal diameter at
end-diastole) (Lang et al., 2015). LV pump and myocardial systolic function were
determined by calculating LV ejection fraction using the Teichholz method and LV
endocardial fractional shortening (Lang et al., 2015). LV diastolic function was
determined from the mitral valve inflow patterns using pulsed Doppler imaging. In the
apical 4-chamber view, the early (E) and late (A) diastolic inflow velocities were obtained

with the sample
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volume placed at the mitral valve leaflet tip and expressed as E/A, a marker of
relaxation. To determine diastolic function using tissue Doppler imaging (TDI), peak
myocardial tissue lengthening velocities during early (e') and late (a') diastole were
recorded at the lateral mitral annulus in the apical four-chamber view. Diastolic function
markers are expressed as €' (an index of myocardial relaxation), e'/a' (an index of
myocardial stiffness), and E/e' (an index of LV filling pressure). The rats were allowed
to recover from the anaesthetic and then returned to their cages and respective
treatments for a week. Measurements were taken in the LV since the LV plays a crucial
role in ensuring blood circulates to all parts of the body. Given its thicker wall compared
to the right ventricle, the LV is more often susceptible to various cardiovascular
conditions, and therefore, studying the left side of the heart provides meaningful
information about the overall cardiac function (Kerfoot et al., 2019). Moreover,
cardiovascular diseases such as heart failure, myocardial infarction, and hypertension
predominantly affect the left side of the heart (Tsao et al., 2015). Therefore, focusing
on the left side provides a better understanding of the mechanisms associated with
these conditions.

3.3.7 Terminal procedures

At the end of the 10-week intervention, rats were euthanised using a sodium
pentobarbital overdose (Euthapent, Kyron laboratories, Johannesburg, South Africa)
at 150 mg/kg BM injected intraperitoneally. Visceral fat (adjoining the liver, kidneys,
pancreas, stomach, and small and large intestines) was carefully removed, and
weights were determined using a Presica 310 M digital scale (Precision Instruments,
Johannesburg, South Africa). The hearts were dissected out and their respective

weights were recorded. Subsequently, the left ventricle was isolated from the other
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cardiac structures, and its specific weight was determined using a Presica 310 M
digital scale (Precision Instruments, Johannesburg, South Africa).

3.3.8 LV cardiomyocyte diameter and total collagen content determination

LV tissue was preserved in 10% phosphate-buffered formalin and later histologically
examined. For the histological examination, the samples were processed using the
Thermo Scientific's Microm STP 120 (Microm STP 120, Thermo Scientific, MA, USA)
automatic tissue processor and embedded in paraffin wax. Processed tissues were
sectioned at 4 uym thick using a microtome (Leica Biosystems Instruments (Pty), Ltd,
model RM 2125, Wetzlar, Germany) and placed onto glass microscope slides. The
slides were allowed to air-dry and adhere to a 20°C heating block.

3.3.9 Hematoxylin and eosin stain

The Hematoxylin and Eosin (H&E) stain was used to assess LV cardiomyocyte
diameter (width) at the level of the nucleus in longitudinal sections. Briefly, the samples
underwent deparaffinization with xylene, rehydration through a series of graded
ethanol concentrations, and staining with Harris' hematoxylin followed by alcoholic
eosin solution. Subsequently, the slides were washed (dehydrated) with ethanol and
xylene before being mounted with DPX mountant and covered with a coverslip
(Grosset et al., 2017). The slides were visually analyzed by a blinded evaluator using
a Zeiss Axioskop 2 Plus microscope, equipped with a Zeiss AxioCam (Zeiss, Peabody,
MA, USA), to analyze the LV cardiomyocyte diameter. Tissue sections viewed under
a bright field were obtained using a 4x objective lens (x400 magnification). The LV
cardiomyocyte diameters at the level of the nucleus in longitudinal sections were
determined using the straight-line tool on Imaged software (ImagedJ version 1.54d,
Laboratory for Optical and Computational Instrumentation, University of Wisconsin)

(Baudouy et al., 2017).
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LV cardiomyocyte diameters were measured three times per sample, and an average
was determined.

3.3.10 Picrosirius red stain

The picrosirius red stain was used to measure the accumulation of collagen fibres to
quantify the degree of fibrosis in LV samples. Briefly, sections were deparaffinized,
rehydrated, and stained with a 0.1% Sirius Red solution dissolved in aqueous
saturated picric acid for 60 min at room temperature. After washing in acidified water
(5 mL of acetic acid into 1 L of distilled water), the slides were dehydrated and mounted
with DPX mountant (Merck Life Science (Pty) Ltd, Modderfontein, South Africa)
(Junqueira et al., 1979). The tissue sections were visually analyzed by a blinded
evaluator using a Zeiss Axioskop2 Plus microscope equipped with a Zeiss AxioCam
(Zeiss, Peabody, MA, USA). Tissue section images viewed under bright-field and
polarized light were obtained using a 10x objective lens (x100 magnification). The
collagen area fraction and overall tissue area for each tissue section were determined
using ImagedJ software (Imaged version 1.54d, Laboratory for Optical and
Computational Instrumentation, University of Wisconsin). Collagen area fractions were
determined three times per sample, and an average was determined. The collagen
area fraction was computed by dividing the collagen area by the overall tissue area
(Baidoo et al., 2022).

3.3.11 Statistical analysis

Statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary,
North Carolina, USA). Graphs were generated using GraphPad Prism version 9.4
(GraphPad Software Inc., San Diego, CA, USA). The sample size was determined

using the formula (Charan & Kantharia, 2013): 2 SD2 (1.96 + 0.842)2/d2 where SD =
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standard deviation; 1.96 = type 1 error of 5%; 0.842 = at 80% power; 0.842 is a value

from the standard formula used to determine the sample size. The value (0.842) is

associated with the Z-score, or critical value related to achieving 80% power in a
standard normal distribution. When using a standard normal distribution, a Z-score of
approximately 0.842 corresponds to 80% power (Charan & Kantharia, 2013), and d =
difference between mean values. Shapiro—Wilk tests were used for normality tests.
Data were normally distributed and are expressed as means + SEM. To determine
differences in baseline and terminal body masses and blood pressure measurements,
as well as weekly gelatine consumption measures, repeated measures two-way
analysis of variance (ANOVA) was used with group and sex as the main effects. If
significant differences were observed, Tukey post hoc tests were employed to identify
specific group and time differences. Cardiac geometry and functional differences were
assessed using two-way ANOVA with group and sex as the main effects. If significant
differences were observed, Tukey post hoc tests were employed to identify specific
group differences. Associations between tissue Doppler indices and the collagen area
fraction were determined using Pearson's correlation. Since blood pressure
contributes to the development of diastolic dysfunction, blood pressure was included
as a confounder in the correlation analysis. p < 0.05 was considered significant.
3.4 Results

3.4.1 Morbidity and mortality

One of the male rats died from the Male SOH+NA group during the study due to
iatrogenic causes (confirmed by autopsy).

3.4.2 Body mass, visceral fat mass, and blood pressure measurements

Table 3.1 shows the effects of sweetened alcohol and naringin on body mass and

blood pressure at baseline and at termination in male and female Sprague—Dawley
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rats. The group and sex effects were significantly different for baseline body mass

(group: F=2.49, p=0.02; sex: F=13.27, p = 0.0005) and terminal body mass (group:

F=175.60, p <0.0001; sex: F=1208.68, p <0.0001). Body masses were significantly
higher (p <0.0001) at termination compared to baseline across all groups in both male
and female rats. Males were heavier (p < 0.0001) compared to females at baseline
and termination. The group and sex effects were significantly different for visceral fat
mass indexed to body mass (group: F=16.44, p <0.0001; sex: F=76.13, p <0.0001).
Female SOH and SOH + NA rats had heavier visceral fat masses indexed to body
mass compared to female control and NA rats (p < 0.0001). Female SOH and SOH +
NA rats had heavier visceral fat masses indexed to body mass compared to all male
groups (p < 0.0001). There were no significant differences observed in group and sex
effects for baseline systolic blood pressure (group: F=0.42, p =0.89; sex: F=0.13, p
= 0.72) and terminal systolic blood pressure (group: F=0.81, p=0.58; sex: F=0.11, p
= 0.74). There were no significant differences observed in group and sex effects for
baseline diastolic blood pressure (group: F=1.13, p = 0.31; sex: F=0.02, p = 0.92)
and terminal diastolic blood pressure (group: F = 1.15, p = 0.34; sex: F = 0.00, p =

0.96).
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Table 3.1: Effects of sweetened alcohol and naringin on body mass, visceral fat mass, and blood pressure at baseline and termination

in male and female Sprague-Dawley rats

Males Females

Control SOH NA SOH+NA Control SOH NA SOH+NA
Baseline
Body mass (g) 148 £ 60 144 + 66 154 + 60 156 + 60 118 + 60a 122 + 60a 111 + 65a 132 + 60a
SBP (mm Hg) 116 + 4 1192 124 +3 118 + 4 119+3 120+ 3 120+ 3 122+ 3
DBP (mm Hg) 79+ 2 75 £3 72 +2 76 +3 75 +3 78+3 75 £ 3 79 £2
Termination
Body mass (g) 463 £ 6 435+ 6 460 £ 6 428 £ 6 258 + 6a 271 £ 6a 257 + 6a 268 + 6a
Visceral fat 2.79 +274+038 287+041 287+041 3971038 6.17 + 4.09+038 6.64 +
(% body mass) 0.38 0.38™#a 0.38*#a
SBP (mm Hg) 117 £ 1 115+ 3 119+ 3 117 £ 2 119+3 117 £ 2 117 £ 2 119+ 3
DBP (mm Hg) 792 79 2 76 +2 78 +3 78 +2 79 +1 81 +1 77 £1
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Data expressed as mean £+ SEM. *p<0.05 compared to control. #p<0.05 compared to NA. 6p<0.0001 compared to terminal body
mass. ap<0.0001 compared to all male groups. SBP: Systolic blood pressure; DBP: Diastolic blood pressure; SOH: Sweetened

alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.
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3.4.3 Gelatine consumption

Figure 2 shows the effects of sweetened alcohol and naringin on weekly absolute and
relative gelatine consumption in male and female Sprague—Dawley rats. The group
and sex effects were significantly different for absolute gelatine consumption (group:
F = 54.81; p < 0.0001; sex: F = 365.25; p < 0.0001). There were no significant
differences in absolute gelatine consumption between the groups in both males and
females for all 10 weeks (Figure 3.2A, C). Male rats had higher absolute gelatine
consumption compared to females from week 4 to week 10 (p < 0.01; Figure 3.2A, C).
When gelatine consumption was computed relative to body mass, the group effect was
significant (F=11.78; p < 0.0001); however, the sex effect was not (F =0.48; p = 0.48).
There were no significant differences in relative gelatine consumption between the
groups in males for all 10 weeks (Figure 3.2D). In females, the relative gelatine
consumption was higher in the control and NA groups compared to the SOH + NA
group at week 8 (p = 0.02 and p = 0.03) and week 9 (p = 0.03 and p = 0.03; Figure

3.2D).
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Figure 3.2: The weekly absolute (A and C) and relative (B and D) gelatine consumption in male (left panel) and female (right panel)
Sprague-Dawley rats. Data presented as means £ SEM. «p<0.05 control and NA compared to SOH+NA. ap<0.05 compared to all

male groups. SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.
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3.4.4 Echocardiography

3.4.4.1 Cardiac mass, cardiac geometry, and left ventricular systolic function
Table 3.2 shows the effects of sweetened alcohol and naringin on cardiac mass,
cardiac geometry, and left ventricular systolic function in male and female Sprague—
Dawley rats. The group and sex effects were significantly different for relative heart
masses (group: F=21.26, p <0.0001; sex: F=138.72, p <0.0001) and absolute heart
masses (group: F =6.54, p < 0.0001; sex: F=34.03, p <0.0001). The group and sex
effects were significantly different for relative LV masses (group: F=28.42, p <0.0001;
sex: F=195.68, p < 0.0001) and absolute LV masses (group: F = 3.62, p < 0.0001;
sex: F=18.11, p <0.0001). Male heart and LV masses were heavier (p < 0.0001)
compared to female heart and LV masses. However, female control, NA, and SOH +
NA
groups had heavier (p < 0.01) heart mass indexed to body mass compared to male
control and SOH groups. Female control, NA, and SOH + NA groups had heavier (p <
0.01) LV mass indexed to body mass compared to the male control group. The group
and sex effects were significantly different for LV end-diastolic diameter (group: F =
42.75, p < 0.0001; sex: F = 297.96, p < 0.0001), LV end-diastolic posterior wall
thickness (group: F =6.72, p < 0.0001; sex: F=27.97, p < 0.0001), LV end-systolic
diameter (group: F=5.41, p <0.0001; sex: F=37.47, p < 0.0001), LV end-systolic
posterior wall thickness (group: F =8.90, p = 0.0001; sex: F=62.04, p < 0.0001), and
relative wall thickness (group: F = 5.71, p < 0.0001; sex: F = 17.17, p < 0.0001) in
male and female rats. Female SOH rats had greater LV end-diastolic posterior wall
thickness, and relative wall thickness compared to female control rats (p = 0.04, and
p =0.01, respectively). Female SOH rats had greater relative wall thickness compared

to female NA rats (p = 0.01). No significant differences in relative wall thickness were
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observed between the female control, NA, and SOH + NA groups. LV end-diastolic
diameter and LV end-systolic posterior wall thickness were greater (p < 0.001) in all
males compared to all female groups. Female control and NA rats had reduced (p <
0.01) LV end-diastolic posterior wall thickness and LV end-systolic diameter compared
to all male groups. Female SOH rats had greater (p < 0.01) relative wall thickness
compared to all male groups. Female SOH + NA rats had greater (p < 0.05) relative
wall thickness compared to male control and NA groups. The group and sex effects
were significantly different for LV stroke volume (group: F =4.04, p = 0.0009; sex: F =
27.56, p < 0.0001). There were no significant differences in group or sex effects for
ejection fraction (group: F =0.49, p = 0.84; sex: F=1.19, p = 0.28). Although the sex
effect was significantly different for fractional shortening (F = 11.84, p = 0.0010), no
significant differences were observed for the group effect (F = 1.83, p = 0.11). There
were no significant differences between groups in all markers of systolic function in

male and female rats.
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Table 3.2: Effects of sweetened alcohol and naringin on cardiac masses and geometry, and left ventricular systolic function in male and female

Sprague-Dawley rats

Males Females
Control SOH NA SOH+NA Control SOH NA SOH+NA

Cardiac masses and

geometry

Heart mass (g) 1.63 £0.06 1.55+0.06 1.80 +0.06 1.64 +0.06 1.14 +0.02a 1.19 +0.10a 1.11 £0.04a 1.16+ 0.05a

Heart mass/body mass x 103  3.52 + 357+013 3.52+0.20~ 3.90+0.12 4.41+0.09 4.03+0.09 4.32+0.19 4.33+0.12
0.12%

LV mass (g) 0.68 + 0.72 + 0.72 £0.02 0.73 £0.02 0.47 £0.02a 0.48 +0.02a 0.49 +0.03a0 0.50 +
0.03 0.03 0.02a

LV mass/body mass x 103 1.48 + 167+007 159+005 1.73+0.04 1.83+0.06 1.70+0.06 1.89 £ 0.11 1.82 £ 0.08
0.07

LV end-diastolic diameter 7.50+0.16 7.33+0.16 7.46+0.17 7411016 546+0.17a 529+0.17a 5.43+0.16a 5.32+0.16a

(mm)
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LV end-diastolic posterior
wall thickness (mm)
LV end-systolic diameter
(mm)

LV end-systolic posterior wall
thickness (mm)

Relative wall thickness

Systolic function

LV stroke volume (ml)

Ejection fraction (%)

Fractional shortening (%)

1.70 £ 0.07

3.86 £ 0.16

3.12 £ 0.11

0.46

I+

0.028

0.53 +0.03

80.31

I+

219

48.31

+

2.51

1.78 + 0.07

3.87 £0.16

3.11+£0.11

0.49 +0.02

0.50 £ 0.03

78.27

I+

2.19

46.94

+

2.51

1.66 + 0.07

3.88+0.16

3.06 £ 0.11

0.45 + 0.028

0.53 £0.03

78.74 £2.19

47.93 + 2.51

1.72+0.08

3.89+0.17

3.12+£0.11

0.47 £0.03

0.51+£0.03

78.21 £ 2.31

47.29 + 2.65

1.27 + 0.08a

3.11+0.17a

2.51+0.11a

0.47 £0.03

0.41+0.03

81.99 + 2.31

42.87 +2.65

1.62 + 0.08"#

3.19+0.17

248 £ 0.11a

0.62

0.03*#a

0.40 +0.03

79.74 £ 2.31

39.74 £ 2.65

I+

1.31+0.07a

3.09 + 0.16a

251+ 0.11a

0.49 +0.02

0.40 £ 0.03

82.04 +2.19

41.88 + 2.51

1.56 + 0.07

3.22+0.16

249+ 0.11a

0.57 £ 0.02

0.40 £ 0.03

78.76 £ 2.19

41.02 £ 2.51
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Data presented as mean £ SEM. *p<0.05 compared to control. #p<0.05 compared to NA. ap<0.05 compared to all male groups.
Bp<0.05 compared to female SOH+NA group. «p<0.05 compared to female control, NA and SOH+NA. LV: Left ventricle; SOH:

Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.
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3.4.4.2 Left ventricular diastolic function
3.4.4.2.1 Pulsed Doppler indices
Table 3.3 shows the effects of sweetened alcohol and naringin on pulsed Doppler
indices (E and E/A) in male and female Sprague—Dawley rats. There were no
significant differences observed in the group and sex effects for E velocity (group: F =
0.12, p = 0.99; sex: F=0.00, p = 0.96) and E/A (group: F = 0.00, p = 1.00; sex: F =

0.01, p =0.91) in male and female rats.

3.4.4.2.2 Tissue Doppler indices

Figure 3.3 shows the effects of sweetened alcohol and naringin on tissue Doppler
indices in male and female Sprague—Dawley rats. The group and sex effects were
significantly different for lateral e' (group: F = 15.41, p < 0.0001; sex: F =52.18, p <
0.0001), e'/a' (group: F = 16.94, p < 0.0001; sex: F = 61.35, p < 0.0001), and E/e'
(group: F =14.25, p < 0.0001; sex: F = 34.55, p < 0.0001) in male and female rats.
There were no significant differences in all tissue Doppler indices in male rats (Figure
3.3a—c). Female SOH (mean + SEM: 3.11 £ 0.29 cm/s) and SOH + NA (mean + SEM:
3.40 £ 0.28 cm/s) groups had reduced lateral €' compared to control (mean + SEM:
5.33 £0.29 cm/s) and NA (mean £ SEM: 5.30 £ 0.28 cm/s) groups (p < 0.0001; Figure
3.3d). Female SOH (mean £ SEM: 0.64 + 0.12) and SOH + NA (mean + SEM: 0.75 £
0.11) groups had reduced e'/a' compared to control (mean + SEM: 1.57 + 0.12) and
NA (mean £ SEM: 1.51 + 0.11) groups (All p < 0.0001; Figure 3.3e). Female SOH
(mean £ SEM: 24.21 £ 1.37) and SOH + NA (mean + SEM: 23.16 + 1.31) groups had
increased E/e' compared to control (mean + SEM: 13.35 + 1.37) and NA (mean + SEM:
13.12 £ 1.31) groups (p < 0.0001; Figure 3.3f). No significant differences were

observed between the female SOH and SOH + NA groups. All male groups had higher
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e', e'/a' and reduced E/e' compared to female SOH and SOH + NA groups (All p <

0.0001)
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Table 3.3: Effects of sweetened alcohol and naringin on left ventricular diastolic function (pulsed Doppler indices) in male and female

Sprague-Dawley rats.

Males Females

Control SOH NA SOH+NA Control SOH NA SOH+NA

E (cm/s) 70.75+3.13 73.20+3.13 70.70+3.13 70.89+3.30 70.00+3.30 72.06+3.30 70.60+3.13 72.50+3.13

E/A 167+013 165+013 166+0.13 1.65+0.14 168+014 1.66+0.14 1.66+0.13 1.67 +0.13

Data presented as means £ SEM. LV: Left ventricle; E: early; A: late diastolic inflow velocities; E/A: ratio of early and late diastolic

inflow velocities; SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.

95



8 o 8
o . oo o ]
Q 6 - (X omoo E 6 coo L L1 *#a
E - — E - *.
o oo ssese ooo o ooo #a LLL] o
= 4 . g 4 oo LYY} ooo
4 o —T—
Y ]
- ’ ) [
0 0
3.0 E 3.0 1
2.5 (oJ . [ ] ] 2.5
204 o ; oo 2.0 ao @
- o - o
_‘\v 1.5 cogoo ) ooo _‘\v 1.5 T o= ol *#a
@ o C o - g s -
1.0 . 1.0 o *#a [
i e °
0.5 0.5 .
0.0 0.0
40—, 40—
C o F oo e e
30 30
25 25 - o 1
K) ) * e
| 20 ° & - i 20— . e
15 oogo | 154 - e =
=) e 5] L=
104 [Co2° : & 10 °° 8o
5 5
0 T T T 0 T T T
Control SOH NA SOH+NA Control SOH NA SOH+NA

Figure 3.3: Effects of sweetened alcohol and naringin on lateral €’ (A & D), e’'/a’ (B &
E), and E/e’ (C & F) in male (left panel) and female (right panel) Sprague-Dawley rats.
Data presented as mean + SEM. *p<0.0001 compared to control. #p<0.0001
compared to NA. ap<0.0001 compared to all male groups. LV: left ventricular; SOH:
Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin. €’, peak
velocity during early diastole; e’/a’; ratio of early to late peak velocities during diastole;

E/e’, ratio of early diastolic filling to peak velocity during early diastole.
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3.4.5 Cardiomyocyte diameters

Figure 3.4 shows the effects of sweetened alcohol and naringin on LV cardiomyocyte
diameters in longitudinal sections in male and female Spraque-Dawley rats. The group
and sex effects were significantly different for the LV cardiomyocyte diameters (group:
F=14.13, p <0.0001; sex: F=75.39, p <0.0001) in male and female rats. There were
no statistical differences in LV cardiomyocyte diameters between the groups in male
rats (Figure 3.4a, b). In females, LV cardiomyocyte diameters were significantly
greater in the SOH (mean + SEM: 17.79 + 0.38 ym) compared to the control (mean £
SEM: 15.71 £ 0.38 um; p = 0.005) and NA groups (mean £ SEM: 15.81 £ 0.38 um; p

= 0.008; Figure 3.4c, d). All male groups had greater LV cardiomyocyte diameters

compared to the female control, NA, and SOH + NA groups (p < 0.05).
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Figure 3.4: Effects of sweetened alcohol and naringin on LV cardiomyocyte diameters in longitudinal sections of male (left panel) and

female (right panel) Sprague-Dawley rats. Representative H&E-stained micrographs imaged at x40 objective (x400 magnification)

viewed in bright-field (A & C). LV cardiomyocyte diameters (B & D) measured from the H&E-stained sections. Data presented as

means £ SEM. *p<0.05 compared to control. #p<0.05 compared to NA. ap<0.0001 compared to all male groups. LV: Left ventricle;

SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.
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3.4.6 Collagen area fraction

Figure 3.5 shows the effects of sweetened alcohol and naringin on LV collagen area
fraction in male and female Sprague—Dawley rats. There were no visual differences in
collagen accumulation between the groups of male rats when observed under bright
filled (Figure 3.5A) or polarized light (Figure 3.5C). There was greater collagen
accumulation in female SOH and SOH + NA rats compared to control and NA rats as
evidenced by the increased red staining of cardiac tissue section visualized under
bright-filled microscopy (Figure 3.5B) and large collagen fibers in orange or yellow
visualized under polarized light (Figure 3.5D).

The group and sex effects were significantly different for the collagen area fraction
(group: F =40.53, p < 0.0001; sex: F =87.89, p < 0.0001) in male and female rats.
There were no significant differences in the collagen area fraction between the groups
in male rats (Figure 3.5e). In females, the collagen area fraction was significantly
greater in the SOH group (mean + SEM: 9.12 + 0.52%) compared to the control (mean
+ SEM: 1.58 £ 0.52%; p < 0.0001), and NA (mean + SEM: 2.15 + 0.51%; p < 0.0001)
groups (Figure 3.5f). In females, the collagen area fraction was significantly greater in
the SOH + NA group (mean + SEM: 8.71 £ 0.47%) compared to the control (mean +
SEM: 1.58 + 0.52%; p < 0.0001) and NA (mean + SEM: 2.15 + 0.51%; p < 0.0001)
groups (Figure 3.5f). No significant differences in collagen area fraction were observed
between SOH and SOH + NA female groups (p = 0.99; Figure 3.5f). All male groups
had reduced collagen area fraction compared to female SOH and SOH + NA groups

(All p < 0.0001).

99



Males Females

Control SOH NA SOH+NA Control SOH NA _ SOH+NA
A g = o " B = - B
g A ' % IR B Ty
i O ks P '.- Y E -“‘_,
b | 3 @ (gl 3 Bemtr =
i Fa A f&f i e
” ok "— e

\ R ‘ & 5
| X ;V e
& s \ /
D
© --

E 15 F 15
*Hao
= = -
E 10 - 5 10 e e
B kS -
©
-« £ L
= = <
3, 54 8, 5
= g oo = ® o
o L =] [=]
o e - o
m-mm
e oo
g - H C oo oB
o T T T Y Tt T T
Control SOH NA SOH+NA Control SOH NA SOH+NA

Figure 3.5: Effects of sweetened alcohol and naringin on collagen area fraction in LV tissue of male and female Sprague-Dawley
rats. Representative Picrosirius red stained micrographs imaged at x10 objective (x100 magnification) viewed in bright-field (A & B)
and under polarized light (C & D). Collagen area fraction (E & F) calculated from picrosirius red-stained sections. Data presented as
means = SEM. *p<0.05 compared to control. #p<0.05 compared to NA. ap<0.05 compared to all male groups. LV: Left ventricle;
SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.
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3.4.7 Associations between the collagen area fraction and tissue Doppler indices

Figure 3.6 shows the associations between the collagen area fraction and tissue
Doppler indices. Reduced e' was associated with increased collagen area fraction (r=
-0.35; p = 0.0018). Reduced e'/a' was associated with collagen area fraction (r =
-0.31; p=0.0069). Increased E/e' was associated with collagen area fraction (r=0.33; p
= 0.0039; Figure 3.6a). After adjusting for blood pressure, the results remained
materially unaltered (e": partial r=-0.34 and p = 0.0033; e'/a": partial r=-0.30 and p

=0.0147; E/e": partial r=0.31 and p = 0.0095; Figure 3.6b).
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Figure 3.6: Associations between the collagen area fraction and measures of left
ventricular diastolic function. A: before adjusting for BP, B: after adjusting for BP. e’, peak
velocity during early diastole; e’/a’; ratio of early to late peak velocities during diastole; E/e’,
ratio of early diastolic filling to peak velocity during early diastole. Open circles represent
the correlation coefficient (r or partial r), and horizontal lines represent the 95% confidence

intervals (Cl).

102



3.5 Discussion

The current study investigated the effects of sweetened alcohol and naringin on
cardiac function in male and female adolescent Sprague—Dawley rats. The main
findings of this study were that sweetened alcohol and naringin did not affect gelatine
consumption in male rats. However, in female rats, the combination of sweetened
alcohol and naringin led to decreased gelatine consumption. In males, sweetened
alcohol or naringin did not exert an impact on cardiac geometry, systolic function, or
diastolic function. However, in females, the consumption of sweetened alcohol led to
concentric remodeling without inducing alterations in LV mass and blood pressure.
Although sweetened alcohol did not affect systolic function, it impaired LV relaxation
and led to elevated LV filling pressures in females. Increased collagen area fraction
was associated with impaired LV relaxation and elevated filling pressures. Naringin
may have the potential to improve the sweetened alcohol-induced concentric
remodeling, but not diastolic dysfunction in females. These findings highlight potential
sex-specific differences in cardiac structure and function in response to exposure to
sweetened alcohol and naringin.

3.5.1 Effects of sweetened alcohol and naringin on gelatine consumption

Relative gelatine consumption, which accounts for body weight, was not significantly
different among the male groups. This indicates that when adjusted for body mass,
the male rats consumed gelatine in similar proportions regardless of their experimental
condition. This uniformity suggests that the interventions did not markedly affect the
dietary behaviour of male rats in terms of gelatine consumption. In contrast, significant
differences were noted in the relative gelatine consumption among female rats.

Specifically, females in the SOH + NA group had reduced relative gelatine
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consumption compared to both the control and NA groups in weeks 8 and 9 of the
study; however, it was similar in the 10th week. It is unclear why this transient reduction
in gelatine consumption in the SOH + NA group occurred. It does suggest that the
combination of SOH and NA might influence the feeding behavior in female rats.
Indeed, differences in preference for alcohol and fructose have previously been
reported in rats (Li et al., 2019; Nieto & Kosten, 2017).

3.5.2 Effects of sweetened alcohol on cardiac geometry

In the current study, no differences were observed in markers of cardiac geometry in
adolescent male rats. However, in adolescent females, the consumption of sweetened
alcohol increased LV end-diastolic posterior wall thickness and relative wall thickness
compared to controls without altering heart and LV masses. In addition, the
consumption of sweetened alcohol marginally increased the LV cardiomyocyte
diameters. These results suggest that the consumption of sweetened alcohol may
have caused concentric remodeling in females. Indeed, in concentric remodeling, LV
wall thickness and relative wall thickness increase before any detectable changes in
LV mass. The individual effects of a high-fructose diet and alcohol on cardiac
remodeling are controversial. While some studies have reported eccentric cardiac
remodeling characterized by reduced LV wall thickness and relative wall thickness in
rats subjected to fructose (Bouchard-Thomassin et al., 2011; Komnenov et al., 2020)
or alcohol (Ai et al., 2020; Kim et al., 2003; Mouton et al., 2020), other studies have
reported concentric cardiac remodeling and hypertrophy in rats exposed to fructose
(Wang et al., 2023; Xing et al., 2010) or alcohol (Fernandez-Sola & Porta, 2016).
Interestingly, Wu et al. (2018) reported that the coadministration of fructose and

alcohol (6% fructose + 4% ethanol) led to improvements in myocardial hypertrophy
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compared to rats only consuming a high fructose diet (6% fructose) (Wu et al., 2018).

The discrepancies in these findings may be due to specific variations in dietary

conditions, age, as well as differences in rat strain and sex. Nevertheless, in the
current study, we found that long-term consumption of sweetened alcohol may result
in more pronounced LV mass changes and concentric hypertrophy in females.
Although hypertension is a significant contributor to the cardiac remodeling process
(Tomek & Bub, 2017), in the present study, blood pressures were similar between the
control and SOH groups. This suggests that concentric remodeling in females
occurred independently of changes in blood pressure. Indeed, cardiac remodeling can
be induced not only by hypertension but also by inflammatory and fibrotic responses
(Wang et al.,, 2023). In the current study, the consumption of sweetened alcohol
increased LV total collagen content compared to the control group. Indeed, high
fructose (Wang et al., 2023; Xing et al., 2010) or alcohol consumption (Lluis et al.,
2011; Mouton et al., 2020) have been associated with cardiac fibrosis. In the heart,
both fructose and alcohol may induce oxidative stress and inflammation, which then
activate pathways that promote increased collagen formation and fibrosis (Kang et al.,
2015; Zhang et al., 2016). Therefore, our findings suggest that the consumption of
sweetened alcohol resulted in increased myocardial fibrosis, which could have led to
concentric remodeling in females.

3.5.3 Effects of sweetened alcohol on diastolic function

In the current study, sweetened alcohol did not affect pulsed Doppler indices in male
and female Sprague—Dawley rats. In agreement with our study, Wu et al. (2018)
reported no changes in the E/A ratio in 8-week-old rats exposed to sweetened alcohol
(6% fructose +4% ethanol) for 8 weeks (Wu et al., 2018). Despite no changes in pulsed

Doppler indices, the consumption of sweetened alcohol in the current study led to
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impaired tissue Doppler indices, including reduced lateral e' and e'/a' and increased

E/e' in female rats. In addition, increased collagen area fraction was associated with

impaired LV relaxation and elevated filling pressures. Although Wu et al. (2018) did
not report on tissue Doppler indices, previous studies have reported impaired LV
relaxation (reduced lateral e') and increased filling pressures (E/e') in rats fed a high
fructose diet (Xing et al., 2010) and alcohol (Catena et al., 2016). In this regard, the
consumption of sweetened alcohol may have impaired passive LV relaxation by
promoting excessive collagen production and deposition that in turn, increased
myocardial fibrosis. The increased myocardial fibrosis and impaired LV relaxation and
stiffness caused by the sweetened alcohol may therefore lead to increased LV filling
pressures (E/e'). In the current study, sweetened alcohol increased LV pressures
despite the normal appearance of the E/A ratio. Indeed, increases in LV filling
pressures drive a compensatory increase in the early diastolic filling (E), resulting in a
pseudonormal filling pattern. Therefore, in the present study, the consumption of
sweetened alcohol most likely caused moderate-to-severe diastolic dysfunction. The
mechanisms by which fructose and alcohol impair LV relaxation and increase filling
pressures are multifactorial. In addition to promoting fibrosis-mediated myocardial
stiffness, fructose and alcohol may contribute to diastolic dysfunction by modifying
calcium homeostasis, impacting contractile proteins, inducing oxidative stress,
increasing lipogenesis, and promoting lipid accumulation in the myocardium (Kang et
al., 2016; Laonigro et al., 2009; Li et al., 2022; Rasoul et al., 2023; Tsermpini et al.,
2022; Wang et al., 2015; Zhang et al., 2016). Future studies should investigate these
molecular mechanisms in more detail to gain a deeper understanding of their specific

contributions.
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3.5.4 Effects of sweetened alcohol on systolic function

In this study, the consumption of sweetened alcohol did not affect systolic function in

both male and female rats. While some studies have reported that the

individual consumption of fructose (Wang et al., 2023; Zhang et al., 2016) and alcohol
(Aietal., 2020; Hoek et al., 2022; Jung et al., 2003; Mouton et al., 2020) can adversely
affect systolic function, characterized by impaired stroke volume, ejection fraction, and
fractional shortening; others have not (Wang et al., 2023; Zhang et al., 2016). The
majority of studies that have reported reduced ejection fraction and fractional
shortening (Ai et al., 2020; Li et al., 2016; Wang et al., 2023; Zhang et al., 2016) have
administered fructose and alcohol at high doses, and for a longer duration of
intervention, which could partly explain the discrepancies in the results. Nonetheless,
similar to our results, Wu et al. (2018) reported no changes in systolic function in rats
receiving sweetened alcohol. The assessment of systolic function in clinical practice
often relies on LV ejection fraction, a measure influenced by chamber size and
pressure. As a result, it serves as a more reliable indicator for evaluating ventricular-
arterial coupling than contractility (Borlaug et al., 2009). In our study, the use of more
sensitive echocardiographic parameters, specifically Speckle Tracking Imaging
(Dandel et al., 2009) may have facilitated the early detection of LV systolic dysfunction.
In this context, research has indicated that myocardial deformation properties,
specifically LV circumferential and longitudinal strain and strain rate may be
compromised before any noticeable changes in systolic chamber function (Kucuk et
al., 2017). Future studies should therefore use more sensitive measures of systolic
function to explore the effect of sweetened alcohol on systolic performance.

3.5.5 Sex-specific effects of sweetened alcohol on cardiac remodeling and

diastolic function
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Estrogen possesses anti-inflammatory and vasodilatory properties, producing a
cardioprotective environment for women (lorga et al., 2017; Xiang et al., 2021).

Nevertheless, our study showed that sweetened alcohol caused concentric

remodeling and diastolic dysfunction in female rats, and not in their male counterparts.
One plausible explanation for this discrepancy may be due to the interplay between
sweetened alcohol and other physiological factors, specifically visceral adiposity. In
the current study, female SOH rats had increased visceral adiposity indexed to body
mass compared to male rats. Indeed, studies have reported that fructose consumption
has a more pronounced effect on visceral adiposity in female rats compared to males
(Kovacevic et al., 2021). In addition, the accumulation of excess visceral adipose
tissue plays an important role in the development of diastolic dysfunction and heart
failure with a preserved ejection fraction in women more than in men (Sorimachi et al.,
2021). Hypertrophic adipocytes, prevalent in visceral adiposity may secrete
inflammatory markers such as tumor necrosis factor-alpha, interleukin 13, interleukin
6, adipokines such as adiponectin, leptin, resistin, chemotactic protein 1 (MCP-1), and
transforming growth factor (TGF)-B, (Farkhondeh et al., 2020) thereby promoting a
state of chronic low-grade inflammation(Kolb, 2022). The increased circulating levels
of these inflammatory markers may cause damage to the endothelium, leading to the
upregulation of soluble intercellular adhesion molecules that increase the production
of ROS (Paulus & Tschope, 2013). ROS decreases the bioavailability of nitric oxide
and increases the production of peroxynitrites (Schulz et al., 2008). This, in turn
reduces the production of cyclic guanosine monophosphate and lowers protein kinase
G (PKG) activity within the myocardium (van Heerebeek et al., 2012). These altered
signaling pathways and PKG activity result in increased cardiac remodeling, diastolic
stiffness, and dysfunction through downstream hypophosphorylation of the protein,

titin (Paulus & Tschope, 2013). This ultimately leads to impaired diastolic function and
108



concentric cardiac remodeling. Therefore, the sweetened alcohol-induced increased

visceral adiposity may have triggered a cascade of inflammatory events leading to the

remodeling process in females, thus increasing their susceptibility to diastolic
dysfunction. These results shed light on the complexity of gender-specific responses

to sweetened alcohol-induced cardiac effects and highlight the importance of gaining

a better understanding of the underlying physiological mechanisms contributing to
diastolic function impairment and cardiac remodeling in female rats. Further studies
are crucial to elucidate the interactions between visceral adiposity, inflammation, and
other contributing factors that collectively influence the observed gender-specific
outcomes in response to sweetened alcohol administration.

3.5.6 Effects of naringin on sweetened alcohol-induced concentric remodeling and

diastolic dysfunction

In the current study, naringin may have potentially improved the sweetened alcohol-
induced concentric remodeling as the LV posterior wall thickness, relative wall
thickness, and LV cardiomyocyte diameters in the SOH + NA group were similar to
those of the controls. Previous studies have shown the potential therapeutic and
cardioprotective effects of naringin in various experimental models of diet-induced
cardiac injury, diabetic cardiomyopathy, and ischemic heart diseases (Malakul &
Pengnet, 2018; Park et al., 2018; Pengnet et al., 2019; Viswanatha et al., 2022). Park
et al. (2018) reported that naringin prevented the generation of ROS and mitochondrial
dysfunction in cardiomyocytes exposed to fructose, which in turn decreased the
hypertrophy of the cardiomyocytes (Park et al., 2018). Moreover, naringin prevented
fructose-induced cardiomyocyte apoptosis by obstructing ROS-dependent ATM-
mediated p53 signaling (Park et al., 2018). To the best of our knowledge, the

cardioprotective effects of naringin have not been explored in alcoholic models.
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Although naringin may have marginally improved the sweetened alcohol-induced
concentric remodeling, it did not improve the severity of fibrosis since the total collagen
content was similar in SOH + NA and SOH groups but was both significantly higher
compared to controls. Therefore, it is plausible that naringin did not directly impact
collagen formation, but rather it may have improved indices of concentric remodeling
through alternative mechanisms, such as the reduction in ROS formation as reported
in other studies (Akin et al., 2022; Bruno et al., 2022; Laonigro et al., 2009). Future
studies should consider these mechanisms to further explore the potential of naringin
in the improvement of sweetened alcohol-induced concentric remodeling at a
molecular level. Although naringin may have marginally improved concentric
remodeling, it did not ameliorate the sweetened alcohol-induced diastolic dysfunction.
Concentric remodeling has the potential to contribute to diastolic dysfunction, as the
increased stiffness of the heart muscle may affect its ability to relax during diastole
(Ree et al., 2017). Given the observed improvement in sweetened alcohol-induced
concentric remodeling with naringin, a longer duration of treatment and higher doses
of naringin may have eventually led to improvements in diastolic function.

Therefore, these factors should be considered in future studies. Additionally,
understanding the broader metabolic responses that lead to reduced gelatine
consumption in females could provide insights into the interconnected nature of diet
and cardiac health in the presence of such substances. The present study has further
limitations. While previous studies have extensively examined the individual effects of
fructose (Bouchard-Thomassin et al., 2011; Komnenov et al., 2020; Wang et al., 2023;
Xing et al., 2010; Zhang et al., 2016) and alcohol (Ai et al., 2020; Fernandez-Sola &
Porta, 2016; Kim et al., 2003; Mouton et al., 2020) on cardiac function, these studies

did not employ gelatine as a vehicle. Future investigations would benefit from the
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incorporation of 20% fructose and 10% ethanol solely within gelatine to provide a

clearer comparison between individual and combined effects. In addition, the use of a

single dose or concentration for each compound of interest (fructose at 20%, alcohol
at 10%, and naringin at 50 mg/kg) may have contributed to the absence of some of
the observable effects. Future investigations need to explore a wider range of doses
to elucidate potential dose—response relationships more comprehensively. As
Gomori's trichrome and wheat germ agglutinin (WGA) stains offer better specificity and
quantitative accuracy for measuring cardiomyocyte size compared to the more general
H&E staining, further investigation in this regard may provide additional insights in the
assessment of cardiac remodeling. Finally, the lack of measurement of blood alcohol
concentration following consumption of ethanol-containing gelatine is an aspect that
warrants further investigation in future studies since insights into how gelatine matrices
influence alcohol release and absorption can inform alcohol metabolism
considerations and health implications.

3.6 Conclusion

In males, neither sweetened alcohol nor naringin had any impact on cardiac geometry
or diastolic function. Conversely, in females, the consumption of sweetened alcohol
resulted in increased visceral obesity and concentric remodeling without inducing
alterations in LV mass and blood pressure. Sweetened alcohol-impaired LV relaxation
and elevated LV filling pressures in females. Notably, naringin improved the
sweetened alcohol-induced concentric remodeling but did not mitigate the diastolic
dysfunction and visceral obesity induced by sweetened alcohol in females. These
findings contribute to a better understanding of the effects of sweetened alcohol and
naringin on cardiac health and underscore the need for further research to unravel the
underlying mechanisms that account for gender-specific differences.
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Cardiovascular dysfunction has been associated with the development of metabolic

dysfunction-associated fatty liver disease (Peng et al., 2022). The next chapter

therefore, will look at the effects of sweetened alcohol and naringin on hepatic

steatosis, trigleceride, fasting plasma glucose and insulin.
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CHAPTER FOUR - EFFECTS OF NARINGIN ON HEPATIC STEATOSIS, AND
OTHER METABOLIC PARAMETERS (FASTING BLOOD GLUCOSE,
TRIGLYCERIDE AND INSULIN) IN MALE AND FEMALE SPRAGUE-DAWLEY

RATS FED WITH SWEETENED ALCOHOL
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4.1 Introduction

Sweetened alcohol is among the most widely consumed alcoholic beverages globally,
particularly among adolescents and young adults (Fortunato et al., 2014). The
beverage’s sweet taste increases the palatability of the alcohol, resulting in a high
amount of alcohol being consumed within a short time (Crews, 2015), especially by
females (Siegel et al., 2016). This potentially increases the risk for the development of
an array of metabolic disorders. Fructose is frequently used as a sweetener in the
production of sweetened alcoholic beverages (Wakabayashi et al., 2021).
Unfortunately, there is an increase in the prevalence of metabolic ailments, including
fatty liver disease and obesity, due to high alcohol and fructose consumption (Herman

& Birnbaum, 2021; Mitra et al., 2020).

Fatty liver disease (hepatic steatosis) is caused by an imbalance in lipid metabolism
resulting from alcohol and/or fructose excess (Yan et al., 2021). Alcohol dysregulates
several components of hepatic lipid metabolism, such as enhancing neutral lipid
storage, fatty acid oxidation impairment, boosting de novo lipid synthesis, and
increasing alcohol-induced hepatic fatty acid absorption (Jeon & Carr, 2020). Alcohol
can also prevent the formation of very low-density lipoproteins (VLDL) and
apolipoprotein B (ApoB), hindering the ability of the liver to release lipids smoothly

(Tomita et al., 2004).

Furthermore, alcohol can change the distribution of body fat, with hepatic and
abdominal fat accumulating more than peripheral fat (Suter, 2005). Alcohol has a 7.1
kcal/g caloric value, which is comparatively high in energy compared to carbohydrate
and protein (with 4kcal/g) and boosts appetite, which raises caloric intake and creates
a favourable energy balance (Suter, 2005). Consequently, alcohol consumption has

been positively associated with visceral adiposity (Kim et al., 2012).
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Similar to alcohol, fructose has detrimental effects in the body, particularly in the liver,
due to its activation of various pro-inflammatory, fibrogenic, and carcinogenic signalling
pathways (Muriel et al., 2021). Consuming fructose has been linked to hepatic
steatosis induction via oxidative stress, elevated fatty acid synthesis, and the
development of insulin resistance (Old et al., 2021). While numerous studies have
documented findings on the individual effects of alcohol and fructose on metabolic
conditions, including hepatic steatosis (Arafa et al., 2019; Wei et al., 2023), the
combined effects of fructose and alcohol in the form of sweetened alcohol need further
investigation to find strategic approaches to prevent and treat their negative metabolic

effects.

Management of metabolic diseases, especially liver pathology, is associated with
challenges worldwide, particularly in developing countries. The challenges range from
financial constraints to the need for prescription of several drug combinations, each
with associated adverse effects that hinder compliance, lack of access to healthcare
facilities, and the unavailability of medications such as antihypertensives for blood
pressure regulation, antidiabetic drugs for diabetes mellitus, lipid-lowering agents such
as statins to manage dyslipidaemia (Saad et al., 2017).

Phytochemicals derived from medicinal plants are becoming increasingly popular in
the treatment and prevention of an array of disease conditions, possibly due to their
(plant-based medications) availability, affordability, and perceived holistic medicinal
benefits (Bharti et al., 2014). Naringin is one such phytochemical of interest.
Naringin, a flavonoid, is a major component of grapefruit, several other citrus fruits,
and tomatoes (Bharti et al., 2014). Notably, it has been associated with numerous

biological processes, such as hepatoprotective, anti-inflammatory, anti-lipidemic, and
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antioxidant effects (Jutric et al., 2022; Shilpa et al., 2023; Zhou et al., 2019).
Flavonoids, including naringin and its metabolites, have been reported to be inhibitors

of the hepatic enzyme Cytochrome P450 3A4 (CYP3A4), which metabolises many

drugs and medications in the liver (Guttman & Kerem, 2022; Kondza et al., 2024).
Although naringin can weakly inhibit CYP3A4 (Kondza et al., 2024), alcohol may
increase its activity (Feierman et al., 2003). Hence, they could balance each other out

when taken together.

Naringin has been the subject of many studies and has shown potential for the
management and prevention of liver and metabolic disorders linked to individual
effects of alcohol and fructose (Kannappan et al., 2010; Zhou et al., 2019). However,
based on the available literature, no study has explored the influence of naringin on
hepatic steatosis and visceral obesity induced by the ingestion of sweetened alcohol.
Interestingly, despite known sexual dimorphism in metabolic disease presentation,
studies tend to focus on males while excluding females. Therefore, this study
additionally intended to determine the effects of naringin and voluntary sweetened
alcohol consumption on hepatic steatosis and visceral obesity in male and female
Sprague-Dawley rats.

4.2 Methods

4.2.1 Study settings, study design, animal housing, and ethical approval

As described in Chapter Three - 3.3.1, 3.3.2 & 3.3.3

Table 4.1 shows the composition of the standard rat chow (LabChef Rodent
Breeder, Nutritional Hub (Pty) Ltd, Stellenbosch 7602, South Africa) used in the

study
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Table4.1: Nutritional composition of standard rat chow

Ingredients Composition
Energy content 2.8kcal
Protein 220g/kg
Moisture 10g/kg

Oils and fats 50g/kg
Linoleic acid 12g/kg

Fibre 40g/kg

Ash 70g/kg
Calcium 12g/kg

4.2.2 Body mass measurements

As described in Chapter Three — 3.3.4

4.2.3 Terminal procedures

As described in Chapter Three — 3.3.7

Blood was taken after a pinprick on the tail, and fasting glucose was measured using a
calibrated glucometer (Contour plus Blood glucose monitoring system, Bayer (Pty) Ltd.,
Praha, Czech Republic).

4.2 4 Liver mass

Following termination, from each rat, the liver was removed, its weight determined,
and a section of the accessory lobe was then preserved in 10% phosphate-buffered

formalin for later processing for histological examination.
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The liver and fat masses were determined on a Presica 310M digital balance
(Precision Instruments, Johannesburg, South Africa). For each rat, the visceral fat
mass relative to body mass was calculated by dividing the visceral fat mass by the
terminal body mass and then multiplying by 100. The hepatosomatic index (hepatic
mass relative to body weight) was similarly computed.

4.2.5 Determination of Serum Triglyceride, Insulin, and Fasting Blood Glucose

Concentrations

Following a thoracotomy as described in chapter 3, section 3.3.7, a cardiac puncture
was performed to obtain blood samples using a 10 mL syringe with a 21G hypodermic
needle attached and transferred into 6 mL serum clot activator tubes. Serum was
collected after the blood was centrifuged (DLAB, DM0412, USA) at 3000 x g for ten
minutes. The serum was aliquoted at 0.25 ml into microtubes (Eppendorf, Hamburg,

Germany), stored at -80°C, for insulin and TG assays.

A colorimetric kit [Elabscience ® Triglyceride (TG) Colorimetric Assay kit (single
reagent, GPO-PAP method), Cat. No.: E-BC-K261-M. Houston, TX, USA] was used to
determine the serum TG concentration. (sensitivity, 0.14mmol/L; detection range, 0.14-
10 mmol/L, standard curve range, 0-12 mmol/L). For full protocol and procedures for
TG determination using ELISA, see appendix 5B.

An enzyme-linked immunosorbent assay (ELISA) kit [Elabscience ® Rat INS (Insulin)
ELISAKit, Cat. No.: E-EL-R3034. Houston, TX, USA] was used to determine the serum
insulin concentration (sensitivity, 37.5 pg/ml; detection range, 62.5-400 pg/ml; standard
curve range, 1-1000 pg/ml). For the full protocol and procedure for Insulin determination
using ELISA, see appendix 5A.

4.2.6 Histological assessment of the liver
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An automated tissue processor (Microm STP 120, ThermoScientific, MA, USA), was
used to process the liver samples that had been stored in 10% phosphate-buffered
formalin. Thereafter, the samples were embedded in paraffin wax, sectioned at 4 pm
and then stained with haematoxylin and eosin (H&E) for steatosis assessment (see
page 78, item 3.3.9 for a detailed H&E procedure). The slides were viewed at x40
objective (X100 magnification) under a light microscope [Axioskop 2 microscope;
(Leica Biosystems, USA)] with a mounted Axiocam HRc2 camera, which uses ZEISS
ZEN microscope software for image capture, and scored for steatosis. The H&E
images were used to score for microvesicular and macrovesicular steatosis as
described by Kleiner et al (Kleiner et al., 2005). The following criteria were used to
grade the overall area impacted by each camera field at 40x objective (x100

magnification):

i. Less than 5% of fat droplets in the field were identified as grade 0 steatosis,

ii. 5-33% area occupied by fat droplets was identified as grade 1 steatosis,

iii. 34—66% area occupied was identified as grade 2 steatosis,

iv. A greater than 66% area occupied by fat droplets was identified as grade 3 steatosis.

The scoring was performed thrice for each slide, and the average was taken. Scoring
was performed with the scorer blinded to the groups.

4.2.7 Statistical analysis

SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) was used to analyse

the data, while GraphPad Prism version 9.4 (GraphPad Software Inc., San Diego,
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USA) was used to create the graphs. For normalcy tests, Shapiro-Wilk tests were

employed. Data are presented as mean + standard deviation (SD) for normally

distributed data and as median * interquartile range (IQR) for skewed data. Two-way
analysis of variance (ANOVA) with Tukey’s post hoc test was used to analyse group
and sex differences in FBG, TG, serum insulin, liver, and adipose tissue masses.
Repeated measures ANOVA was used to determine baseline and terminal body
weights, as well as weekly food and water intake. The Kruskal-Wallis test followed by
Dunn’s post hoc test was used to analyse multiple-group data for steatosis grades.
Statistical significance was set at a p-value of <0.05.

4.3 Results

4.3.1 Food and water intake

Figures 4.1 and 4.2 show the effects of naringin and sweetened alcohol on weekly
food and water intake from week 1 to week 10 in male and female Sprague-Dawley
rats. For the food intake, in male rats (Figure 4.2A), no difference (p>0.05) was
observed in the first and second weeks of intervention between all the groups (SOH,
NA and SOH+NA) compared to control. From the third to the tenth week, compared
with control and NA groups, rats in SOH and SOH+NA groups had significantly
decreased food intake (p<0.05). In female rats (Figure 4.2B), there were no significant
differences in food intake between the groups from week 1 to week 8 (p>0.05). At week
9, compared with control, rats in the SOH group had significantly reduced food intake
(p<0.05), and at the tenth week, compared with control and NA, rats in the SOH and

SOH+NA groups had significantly decreased food intake (p<0.05).

The groups' water intake did not differ significantly in both male (Figure 4.3A) and female

(Figure 4.3B) rats from week 1 to week 10 (p>0.05). Thus, in summary, sweetened
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alcohol consumption led to decreased food intake that manifested earlier in males than

in females. Naringin did not influence food and water intake.
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Figure 4.1: Effects of sweetened alcohol and naringin on weekly food intake in male.

*p<0.05 compared to control; #p<0.05 compared to NA. Control: 0.5% fructose in
6% gelatine at 10ml/100g for 10 weeks (n= 20, 10 males, 10 females); SOH: 20%
fructose + 10% ethanol in gelatine at 10mI/100g for 10 weeks (n = 20, 10 males, 10
females). NA: 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 20, 10
males, 10 females). SOH+NA: 20% fructose + 10% ethanol + 50mg/kg naringin in

gelatine at 10ml/100g for 10 weeks (n= 20, 10 males, 10 females). SOH: Sweetened
122



alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin. Data presented

as means + SD.
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Figure 4.2: Effects of sweetened alcohol and naringin on weekly water intake in male:
0.5% fructose in 6% gelatine at 10ml/100g for 10 weeks (n = 20, 10 males, 10
females); SOH: 20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks
(n =20, 10 males, 10 females). NA: 50mg/kg naringin in gelatine at 10ml|/100g for 10
weeks (n = 20, 10 males, 10 females). SOH+NA: 20% fructose + 10% ethanol +
50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 20, 10 males, 10
females). SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and

naringin. Data presented as means + SD.
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4.3.2 Liver masses

Table 4.2 shows the effects of naringin and sweetened alcohol on absolute and relative
liver masses in male and female Sprague-Dawley rats. There were significant
differences in group and sex effects for liver mass (group: F=165.92, p<0.0001; sex:
F=1147.91, p<0.0001). There was no significant difference in the absolute liver mass
across the groups (p>0.05). However, when liver mass was indexed to body mass,
there were significant differences in group and sex effects for relative liver mass
(group: F=7.27, p<0.0001; sex: F=29.18, p<0.0001). Specifically, compared to the
control, rats in SOH+NA had increased relative liver mass in male and female rats
(p=0.01, p=0.04, respectively). Additionally, compared with females, male rats had

significantly (p<0.0001) higher absolute liver mass in all the groups.
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Table 4.2: Effect of sweetened alcohol and naringin on the mass of the liver (absolute and

relative) in male and female Sprague-Dawley rats.

Sex Control SOH NA SOH+NA

Liver mass Males 12.24 +0.90%2 11.63+0.5282 1221 +0452 11.81+0.72"2
(9) Females 7.25+048  7.75+0.56 7.26 + 0.33 7.65+0.55
Liver mass Males 262+0.13 2.69+0.87 2.68 +0.10 2.80 + 0.10*

(%BM) Females 2.74 + 0.61 2.85+0.11 2.83+0.10 290+0.18*

*p<0.05 compared to control. Qp<0.0001 compared to female rats. Control: 0.5%
fructose in 6% gelatine at 10mli/100g for 10 weeks (n = 20, 10 males, 10 females);
SOH: 20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks (n = 20, 10
males, 10 females). NA: 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n =
20, 10 males, 10 females). SOH+NA: 20% fructose + 10% ethanol + 50mg/kg naringin
in gelatine at 10mI/100g for 10 weeks (n = 20, 10 males, 10 females). BM: Body Mass;
SOH: Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol and naringin.

Data presented as means £ SD.
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4.3.3 Serum triglyceride concentration, fasting blood glucose, and serum insulin

Table 4.3 shows the effects of naringin and sweetened alcohol on circulating metabolic
parameters (TG, FBG, and insulin) in male and female Sprague-Dawley rats. There
were no differences in group effect for TG (F = 1.23, p=0.2976), but there was a
significant difference in sex effect for TG (sex: F= 4.05, p=0.04). For FBG, there were
significant differences in group and sex effects (group: F=28.65, p<0.0001; sex: F=6.28,
p<0.0001). For insulin, there was a significant difference in group effect (F = 6.12,
P<0.0001), but no difference in sex effect (F=2.86, p=0.09). There was no significant
difference in serum TG and FBG concentration across the groups in male rats (p>0.05).

In female rats, compared to controls, rats in SOH+NA had reduced

serum TG concentration (p=0.004). Also, in female rats, compared to controls, and
SOH, SOH+NA rats had increased FBG (p=0.02; p=0.006). Compared with all the
groups, male rats in SOH+NA had significantly increased fasting serum insulin
concentration (p<0.05). In female rats, compared to controls, rats in all the groups had
decreased serum insulin concentration (p<0.05). Compared to male rats in all the
groups, female rats in SOH+NA had significantly decreased serum TG concentration
and increased (p<0.05) FBG concentration (p<0.05). In addition, compared to female
control, male rats in the control and the SOH groups had decreased (p<0.001, p=0.02,
respectively) serum insulin concentration, and compared to female SOH+NA, male

rats in SOH+NA had significantly increased (p=0.04) serum insulin concentration.
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Table 4.3: Effects of sweetened alcohol and naringin on serum triglyceride, fasting blood glucose and fasting serum insulin

in male and female Sprague-Dawley rats.

Parameter Sex Control SOH NA SOH+NA
Triglyceride (mmol/L) Males 0.96 £ 0.15 1.00 £ 0.21 0.94 +0.15 1.01+£0.21
Females 0.83+£0.32 0.55+0.29 0.74 £ 0.34 047 +0.11%°
Fasting blood glucose (mmol/L) Males 3.33+0.36 3.24 £ 0.38 3.32+£0.21 3.16 £ 0.31
Females 3.50+0.27 346 + 025 3.68 +0.17 391 + 042%°
Fasting serum insulin (uU/mL) Males 6.290+2182 7530 +1.30% 7.31+1.32 9.94 + 120
Females 9.97 +1.82 7.78 £ 1.54* 7.87 £ 1.10* 7.63 + 1.56*

*p<0.05 compared to control. #p<0.05 compared to NA. Bp<0.05 compared to SOH+NA. 6p<0.05 compared to all males. @p<0.05

compared to the female control. bp<0.05 compared to female SOH+NA. Control: 0.5% fructose in 6% gelatine at 10ml/100g for 10
weeks (n = 20, 10 males, 10 females). SOH: 20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks (n = 20, 10 males,
10 females). NA: 50mg/kg naringin in gelatine at 10mI/100g for 10 weeks (n = 20, 10 males, 10 females). SOH+NA: 20% fructose +
10% ethanol + 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 19, 9 males, 10 females. BM: Body mass; SOH:

sweetened alcohol; NA: naringin; SOH+NA: sweetened alcohol + naringin. Data presented as means + SD.
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4.3.4 Liver histomorphometry

Figures 4.3 and 4.4 show representative photomicrographs of liver histological
sections from male and female Sprague-Dawley rats, respectively. Fat accumulation,
presenting as microvesicular steatosis (white arrows) and macrovesicular steatosis
(black arrows) was more evident in the SOH group rats compared to control, NA, and
SOH+NA groups in females. However, only microvascular steatosis was more evident
in the SOH group rats compared to other groups in male rats. Quantitatively, there
were significant differences in group and sex effects for macrovesicular steatosis
(group: F=16.11, p<0.0001; sex: 34.34, p<0.0001), and microvesicular steatosis
(group: F = 6.05, p<0.0001; sex: F = 9.48, p<0.003). The microvesicular steatosis
scores were greater in SOH rats compared to other groups in male and female rats
(p<0.05). Macrovesicular steatosis scores were also greater (p<0.05) in the SOH
group in female rats compared to other groups, while in male rats, macrovesicular
steatosis scores showed no statistically significant difference among all the groups
(p>0.05) (Figure 4.3A). Female SOH rats had significantly increased (p<0.0001)
macrovesicular steatosis scores [median (IQR) = 2 (2, 2)] compared to male SOH
[median (IQR) = 0 (0, 0.7)]. However, there was no significant difference in micro-
vesicular steatosis scores between male SOH [median (IQR) = 1 (0.25, 2)] and female
SOH [median (IQR) =2 (1.5, 3)] rats (p>0.05). In summary, sweetened alcohol caused
microvesicular and macrovesicular steatosis in both male and female rats, with
macrovesicular steatosis being more prominent in female rats. Naringin

supplementation prevented the development of hepatic steatosis.
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Figure 4.3: Effects of sweetened alcohol and naringin on hepatic steatosis in male
Sprague-Dawley rats. Representative photomicrographs of liver histology (A) and
steatosis score (B) from each treatment group (stained with H&E) imaged at x40
objective (x100 magnification). Microvesicular steatosis (White arrows),
macrovesicular steatosis (Black arrows). Data presented as median * IQR. *p<0.05
compared to control. #p<0.05 compared to NA. Bp<0.05 compared to SOH+NA. SOH:
sweetened alcohol; NA: naringin; SOH+NA: sweetened alcohol + naringin; H&E:

Haematoxylin and Eosin. Scale bar = Sum.
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Figure 4.4: Effects of sweetened alcohol and naringin on hepatic steatosis in female
Sprague-Dawley rats. Representative photomicrographs of liver histology (A) and
steatosis score (B) from each treatment group (stained with H&E) imaged at x40
objective  (x100 magnification). Microvesicular steatosis (White arrows),

macrovesicular steatosis (Black arrows). Data presented as median + IQR. *P<0.05

compared to control; p<0.05 compared to NA; Bp<0.05 compared to SOH+NA. SOH:
sweetened alcohol; NA: naringin; SOH+NA: sweetened alcohol + naringin; H&E:

Haematoxylin and Eosin. Scale bar = Sum.

131



4.4 Discussion

In the present study, | investigated the effects of naringin and sweetened alcohol on
the metabolic response in male and female Sprague-Dawley rats. The major findings
from this study are that sweetened alcohol led to decreased food intake in male and
female rats, with the effects appearing earlier in males than in females. However, there
was no effect on water intake or liver mass. Naringin supplementation alone did not
affect liver mass, food, or water intake. However, naringin in combination with
sweetened alcohol led to increased relative mass of the liver in both male and female
rats. Sweetened alcohol had no effects on circulating TG, insulin, or FBG in both male
and female rats; however, in female rats, compared to control, naringin
supplementation in combination with sweetened alcohol led to decreased TG
concentration and increased FBG concentration. Compared to all the groups, naringin
supplementation with sweetened alcohol led to increased serum insulin concentration
in male rats, and in female rats, sweetened alcohol alone, naringin supplementation
alone, and in combination with sweetened alcohol led to decreased serum insulin
concentration. Sweetened alcohol caused increased fatty infiltration (hepatic
steatosis) in both male and female rats, with macro-vesicular steatosis more prominent
in female rats. Naringin supplementation prevented the sweetened alcohol-induced
hepatic steatosis.

4.4.1 Effects of naringin and sweetened alcohol on food and water intake

In this study, | showed that consumption of sweetened alcohol caused decreased food
consumption with no effects on water intake. Naringin had no effects on food and water

intake. Consistent with our research, earlier investigations have demonstrated that
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alcohol consumption(Kotota et al., 2019; Nelson et al., 2016) and fructose
consumption (Ramos et al., 2017) in rats led to decreased food consumption
compared to control. Also, rats fed sweetened alcohol (30% alcohol and 30% fructose)
in another study had reduced food consumption in comparison to rats fed regular rat
chow, fructose only, and ethanol only (Alwahsh et al., 2014). This is an indication that
the rats most likely received most of their dietary calories from alcohol and fructose,
asitis known that 1g of alcohol (7 kcal) and 1 g of fructose (4 kcal) provide more calories
than 1g of the standard rat chow that provides 2.8 kcal (Mamikutty et al., 2014). It is
believed that appetite regulation in rats is dependent on the number of calories
obtained from the food consumed (Menaker & Navia, 1973). This, therefore, probably

explains the reduction in food intake seen in rats on sweetened alcohol.

Our study showed that the sweetened alcohol-induced reduction in food intake
appeared earlier in male rats compared to female rats. Studies have reported sex
differences in alcohol preference in rats. In SD rats, it has been reported that female
rats exhibit a greater preference for alcohol and sugar compared to male rats (Nieto &
Kosten, 2017). However, alcohol-related consequences such as alcohol use disorder
(AUD), which is related to reduced appetite (Kokavec, 2011), are usually reported to
affect males more than females (Erol & Karpyak, 2015). This may explain why the

sweetened alcohol-induced decrease in food intake was observed earlier in male rats.

Even though it has been shown that alcohol consumption decreases the activity or
inhibit the secretion of antidiuretic hormone, making an individual excrete a large
amount of urine following alcohol consumption (Harper et al., 2018), considering fluid

intake, our study reported no sex or group differences in water intake. There was no
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difference in water consumption between the sweetened alcohol groups and the
control group, showing no evidence of dehydration. This is probably due to the vehicle
we used (gelatine), which was made up of greater than 90% water. Therefore, the rats
most likely received a significant proportion of their daily water requirements from the
gelatine solution used as a vehicle and hence did not need much supplemental
drinking water.

4.4.2 Effects of naringin and sweetened alcohol on liver mass

Although liver weight changes are not specifically diagnostic, they can help identify
and measure the effects of hepatotoxins (Cattley & Cullen, 2013). Previous studies
involving alcohol and fructose reported different results concerning the individual
effects of fructose and alcohol on the mass of the liver. Alcohol (Wang et al., 2020),
and fructose (Maithilikarpagaselvi et al., 2016) administration in Wistar rats resulted in an
increased relative liver mass in male Wistar rats, while in another study, female mice
administered alcohol had lower liver mass compared to the control (Zhang et al., 2017).
However, a different study supported the results from our study, wherein male Wistar
rats, after fructose consumption, showed no change in liver mass as compared to the
control (Vasiljevi¢ et al., 2014). Additionally, when male Wistar rats were fed with 66%
fructose, there was an increase in the absolute mass of the liver compared to the
control (Huang et al., 2016). Thus, demonstrating a possible dose-dependent effect of

fructose on the mass of the liver may be possible.

The mass of the liver is strongly linked to nutrition and underlying pathology (Ji et al.,
2014). The increased mass of the liver can be associated with hepatocyte fat

accumulation, hypertrophy, and hyperplasia as adaptive processes in more advanced
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liver pathology (Cattley & Cullen, 2013). When the liver was indexed to body weights,
naringin in combination with sweetened alcohol led to an increased mass of the liver
in male and female rats. This might potentially indicate that supplementation of

sweetened alcohol with naringin may pose a risk of increasing liver mass.

However, liver mass alone does not necessarily provide much information about the
function and microstructure of the liver. Therefore, histological analysis is necessary,
particularly to assess steatosis, which is associated with alcoholic liver disease (ALD)
and non-alcoholic fatty liver disease (NAFLD), now referred to as metabolic
dysfunction-associated fatty liver disease (MAFLD) (Kulkarni & Sarin, 2023).
4.4.3 Effects of naringin and sweetened alcohol on hepatic steatosis

In agreement with my findings, previous studies have shown that alcohol (Arafa et al.,
2019) and fructose (Shawky et al., 2019) consumption in male and female rats was
associated with hepato-steatosis. In this study, prominent microvesicular steatosis
induced by sweetened alcohol consumption in both male and female rats was noted.
Microvesicular steatosis affected male and female rats on sweetened alcohol more
than other groups. Female rats were more affected in terms of macrovesicular
steatosis as shown by the greater macro-steatosis score than the male rats in our
study. The female rats had more sweetened alcohol-induced visceral adiposity in our
study. Research has indicated that visceral obesity plays a direct role in the
development of hepatic steatosis by upregulating the production of adipokines,
proinflammatory cytokines, fatty acid formation, increasing triglycerides, and
increasing lipogenesis, thereby increasing the inflammatory process leading to hepatic
steatosis (Bansal et al., 2023; Li et al., 2022). Although oestrogen has been shown to
confer protection against diet-induced liver pathology (Kamada et al., 2024),
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vulnerability to liver injury may arise during the developmental and transition stages,
like in adolescence, when oestrogen levels fluctuate (Ley et al., 1992). In animal
studies involving young male and female mice with ‘cafeteria diet-induced obesity’, it
was reported that young female mice developed more severe steatosis compared to
their male counterparts (Rodrigues et al., 2018), thus further confirming sexual

dimorphism in the development of hepatic steatosis.

Naringin improves lipid and ethanol metabolism by reducing the negative
consequences of ethanol use on the hepatocytes, demonstrating a hepatoprotective
role (Shilpa et al., 2023; Zhou et al., 2019) In a rat model of alcoholic liver disease,
naringin at a dosage of 100 mg/day also decreased necrosis, steatosis, and fibrosis
as indicated by reduced expression of Peroxisome proliferator-activated receptor-y
coactivator 1-a (PGC1a / PPARGC1a) (Oliva et al., 2008). By reducing hepatic
lipogenesis, naringin has been shown to prevent fructose-induced hepatic steatosis in
SD rats (Sumarithum et al., 2019). In high fructose-fed diabetic rats, naringin
prevented hepato-steatosis by significantly reducing the augmentation of oxidative
stress, mitochondrial apoptosis, and inflammation caused by the receptor for
advanced glycation end-products/ nuclear factor-kB (RAGE/NF-kB) in T2DM-induced
steatohepatitis (Ahmed et al., 2020). These mechanisms might explain how naringin
protected against sweetened alcohol-induced hepatic steatosis in our study. However,
future studies should consider exploring the molecular basis of naringin's prevention
of sweetened alcohol-induced hepatic steatosis.
4.4.4 Effects of naringin and sweetened alcohol on fasting blood glucose,

serum triglyceride, and serum insulin
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In this study, naringin supplementation induced increased FBG in female rats, contrary
to the findings of most studies, which have reported the hypoglycaemic effects of
naringin in both male and female rats (Hartogh & Tsiani, 2019). The study also showed
increased serum insulin concentration in male rats on sweetened alcohol
supplemented with naringin, while in the female rats, sweetened alcohol and naringin
supplementation led to decreased serum insulin, showing a sexually dimorphic
response. Despite these changes, the FBG concentration in this study remained within
the normal range as reported in rats (3.95 £ 1.3 mmol/L) (Wang et al., 2010). However,
the effect of naringin and/or sweetened alcohol might show a potential risk of
prediabetes and/or insulin resistance in both male and female rats. Further studies
may be required to explore this effect. Sex differences in the effects of naringin on
FBG and insulin have not been reported and remain an area for future studies.

Naringin supplementation in combination with sweetened alcohol in females led to a
decrease in serum TG concentration. In agreement with this finding, a study involving
fructose-fed rats showed that naringin supplementation decreased fructose-induced
increase in TG concentration by downregulating the expression of proteins and
enzymes involved in TG synthesis (Pengnet et al., 2022), specifically, Glycerol-3-
Phosphate Acyltransferase 1 (GPAT-1) and Diacylglycerol/acyl-CoA Acyltransferase-2
(DGATZ2). Naringin also downregulated the expression of Carbohydrate Response
Element-Binding Protein (ChREBP), Sterol Regulatory Element Binding Protein-1c
(SREBP-1c), Nuclear SREBP-1c (hnSREBP-1c), Fatty Acid Synthase (FAS), and Acetyl
CoA Carboxylase (ACC) (Pengnet et al., 2022). These may likely be similar
mechanisms through which naringin, in combination with sweetened alcohol, led to

decreased TG concentration in female rats. However, this remains an area to be
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explored further since this effect was not seen in male rats. As noted earlier, SOH
resulted in an increased macrosteatosis score in female rats, which was prevented by
naringin. Thus, the low serum TG concentration in the SOH + NA female rats could be
linked to the absence of hepatic macrosteatosis, as the liver is a major source of
plasma TGs (Alves-Bezerra & Cohen, 2018).

4.5 Conclusion

To our knowledge, this is the first study that explored the influence of naringin on
sweetened alcohol-induced hepatic steatosis in male and female SD rats. We showed
that in males and females, sweetened alcohol caused microvesicular hepatic
steatosis. In females, sweetened alcohol caused increased visceral fat mass and
increased hepatic macrovesicular steatosis. Naringin decreased serum triglycerides
and prevented hepatic steatosis in males and females. These results advance our
comprehension of the potential metabolic implications of consuming sweetened
alcohol, particularly regarding lipid metabolism and liver health. In addition, the
findings indicate that female SD rats were more susceptible to developing metabolic
derangements associated with sweetened alcohol consumption. Notable sex-related
differences in the metabolic responses to the interventions were observed. This finding
highlights the need for studies to include both males and females in the study design.
Additionally, our findings suggest that naringin may serve as a potential supplement
to mitigate the metabolic consequences associated with the consumption of
sweetened alcohol. This presents a natural intervention in the fight against MAFLD

and consequently reduces the health burden of this condition.
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Having explored the effect of the intervention on liver function and other metabolic
parameters, the next important organ affected by alcohol and fructose consumption is
the kidney. The next chapter focuses on the effects of sweetened alcohol and naringin

on kidney function.
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CHAPTER FIVE - EFFECTS OF NARINGIN AND SWEETENED ALCOHOL ON

EARLY MARKERS OF NEPHROPATHY IN MALE AND FEMALE ADOLESCENT

SPRAGUE-DAWLEY RATS
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5.1 Introduction

Kidney disease is a major public health concern affecting more than 800,000,000
people globally (Stevens et al., 2024), with chronic kidney disease affecting one in ten of
the global population (Kovesdy, 2022). By 2040, kidney disease will rank as the sixth
most frequent non-communicable disease (NCD) that causes death worldwide due to
its persistent growth (Francis et al., 2024). Kidney disease lowers quality of life, raises
the risk of death, morbidity, and disability, has severe economic repercussions for both
the individual and the healthcare system, and has detrimental effects on the
environment (Francis et al., 2024). The frequency, morbidity, mortality, and costs of
chronic kidney disease are all steadily rising, especially in low-income nations
(Stevens et al., 2024). Millions suffer from kidney failure and need treatment, such as
renal replacement therapy and/or dialysis, but many are unable to get it and die a
premature death (Francis et al., 2024). Even though studies have reported chronic
kidney disease to affect females more than males, end-stage renal disease has been
reported to affect males more than females (Garc, 2020.; Harris & Zhang, 2020).
Single-sex studies were most frequently used in earlier experimental investigations
involving experimental animals to reduce response variability. There is still much to be
done to understand the mechanisms related to disparities in gender response to
kidney disease (Harris & Zhang, 2020). Excessive alcohol and sugar consumption,
among other risk factors, have been linked to an increased risk of developing kidney

disease (He et al., 2021; Kazancioglu, 2013).

Alcohol (Latchoumycandane et al., 2014) and fructose (Sharma et al., 2015)
consumption have independently been identified as risk factors for kidney failure.

Chronic exposure to alcohol (Latchoumycandane et al., 2014) and excess fructose
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(Nakayama et al., 2010) can lead to structural impairment and functional changes in

the kidneys. An increase in alcohol and fructose consumption is associated with

increased formation of inflammatory mediators that may, in turn, lead to kidney injury
(Varga et al., 2017). The alterations result from both poor microcirculation and the
direct harmful effects of excessive concentrations of ethanol and its metabolite,
acetaldehyde (Vaidya et al, 2010). Additionally, fructose-induced cell proliferation and
hyperplasia (Nakayama et al., 2010) in the renal tissue can occur. If not detected early,

this can lead to more advanced kidney disease.

The imprecision of currently available indicators (such as urea and creatinine) and
their slow response time in the diagnosis of kidney diseases have hindered the ability
to detect early renal impairment quickly (Wen & Parikh, 2021). Indicators, such as urea
and creatinine, can only be detected when more than half of the renal function is lost
(Vaidya et al., 2010), which may delay intervention. There are currently other
biomarkers of kidney function that are sensitive and can detect kidney damage before

substantial loss of kidney function ((Straul® et al., 2024).

Kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin
(NGAL) are increasingly being used as tubular biomarkers of acute kidney injury, and
they can be detected in serum or urine (Pietrukaniec et al., 2020). Neutrophil
gelatinase-associated lipocalin protein (NGAL), a 25-kDa glycoprotein member of the
lipocalin superfamily, was initially found in human-activated neutrophils (Flower,
2000). Under normal circumstances, relatively small amounts of NGAL are expressed
and secreted by the kidneys, trachea, lungs, stomach, and colon, and following
glomerular filtration, there is almost total reabsorption of NGAL through the mechanism
of megalin-mediated endocytosis (Gala-Btagdzinska et al., 2017). NGAL has also been

reported to be elevated in patients with both acute and chronic kidney diseases (Banai
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et al., 2021). NGAL increases in both plasma and urine as soon as two hours after
the injury and significantly before serum creatinine elevation, which happens 24—48
hours later, making NGAL a very sensitive biomarker of kidney injury (Liang & Shi,

2010).

Kidney injury molecule 1 (KIM-1) is a transmembrane glycoprotein (Liang & Shi, 2010).
KIM-1 expression is minimal in healthy kidneys and other organs, but upon injury, it is
markedly up-regulated in the proximal tubules of the kidney (Ichimura et al., 1998;
Liang & Shi, 2010), making it a sensitive and reliable marker for the diagnosis of kidney

injury (Castillo-Rodriguez et al., 2017).

In some situations, there may be alterations in the markers of renal function; however,
important features of renal damage, such as tubular atrophy and interstitial fibrosis,
remain hidden. In these types of cases, histological assessment may be of immense
benefit to determine the extent of tissue injury and possible effects on renal function
(Trevisani et al., 2023). Thus, in this study, | assayed for NGAL and KIM-1 and

undertook a histological assessment of the kidneys to assess renal health.

There is a shortage of renoprotective medications (Amini et al., 2019), such as SGLT2
inhibitors  (cenaglitazone, Dapagliflozin), renin-angiotensin system inhibitors
(Enalapril, losartan, valsartan) (Ishibashi et al., 2023), hence alternative treatment
modalities with better outcomes should be explored. Research on the use of naturally
occurring plant-derived chemicals as potential therapeutic agents for a variety of
disease conditions is a subject of interest. Naringin is a flavonoid in citrus fruits (Bharti
et al, 2014). Naringin has a broad spectrum of biological activities, including
antioxidant, anti-inflammatory, and renoprotective effects (Amini et al., 2022; Shilpa et
al., 2023). The potential of naringin in the prevention and treatment of renal diseases

has been well-documented (Amini et al., 2022; Sehrawat et al., 2021). However, its

143



potential for ameliorating nephropathy and preventing kidney injury induced by the

consumption of sweetened alcohol has not been reported. Therefore, this study aimed

to explore the potential effects of sweetened alcohol and naringin on the early markers

of nephropathy and kidney histopathology in male and female Sprague-Dawley rats.
5.2 Methods

5.2.1 Study settings, study design, animal housing, and ethical approval

As described in chapter three — 3.3.1, 3.3.2 & 3.3.3

5.2.2 Terminal procedures

As described in Chapter Three — 3.3.7

5.2.3 Kidney mass determination

During the terminal procedures, both kidneys were removed and weighed. The right
kidney from each rat was preserved in 10% phosphate-buffered formalin and was used
for histological examination.

5.2.4 Determination of serum Neutrophil gelatinase-associated lipocalin

(NGAL) and Kidney injury molecule-1 (KIM-1)

The stored serum was used to determine the concentrations of NGAL and KIM-1.
Serum NGAL concentration was determined using an enzyme-linked immunosorbent
assay (ELISA) kit [Elabscience ® Rat NGAL (Neutrophil Gelatinase Associated
Lipocalin) ELISA kit, Cat. No.: E-EL-R0662. Houston, TX, USA]. For full protocols
and procedures for NGAL determination using ELISA see appendix 6A.

Similarly, an ELISA kit [Elabscience ® Rat KIM-1 (kidney injury molecule 1) Cat. No.:
E-EL-R3019. Houston, TX, USA] was used to determine the serum KIM-1
concentration. For full protocols and procedures for KIM-1 determination using ELISA

see appendix 6B.
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5.2.5 Histological assessment of the kidney

An automatic tissue processor (Microm STP 120, Thermo Scientific, MA, USA) was
used to process the formalin-fixed kidney samples. Each processed kidney was
embedded in paraffin wax, sectioned at 4um, mounted onto slides, and stained with
haematoxylin and eosin (H&E). The slides were viewed under a light microscope
[Axioskop 2 microscope; (Leica Biosystems, USA)] with a mounted Axiocam HRc2
camera, which uses ZEISS ZEN microscope software for image capture. The images
from the H&E-stained slides were used to assess corpuscular and glomerular tuft
areas, and glomerular density under a 40x objective (x100 magnification). The
corpuscular area, glomerular tuft area, and glomerular density were assessed using
electronic image analysis (ImagedJ version 1.54d, Laboratory for Optical and
Computational Instrumentation, University of Wisconsin). The assessor was blinded
to the rats’ identities and treatment groups.

Urinary space area was computed using the formula (Kashif et al., 2020):
Urinary space area (ym2 ) = Renal corpuscular area (ym2 ) — Glomerular tuft area
(,um2) Glomerular density was computed using the following formula (Nigro et al.,

2018): Glomerular density (N/,um2) = Number of renal corpuscles per section (N)

Total area of the section (,um2).
5.2.6 Statistical analysis
Data were analysed using SAS version 9.4 (SAS Institute Inc., Cary, North Carolina,
USA), and graphs were generated using GraphPad Prism version 9.4 software

(GraphPad Software Inc., San Diego, USA). Shapiro-Wilk tests were used for

normality tests. All data were normally distributed. Two-way analysis of variance
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(ANOVA) followed by Tukey’s post hoc test was used to analyse kidney masses,

kidney morphometry, serum concentrations of NGAL and KIM-1, and sex variations,

with group and sex as the main effects. Data were expressed as means * standard
deviation (SD), and p<0.05 was considered significant.
5.3 Results

5.3.1 Kidney mass

Table 5.1 shows the effects of sweetened alcohol and naringin on the relative mass of
the right and left kidneys in male and female Sprague-Dawley rats. There was no
significant difference in the group effect for the relative mass of the right (F = 1.103, p
= 0.35) and left kidney (F = 2.026, p=0.1180). However, there was a significant
difference in the sex effect for the relative mass of the right (F = 10.59, p=0.001) and
left kidney (F = 34.34, p<0.0001). Compared to male rats in SOH and SOH+NA
groups, female rats in SOH (p=0.0007) and SOH+NA (p=0.02) had higher relative left
kidney mass. There was no statistically significant difference in the combined relative

mass of the right and left kidneys in both male and female rats (p>0.05).

In summary, sweetened alcohol and naringin did not affect the relative mass of the
kidneys in male and female rats. Female rats on sweetened alcohol had higher relative

kidney masses compared with male rats on sweetened alcohol.
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Table 5.1: Effect of sweetened alcohol and Naringin on the relative mass of the kidneys in male and female Sprague

Dawley rats.
Parameter Sex Group
Control SOH NA SOH+NA
Relative right kidney mass (%BM) Males 0.32+0.01 0.31+£0.01 0.32 £ 0.01 0.30 £ 0.02
Females 0.32 £ 0.02 0.32+0.02 0.32 £ 0.01 0.32+0.01
Relative Left kidney mass (%BM) Males 0.32+0.01 0.31 +0.01C 0.31+0.01 0.30 + 0.019
Females 0.33 £ 0.02 0.34 + 0.02 0.33 £ 0.01 0.32 + 0.01
Relative mass of the right + left kidneys Males 0.64 £ 0.01 0.60 £ 0.01 0.63 £ 0.01 0.61+£0.01
(%BM) Females 0.63 + 0.01 0.65 + 0.01 0.66 + 0.01 0.64 + 0.01

Cp<0.05 compared to female SOH. dp<0.05 compared to female SOH+NA. Control: 0.5% fructose + 6% gelatine at 10ml|/100g for 10

weeks (n = 20, 10 males, 10 females). SOH: 20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks (n = 20, 10 males,

10 females). NA: 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 20, 10 males, 10 females). SOH+NA: 20% fructose +

10% ethanol + 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 19, 9 males, 10 females). BM: Body mass; SOH:

sweetened alcohol; NA: naringin; SOH+NA: sweetened alcohol + naringin. Data expressed as means * SD.
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5.3.2 Serum concentration of neutrophil gelatinase-associated lipocalin

(NGAL)

Figures 5.1 A and B show the effects of sweetened alcohol and naringin on serum
concentration of neutrophil gelatinase-associated lipocalin (NGAL) in male (A) and
female (B) Sprague-Dawley rats. There was a significant difference in the group effect
(F = 21.28, p<0.0001), and no difference in the sex effect (F = 0.3523, p=0.5547) in
serum NGAL concentration. Male SOH+NA rats had significantly higher serum NGAL
concentrations compared to control and SOH (p=0.04, p=0.001, respectively). Male
SOH rats had significantly lower (p=0.04) serum NGAL concentration compared to NA.
In female rats, NGAL concentrations were reduced in all groups compared to controls
(p<0.0001, p=0.01, p=0.001, respectively). In addition, compared to NA, NGAL

concentrations were reduced in SOH rats (p=0.01).

In summary, in males, sweetened alcohol consumption resulted in a decreased serum
NGAL concentration, while naringin supplementation alone and in combination with
sweetened alcohol led to increased serum NGAL concentration. In females,
sweetened alcohol, naringin supplementation alone, and in combination with

sweetened alcohol caused decreased NGAL concentration.
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Figure 5.1: Effects of sweetened alcohol and naringin on serum NGAL in male (A) in
female (B) Sprague-Dawley rats. Data presented as means + SD. *p<0.05 compared
to control. #p<0.05 compared to NA. Bp<0.01 compared to SOH+NA. Control: 0.5%
fructose + 6% gelatine at 10ml/100g for 10 weeks (n = 16, 7 males, 9 females). SOH:
20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks (n = 15, 10 males,
5 females). NA: 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 15, 8

males, 7 females). SOH+NA: 20% fructose + 10% ethanol + 50mg/kg naringin in
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gelatine at 10ml/100g for 10 weeks (n = 13, 8 males, 5 females). NGAL: Neutrophil
gelatinase-associated lipocalin; SOH: Sweetened alcohol; NA: Naringin; SOH+NA:

Sweetened alcohol + Naringin.
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5.3.3 Serum concentration of kidney injury molecule 1 (KIM-1)

Figures 5.2 A and B show the effects of sweetened alcohol and naringin on serum
concentration of kidney injury molecule 1 (KIM-1) in male (A) and female (B) Sprague-
Dawley rats. The group and sex effects were significantly different in serum KIM-1

concentration (group: F = 26.81, p<0.0001; sex: F = 20.97, p<0.0001).

In male rats, compared to control and SOH+NA, rats in SOH and NA had a

significantly lower serum KIM-1 concentration (p=0.01, p<0.0001, respectively).

In female rats: compared to control and NA groups, rats in SOH (p=0.011; p=0.002
respectively) and SOH+NA (p<0.0001; p<0.0001 respectively) groups had significantly
increased serum KIM concentration, and compared to SOH+NA, rats in SOH had

significantly decreased serum KIM-1 concentration (p=0.02).

Thus, in male rats, consumption of sweetened alcohol led to decreased serum KIM-1,
while in female rats, consumption of sweetened alcohol led to increased serum KIM-1
concentrations. Naringin supplementation alone led to decreased serum KIM-1, and in

combination with sweetened alcohol, naringin led to increased serum KIM-1.

Compared to female SOH, male rats in SOH had decreased serum KIM-1
concentration (p<0.0001), and compared to female SOH+NA, male rats in the

SOH+NA group had increased KIM-1 concentration (p=0.01).
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Figure 5.2: Effects of sweetened alcohol and naringin on serum KIM-1 in male (A) in
female (B) Sprague-Dawley rats. *p<0.05 compared to control. #p<0.05 compared to
NA. Bp<0.01 compared to SOH+NA. Control: 0.5% fructose + 6% gelatine at
10ml/100g for 10 weeks (n = 20, 10 males, 10 females). SOH: 20% fructose + 10%
ethanol in gelatine at 10ml/100g for 10 weeks (n = 20, 10 males, 10 females). NA:
50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 19, 9 males, 10 females).
SOH+NA: 20% fructose + 10% ethanol + 50mg/kg naringin in gelatine at 10ml/100g
for 10 weeks (n = 19, 9 males, 10 females). KIM-1: Kidney injury molecule-1, SOH:
Sweetened alcohol; NA: Naringin; SOH+NA: Sweetened alcohol + Naringin. Data

presented as means + SD, using analysis of variance (ANOVA)
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5.3.4 Kidney histomorphometry

Figure 5.3 shows representative photomicrographs of kidney histological sections from
male and female Sprague-Dawley rats, respectively. The sections show the
corpuscular area (CA), glomerular tuft area (GTA), and urinary space (US) area. Table
5.3 shows the effects of sweetened alcohol and naringin on the kidney corpuscular
area, glomerular tuft area, glomerular urinary space, and glomerular density. There
were no group and sex effects in the renal corpuscular area in male and female rats
(group: F=3.111.13, p=0.034; sex: F=10.52, p=0.0021). Compared with female

control, male rats in the control group had increased renal corpuscular area (p=0.03).

The group and sex effects were significantly different for the glomerular urinary space
in male and female rats (group: F=14.13, p<0.0001; sex: F=13.47, p<0.0001). In male
rats, compared to the control, rats in all the groups had a decreased glomerular urinary
space (GUS) (p<0.0001), and compared to NA and SOH+NA, rats in SOH had
increased GUS (p=0.0003; p=0.0004, respectively). There was no statistically
significant difference in GUS across all the groups in female rats (p>0.05). Compared

with female control, male rats in the control group had increased GUS (p=0.02).

The group and sex effects were also significantly different for the glomerular density
in male and female rats (group: F=4.280, p<0.008; sex: F=94.16, p<0.0001). In male
rats, there was no statistically significant difference in glomerular density across the
groups (p=0.48). However, in female rats, compared to the NA group, rats in SOH had
increased glomerular density (p=0.005). Compared to female rats in the control, SOH,
and SOH+NA groups, male rats in the control, SOH, and SOH+NA groups had

decreased glomerular density (p<0.0001; p<0.0001; p=0.009, respectively).
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Thus, in male rats, sweetened alcohol consumption led to decreased glomerular
urinary space, and naringin supplementation alone and in combination with sweetened
alcohol led to a further decrease in glomerular urinary space. In females, sweetened

alcohol and naringin did not affect the glomerular urinary space (see Figure 5.3).

Sweetened alcohol and naringin had no effects on glomerular density in male rats,
while in female rats, sweetened alcohol consumption caused increased glomerular

density, and naringin did not affect glomerular density.
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Figure 5.3: Representative photomicrographs of the male (A) and female (B) rat’s
kidney sections stained with Haematoxylin and Eosin at x40 objective (x100
magnification). Scale bar = 5um. Control: 0.5% fructose + 6% gelatine at 10ml/100g
for 10 weeks (n = 16, 7 males, 9 females). SOH: 20% fructose + 10% ethanol in
gelatine at 10ml/100g for 10 weeks (n = 15, 10 males, 5 females). NA: 50mg/kg
naringin in gelatine at 10ml/100g for 10 weeks (n = 15, 8 males, 7 females). SOH+NA:
20% fructose + 10% ethanol + 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks

(n =13, 8 males, 5 females). CA: corpuscular area; GTA: glomerular tuft area; US:

urinary space area; NA: Naringin; SOH: Sweetened alcohol; SOH+NA: Sweetened

alcohol + naringin.
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Table 5.2: Effects of sweetened alcohol and naringin on kidney morphometry in male and female adolescent Sprague-Dawley rats

Parameter Sex Group
Control SOH NA SOH+NA
Corpuscular area (um<) Males 601.3 + 57.99 595.8 + 81.3 582.0£79.9.0 671.6 +46.9
Females 479.0 £40.5 564.4 + 26.3 572.0 + 129.5 579.6 +70.8
Males 428.2 £ 99.5 #a *a a
Glomerular tuft area (pm2) 470.4 +44.8 560.8 + 76.9 5105+ 54.2
Females 339.4 £40.6 460.3 + 42.4* 428.5 + 86.7 412.0 + 92.0*
Glomerular urinary space Males 157.0 + 8.4ad 148.9 + 21.0*#Bcd 120.8 + 1.7* 121.5+3.6*
area (umZ) Females 132.0 + 28 1 1314 + 5.6 1229+ 10.6 1055+0.7
Glomerular densit Males abd abd abd
y 41+0.5 44 +0.6 45+0.8 45+ .7abd
(1074 Nium?2) Females 6.2+ 1.1 754+0.7# 5.5+0.7 6.0 401

*p<0.05 compared to control. #p<0.05 compared to NA. Bp<0.01 compared to SOH+NA. @p<0.05 compared to the female

control.p<0.05 compared to female SOH. €p<0.05 compared to female NA. 9p<0.05 compared to female SOH+NA. Control: 0.5%
fructose + 6% gelatine at 10ml/100g for 10 weeks
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(n =16, 7 males, 9 females). SOH: 20% fructose + 10% ethanol in gelatine at 10ml/100g for 10 weeks (n = 15, 10 males, 5 females).
NA: 50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 15, 8 males, 7 females). SOH+NA: 20% fructose + 10% ethanol +
50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 13, 8 males, 5 females). N: Number, SOH: Sweetened alcohol; NA:

Naringin; SOH+NA: Sweetened alcohol + Naringin. Data expressed as means + SD.
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5.4 Discussion

This study investigated the effects of voluntarily consumed sweetened alcohol and
naringin on renal morphology and markers of nephropathy in male and female
Sprague-Dawley rats.

Sweetened alcohol and naringin had no effects on the relative mass of the kidneys in
male and female rats. In male rats, sweetened alcohol consumption led to decreased
glomerular urinary space, and naringin alone and, in combination with sweetened
alcohol, induced a greater decrease in glomerular urinary space, while in females,
sweetened alcohol and naringin had no effect on glomerular urinary space. Sweetened
alcohol did not affect glomerular density in male rats, while in female rats, sweetened
alcohol consumption led to increased glomerular density, and naringin had no effects
on glomerular density in both male and female rats.

Male rats on sweetened alcohol alone showed decreased serum NGAL, while naringin
supplementation alone, and in combination with sweetened alcohol, led to increased
serum NGAL. In females, sweetened alcohol consumption, naringin supplementation
alone, and in combination with sweetened alcohol caused decreased serum NGAL,
with the decrease seen more with rats on sweetened alcohol alone. Likewise, in male
rats, sweetened alcohol consumption alone and naringin supplementation alone led to
a decrease in serum KIM-1, while naringin supplementation in combination with
sweetened alcohol led to increased serum KIM-1 concentration. In females,
sweetened alcohol alone and in combination with naringin led to increased serum KIM-
1 concentration, while naringin supplementation alone led to decreased serum KIM-1.

Each of these findings is analysed and discussed below.
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5.4.1 Kidney mass

Assessment of the mass of an organ is important for toxicological assessment of
interventions and can indirectly be used to determine organ atrophy or
hypertrophy/hyperplasia (Lazic, Semenova, and Williams, 2020). Variations in kidney
weight could be a sign of chronic progressive nephropathy, renal toxicity, or tubular
hypertrophy (Sellers et al., 2007). Diet, and specifically fructose, can have an impact
on kidney mass. However, this seems to be dose-dependent, such that high fructose
(60% fructose or more) consumption was reportedly associated with increased weight
of the kidneys in rats (De Castro et al., 2013). However, in line with our study findings,
rats fed with 20% fructose showed no difference in the mass of the kidney relative to

body mass compared to the control (Fakhoury-Sayegh et al., 2019).

Studies investigating the impact of alcohol consumption on kidney mass have shown
different results. For example, a study reported an increase in kidney mass in a dose-
dependent manner compared with control in rats fed with 5%, 10%, and 12% ethanol
(Tehoua et al., 2013). A different study reported that rats administered 10% ethanol

showed no kidney mass difference compared to the controls (Brzéska et al., 2003).

These studies supported our findings that 20% fructose and 10% alcohol consumption
did not induce increased relative mass of the kidneys. Kidney mass alone does not
provide adequate information on the toxicological assessment of the kidney.
Histological assessment can provide a detailed microstructure of the kidney and any
possibility of kidney injury, and therefore, we performed a histological examination of
the study rats’ kidneys.

5.4.2 Kidney Histophotometry
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Indeed, histology of the renal tissue has been validated as a useful and reliable tool
for the diagnosis of different renal diseases and can detect clinically non-detected
renal diseases (Comai et al., 2019; Jin & Xie, 2020). Assessment of glomerular
morphometry is considered an important means for the diagnosis of renal pathologies
(Kashif et al., 2020). Our study showed a decreased glomerular urinary space with
consumption of sweetened alcohol, and supplementing with naringin, both alone and
in combination with sweetened alcohol, further reduced the glomerular urinary space
in male rats. Decreased glomerular urinary space has been identified as an early
histopathological change of nephropathy, and it is related to decreased glomerular
filtration (Sasaki et al., 2018), which may eventually lead to renal failure (Cui et al.,

2018).

Sweetened alcohol consumption, therefore, induced an early histological sign of
nephropathy presenting as decreased glomerular urinary space. However, naringin
did not avert the effect, but rather it further decreased the glomerular urinary space.
Naringin might have induced a decreased glomerular urinary space as a
compensatory mechanism to a decreasing glomerular filtration, as a reduction in
glomerular urinary space has been associated with glomerular hypertrophy (Haruhara
et al., 2019), and glomerular hypertrophy is believed to be a compensatory mechanism
for a decrease in glomerular filtration (Kanzaki et al., 2017; Tan et al., 2009). A
metabolite of naringin (naringenin) was reported to improve histological changes in
high-cholesterol diet-fed rats by decreasing the increased glomerular urinary space
induced by a high-cholesterol diet (Chtourou et al., 2016). In the current study,
glomerular density was also assessed because of its relationship with glomerular

space in kidney function.
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This study has revealed that sweetened alcohol consumption alone was associated
with increased glomerular density and increased glomerular tuft area in female rats,
while, on the contrary, naringin supplementation alone or in combination with
sweetened alcohol decreased glomerular density. Reduced glomerular density may
be a precursor to an early stage of elevated risk of parenchymal injury and is linked to
a variety of renal function and metabolic risk factors (Rule et al., 2011). In this regard,
sweetened alcohol consumption in females might have beneficial effects against
decreased glomerular density, while naringin did not have an effect. It has been
reported that low to moderate alcohol consumption can reduce the risk of kidney injury

(Li et al., 2022).

The histomorphometry features seen in this study require further evaluation. Thus,
biological markers of kidney function and /or injury were also assessed to determine
kidney function.

Serum creatinine levels are commonly used to diagnose acute kidney disease in
modern clinical practice. However, creatinine is an unreliable marker for the early
detection of renal diseases (Devarajan, 2014), because it lacks the necessary
sensitivity and specificity to identify renal toxicity before a substantial decline in renal
function (Oh, 2020). NGAL and KIM-1 are proposed as more reliable biomarkers for
acute kidney damage that is associated with tubular injury (Castillo-Rodriguez et al.,
2017).

It has also been reported that measuring the two biomarkers (NGAL and KIM-1) gives

better diagnostic accuracy than measuring one of them (Pietrukaniec et al., 2020).
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5.4.3 Serum NGAL and KIM-1

5.4.3.1 Serum NGAL
The current study discovered that sweetened alcohol led to decreased serum NGAL
concentrations in male and female rats, but sweetened alcohol in combination with
naringin led to increased serum NGAL concentrations in males. In females, naringin
supplementation alone and in combination with sweetened alcohol showed a decrease
in serum NGAL concentrations. Therefore, consumption of sweetened alcohol may
offer protection against early kidney injury as shown by the reduction in the
concentration of serum NGAL. Even though the literature has not specifically reported
findings regarding low to moderate alcohol consumption and serum NGAL
concentrations, it has been reported that moderate alcohol consumption protects

against kidney injury (Li et al., 2022).

Notably, naringin in combination with sweetened alcohol may be nephrotoxic in male
rats, and nephroprotective in female rats. This sexually dimorphic effect could be due
to the impact of oestrogen in females. By facilitating the synthesis and release of
antioxidants, increasing the activity of nitric oxide synthase enzyme, and enhancing
the synthesis, secretion, and regulation of growth factors, cytokines, and vasoactive
compounds, oestrogen confers some protection against kidney injury (Guzel et al.,

2019; Harris & Zhang, 2020).

However, NGAL is not specific to renal tissue as it is also produced by the lungs, the
colon, and the stomach (Gala-Btadzinska et al., 2017). Therefore, serum KIM-1 was
also measured.

5.4.3.2 Serum KIM-1
From this study, sweetened alcohol consumption alone and naringin supplementation
alone led to decreased serum KIM-1 in males, while in females, sweetened alcohol
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alone led to increased serum KIM-1 concentration. However, sweetened alcohol in
combination with naringin led to an increase in serum KIM-1 in both males and
females. Thus, consumption of sweetened alcohol at concentrations used in this study
may also protect against increased serum KIM-1 and therefore, protect against kidney
injury in males. Also, naringin supplementation alone may protect against kidney
injury. However, naringin supplementation in combination with sweetened alcohol may

be nephrotoxic in both male and female rats.

A transmembrane protein, KIM-1 is elevated in response to proximal tubular injury
(Claudel et al., 2024)(. It is hardly detectable in healthy individuals, but patients
suffering from acute tubular necrosis have significantly elevated levels of KIM-1
(Pietrukaniec et al., 2020). Also, in a mouse experimental model of kidney disease, it
has been reported that KIM-1 concentrations were high in both acute and chronic renal
disease (Sabbisetti et al., 2013). This study reported a sexually dimorphic effect for
KIM-1 in that female rats had an increased level, and males had a decreased level of
KIM-1 in response to sweetened alcohol consumption. This finding can be supported
by another study on sex differences in kidney KIM-1 gene expression, which reported
that female rats had increased gene expression for KIM-1 compared to males (Kwekel

etal., 2013).

Overall, consumption of low to moderate sweetened alcohol may be nephroprotective
in both males and females, as it has led to decreased concentration of NGAL in male
and female rats and decreased KIM-1 in male rats. Even though there is a paucity of
information about the relationship between low to moderate alcohol consumption with
NGAL and KIM-1, other traditional biomarkers of kidney function such as serum
creatinine and eGFR, have shown a renoprotective effect and a decreased risk of renal
dysfunction with moderate alcohol consumption (Schaeffner et al., 2005).
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The effects of low concentrations of sweetened alcohol seen from this study agree
with other studies (Chen et al., 2021; Kaartinen et al., 2009; Lee et al., 2021) that
reported that low to moderate alcohol consumption reduces the risk of kidney injury
and that alcoholic nephropathy was associated with chronic long-term alcohol
consumption (Elnagar et al., 2021). Those studies (Nakayama et al., 2010; Sharma et
al., 2015), which reported and associated fructose consumption with an increased risk
of kidney injury, used high doses (260%) of fructose as against the 20% used in our
study, which may explain the findings in those studies. Naringin supplementation alone
may be nephroprotective. Naringin has been reported to be a nephroprotective agent
through its anti-inflammatory and possible scavenging actions of free radicals (Amini et
al., 2022). Naringin also protects the kidneys and ameliorates kidney injury by activating
the nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway and decreasing pro-
inflammatory factors like Cyclooxygenase-2 (COX-2), tumour necrosis factor-alpha
(TNF-a), Inducible nitric oxide synthase (iINOS), and apoptotic agents (Amini et al.,
2022). However, naringin supplementation with sweetened alcohol showed a
nephrotoxic potential, possibly related to the sweetened alcohol model used in this
study. The mechanism through which sweetened alcohol supplemented with naringin
causes increased expression of early markers of nephropathy remains an area to be
investigated in future studies.

In male rats, the histological findings associated with sweetened alcohol
supplemented with naringin showed a decreased glomerular urinary space correlated

with increased serum concentration of NGAL and KIM-1. This may confirm the

Possible nephrotoxic effects associated with sweetened alcohol supplemented with
naringin in male rats.
Histological changes of early signs of nephropathy seen with consumption of

sweetened alcohol, as against the sweetened alcohol nephroprotection seen from
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serum markers of kidney injury, may not be surprising because it has been reported
that early histological signs of nephropathy are present in a considerable percentage
of people without impacting the tubules or the interstitium around them (Comai et al.,
2019).

This study highlighted the possible sexually dimorphic effects of sweetened alcohol
consumption and naringin supplementation on acute kidney injury and markers of early
kidney injury. Sweetened alcohol led to a decreased terminal body mass and
glomerular urinary space in males with no effects in females. It also led to decreased
serum KIM-1 in males and an increase in females. Sweetened alcohol led to increased
glomerular density in females with no effect in male rats. Naringin supplementation
alone and in combination with sweetened alcohol led to increased serum NGAL in
males and decreased serum NGAL in female rats. This study demonstrated the
potential renoprotective effects of sweetened alcohol consumption at the
concentration used in this study, and that naringin supplementation alone may also be
a potential supplement to protect the kidneys in both males and females. However,
naringin supplementation in combination with sweetened alcohol may be nephrotoxic
depending on sex and the serum marker studied.

The next chapter looked at the supplementary data not included in the previous

chapters.
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CHAPTER SIX - SUPPLEMENTARY FINDINGS: EFFECTS OF NARINGIN AND
SWEETENED ALCOHOL ON ERYTHROCYTE INDICES, GIT MORPHOMETRY

AND TROPONIN-I IN SPRAGUE-DAWLEY RATS
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6.1 Introduction

Measurement of organ mass and morphometry is an important indicator of the possible
toxicity of test substances (Sellers et al., 2007). Organ weight variations are frequently
measured for novel compounds or other chemical entities and are recognised as a
sensitive indicator of chemically induced effects on organs (Lazic et al., 2020).
Alteration in the weight of the GIT organs can serve as a sensitive indicator to
determine an ongoing pathology induced by an exogenous substance (Girgiri et al.,
2015). Reduction in the weight of the pancreas or pancreatic atrophy can affect its
endocrine and exocrine functions (Caglar et al., 2014). Weight increases in the testes
could be a sign of interstitial oedema or alterations in the seminiferous tubules.
Variations in epididymal weight could be a sign of inflammation or oedema, or they

could be a sensitive predictor of decreased sperm production (Sellers et al., 2007).

Alcohol and fructose metabolism primarily occur in the liver (Helsley et al., 2020).
However, when consumed orally, the first point of contact with dietary constituents is
the GIT. When consumed in excess, alcohol and fructose can alter the structure and
functions of the GIT (Asuzu Onyeka et al., 2015; Helsley et al., 2020), which can affect the
general health status of an individual.

The erythrocyte and its different measurements and indices, particularly the blood's
total haemoglobin concentration and haematocrit, are one component of body
physiology that is considered a sign of good health, and determines health status
(Johnstone et al., 2017). When evaluating haematotoxicity, a rise or fall in blood
variables suggests either an excess or a suppression of the production of blood cells
or an imbalance between the destruction and synthesis of blood cells (Saka 2011).
Analysing haematological indices is essential for determining how harmful exogenous
substances, such as medicinal herbs, are to the body. After being exposed
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to a plant extract, an alteration in red cell indices indicates the extract's antihaematinic
potential, or ability to cause anaemia (Yakubu et al., 2007). Independently, fructose and
alcohol consumption have been reported to cause alteration of some haematological
indices such as the packed cell volume (PCV), haemoglobin (Hb), and mean
corpuscular haemoglobin concentration (MCHC), which results in an altered
physiological state (Altug et al., 2024; Eyong et al., 2009; Lugos et al., 2018).
Circulating cardiac biomarkers are quantifiable indicators that provide insight into
cardiac pathophysiology. Troponin | is a contractile protein released by the cardiac
muscles in direct proportion to the extent of tissue damage and myocyte membrane
rupture (O’Brien et al., 2006). Concentrations of circulating cardiac troponin are
becoming a more significant biomarker for the non-invasive identification of myocardial
damage in various cardiovascular diseases (Ni & Wehren, 2018). Alcohol (Csengeri
et al., 2021), and fructose (Adoga et al., 2021) consumption has been linked to raised
cardiac troponin | in rats, which may affect the general function of the heart. Therefore,
as an additional measurement to assess the impact of the interventions on the heart,
serum troponin-l concentrations were assayed; the data were not included in chapter
3 as the assays were done after the publication of the findings in chapter 3. Hence,
the inclusion of troponin-I in this chapter.

Previous ethnopharmacological studies have associated naringin with improved
cardiometabolic health (Has et al., 2023). Naringin, through its anti-inflammatory and
free radical scavenging potentials, has been shown to protect the small and large
intestines and the pancreas against various insults and disease conditions, thereby
promoting their physiological role (Ahangarpour et al., 2018; Amaro et al., 2009;
Cerkezkayabekir et al., 2017). Naringin increased testicular function by reversing the

Bisphenol A-induced decrease in the weight of the testes and improved the
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reproductive function of the testes (Alboghobeish et al., 2019). Naringin has also been
reported to improve the diabetic-induced decrease in haematological parameters such
as PV, Hb, and MCHC concentrations in experimental rats (Mahmoud, 2013) Naringin
has also been reported to cause a decrease in the concentration of cardiac troponin
in isoproterenol-induced myocardial infarction (Rajadurai & Stanely Mainzen Prince,
2007). However, the role of naringin and sweetened alcohol on these organs, serum,
and haematological parameters has not been explored.
6.2 Methods

6.2.1 Study settings, study design, animal housing, and ethical approval

As described in chapter three — 3.3.1, 3.3.2 & 3.3.3

6.2.2 Terminal procedures and measurements

As described in chapter three — 3.3.7
6.2.2.1 Erythrocyte indices

Using a drop of blood collected following the cardiac puncture, haemoglobin (Hb) and
packed cell volume (PCV) were determined using a veterinary haematocrit-
haemoglobin meter (Insight HCT meter, Woodley Equipment Company Ltd, UK) based

on the manufacturer’s instructions.

The values for Hb and PCV were then used to compute the mean corpuscular
haemoglobin concentration (MCHC) as follows (Rahman et al., 2020):

MCHC (g/dL) = [Hb (g/dL) + PCV (%)] x 100

Where MCHC = Mean corpuscular haemoglobin concentration, Hb = haemoglobin,

PCV = packed cell volume.

6.2.2.2 Cardiac troponin | measurement
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The stored serum from five rats, randomly selected per group, was used to determine

the concentration of cardiac troponin I. Serum troponin was determined using an
enzyme-linked immunosorbent assay (ELISA) kit (Elabscience Rat TNN13/CTn-1,

Troponin1 type 3, cardiac, Cat number: E-EL-R 1253), according to the manufacturer’'s
instructions. According to the manufacturer’s specifications, the kit had a sensitivity of

18.75 pg/mL and a detection range of 31.25-2000pg/mL.

6.2.2.3 GIT morphometry and tissue masses

The pancreas, stomach, small intestine, large intestine, caecum, testes, and
epididymal fat pads (for males) were dissected out as part of the terminal procedures.
The testes were separated from the surrounding epididymal fat, and epididymis. The
contents of the stomach and the small and large intestines were emptied. The masses
of all dissected tissues were determined using a Presica 310M balance (Precision
instrument, Johannesburg, South Africa). The lengths of the small and large intestines
were measured using a ruler after gently stretching them on a dissection board.

6.2.3 Statistical analysis

Data were analysed using a Two-way analysis of variance (ANOVA) using GraphPad
Prism version 9.4.9 (GraphPad Software Inc., San Diego, USA). Data were expressed
as mean = standard deviation. A multiple comparisons Tukey post hoc test was used
to compare the means. A two-way ANOVA was also used to compare the effect of sex
interactions and treatment variables. A p-value <0.05 was considered significant.

6.3 Results

6.3.1 Erythrocyte indices

Table 6.1 shows the effects of sweetened alcohol and naringin on packed cell volume,

haemoglobin, and the mean corpuscular haemoglobin concentration in male and

170



female Sprague-Dawley rats. There are no group and sex differences in all the

parameters in both male and female rats (All p>0.05).
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Table 6.1: Effects of sweetened alcohol and naringin on haematological parameter in male and female Sprague-

Dawley rats

CONTROL SOH NA SOH+NA

PCV (%) Males 59.00 £+ 6.1 62.0+4.0 63.0+5.0 60.1+ 3.0
Females 61.0+40 58.0+50 58.0+50 61.0+44

Hb (g/dL) Males 200+ 2.1 21.0+13 20.7+1.6 20.1+0.8
Females 20.3+1.3 19.2+17 19.2+16 20.7+0.6

MCHC (g/dL) Males 33.3+0.1 33.3+0.2 329+1.1 33.4+0.1
Females 33.4+0.1 33.2+05 33.3+0.2 340+1.8

Data expressed as mean * standard deviation. PCV: Packed cell volume; Hb: Haemoglobin; MCHC: Mean corpuscular haemoglobin

concentration; SOH: sweetened alcohol, NA: Naringin; SOH+NA: Sweetened alcohol and naringin
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6.3.2 Cardiac troponin |

Figure 6.1 shows the effects of sweetened alcohol and naringin on the serum
concentration of cardiac troponin | in male and female Sprague-Dawley rats. There

were no group or sex differences in the serum concentration of cardiac troponin | in

male and female Sprague-Dawley rats (all p>0.05).
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Figure 6.1: Effects of sweetened alcohol and naringin on serum cardiac troponin | in
male (A) and female (B) Sprague-Dawley rats. Control: 0.5% fructose in 6% gelatine
at 10ml/100g for 10 weeks (n = 10, 5 males, 5 females); SOH: 20% fructose + 10%
ethanol in gelatine at 10ml/100g for 10 weeks (n = 10, 5 males, 5 females). NA:
50mg/kg naringin in gelatine at 10ml/100g for 10 weeks (n = 10, 5 males, 5 females).
SOH+NA: 20% fructose + 10% ethanol + 50mg/kg naringin in gelatine at 10mli/100g
for 10 weeks (n = 10, 5 males, 5 females). SOH: Sweetened alcohol; NA: Naringin;

SOH+NA: Sweetened alcohol and naringin. Data presented as means * SD.
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6.3.3 Visceral Organs Gross Morphometry

Table 6.2 shows the effects of sweetened alcohol and naringin on visceral organ
morphometry in male and female Sprague-Dawley rats. There were no group
differences in all the parameters in both male and female rats (all p>0.05). However,
compared with male control and SOH+NA, female rats in the corresponding groups
had decreased absolute pancreatic mass (p<0.0001, p=0.01 respectively), while when
indexed to body mass, male rats in SOH and NA had decreased pancreatic mass
compared to female rats from the corresponding groups (p=0.009, p<0.0001
respectively). Male rats in the control, NA, and SOH+NA groups had significantly
increased stomach absolute mass compared to female rats from the corresponding
groups (p<0.0001), while male rats in the control, SOH, NA, and SOH+NA groups had
decreased stomach mass compared to female rats from the corresponding groups
(p<0.0001). When indexed to body mass, compared to female control, NA, SOH, and
SOH+NA, male rats from the corresponding groups had significantly increased
absolute mass of the caecum (p<0.0001, p=0.0003, p<0.0001, p<0.0001,
respectively). Compared to female rats in the control, NA, SOH, and SOH+NA, male
rats in the corresponding groups had significantly increased absolute mass of the small
intestine (p<0.0001). When indexed to body mass, female rats in the control, NA, SOH,
and SOH+NA groups had increased mass of the small intestine compared to male rats
in the corresponding groups (p<0.0001). Female rats in the control, NA, SOH, and
SOH+NA groups had decreased length of the small intestine compared with male rats
in the corresponding groups (p<0.0001, p=0.005, p<0.0001, p<0.0001, respectively).
For the mass and length of the large intestine, compared to female control, SOH, and
SOH+NA, male rats in the corresponding groups had significantly increased absolute

mass of the large intestine (p<0.0001, p=0.005, p<0.0001, p<0.0001, respectively).
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When indexed to body mass, compared to male rats in SOH, NA, and SOH+NA, female
rats from the corresponding groups had a significant increase in mass of the large
intestine (p=0.03, p=0.006, p=0.02, respectively). Compared to female NA, male rats

in the NA group had significantly increased length of the large intestine (p=0.03).
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Table 6.2: Effects of sweetened alcohol and naringin on visceral organs gross morphometry in male and female SD rats

Parameter Sex CONTROL SOH NA SOH+NA
Pancreas (g) Males 1.56 + 0.182 1.41 £ 0.41 1.33+£0.18 1.47 + 0.284
Females  1.04+0.19 117 £ 0.18 1.11+0.20 1.10 + 0.11
Pancreas (%BM) Males 0.33+0.05 0.32 + 0.08P 0.29 + 0.04€ 0.34 +0.06
Females  0.40+ 0.06 0.42 £ 0.06 0.43 £ 0.07 0.41 £ 0.05
Stomach (g) Males 1.82+0.162 1.71£0.25 1.87 +0.096 1.89 +0.19d
Females  1.44+1.42 1.54 +1.16 1.38+1.23 1.41+1.16
Stomach (%BM) Males 0.39 + 0.022 0.39 + 0.06P 0.41 + 0.05¢ 0.44 + 0.034
Females  0.56 + 0.07 0.56 + 0.04 0.53 £ 0.03 0.52 + 0.05
Caecum Males 1.59 + 0.24@ 1.38£0.17P 1.60 + 0.21€ 1.46 £ 0.144
Females  1.05+0.16 1.07 £ 0.15 1.09 +0.18 1.12 £ 0.17
Caecum (%BM) Males 0.34 +0.05 0.32+0.04 0.35+ 0.05 0.34 +0.05
Females  0.40 + 0.05 0.39 % 0.04 0.42 + 0.06 0.42 +0.08
Small Intestine (g) Males 9.09 + 0.822 8.47 + 0.79P 9.16 + 0.66° 8.72 + 0.969
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Small Intestine (%BM)

Length of Small Intestine (mm)

Large Intestine (g)

Large Intestine (%BM)

Length of Large Intestine (mm)

Testes

Testes (%BM)

Epididymal fat

Epididymal fat (%BM)

Females

Males

Females

Males

Females

Males

Females

Males

Females

Males

Females

Males

1.26 + 0.06

Males

0.64 + 0.09

6.71+0.89
1.95+0.12
2.57+0.28

1374.00 + 59.902
1203.00 £ 78.89

1.86 + 0.232
132+ 0.24
0.40 + 0.03
0.51 +0.09
220.00 + 18.56
198.50 + 9.14
5.89 + 0.44
1.30  0.08
3.01+0.49

0.62 £ 0.09

6.97 + 0.89
1.93+0.16
2.53+0.13
1319.00 + 62.36°
1220.00 £ 29.86

1.80 + 0.44b
1.37+0.13

0.41 + 0.08P
0.50 + 0.05
209.50 + 12.79
194.40 + 13.33
5.71 % 0.50
1.14 + 0.41
2.74 + 0.40

0.57 £0.23

6.65 + 0.46
1.99+0.18
2.56 +0.07
1394.00 £ 39.17¢
1213.00 £ 64.73

1.88 £0.21¢
1.35+0.12

0.41 +0.05€
0.52 +0.03

221.10 + 17.64€
197.50 + 11.37
5.84 £ 0.53
1.35+0.13
294 +0.55

0.59+0.14

6.90 £ 0.36
2.04 +0.14
2.55 + 021
1363.00 + 54.84d
1228.00 + 47.57
1.74 + 1.45

1.47 + 0.20

0.41 £ 0.04d
0.54 £ 0.07
219.40 + 12.61
199.50 + 23.97
5.76 + 0.47

1.26 + 0.06
2.57 +0.73

0.64 +0.09
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Data expressed as mean * standard deviation. 2p<0.05 compared to female control. °p<0.05 compared to female SOH. ©p<0.05
compared to female NA. 9p<0.05 compared to female SOH+NA. BM: Body mass, g: gram, mm: millimeter, SOH: sweetened alcohol,

NA: Naringin; SOH+NA: Sweetened alcohol and naringin
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6.4 Discussion

In this chapter, | explored the effects of naringin and sweetened alcohol on erythrocyte
indices, cardiac troponin-l, GIT, and accessory organs’ morphometry. Sweetened
alcohol consumption and naringin supplementation had no effects on all the
parameters studied. However, looking at the organ’s morphometry, it was observed
that male rats had higher absolute mass, while female rats had increased organ mass

indexed to body mass.

Although they do so in different ways, alcohol and fructose can both have a major
effect on erythrocyte indices.

Membrane fluidity and deformability: Alcohols can change the mechanical
characteristics and membrane fluidity of erythrocytes. According to studies, depending
on the concentration, alcohols such as ethanol can first increase and then decrease
the deformability of red blood cells (Sonmez et al., 2013). This biphasic effect is linked

to changes in membrane fluidity.

Haematological abnormalities: Chronic alcohol consumption can lead to various
haematological  abnormalities, including macrocytosis, anaemia, and
thrombocytopenia (low platelet count). These effects are due to both direct toxic effects
on bone marrow and indirect effects, such as nutritional deficiencies (Saka et al., 2011;

Yakubu et al., 2007).

Oxidative stress: High fructose intake can induce oxidative stress in erythrocytes,
leading to damage of the cell membrane and haemoglobin. This can result in decreased

cell lifespan and increased hemolysis (Pazzini et al., 2015).

Metabolic effects: Byproducts of the liver's metabolism of fructose may have an impact

on erythrocyte function. For instance, too much fructose can cause advanced glycation
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end-products (AGEs), which can increase red cells' rigidity and affect their function

(Gugliucci, 2017).

These mechanisms show that alcohol and fructose can affect erythrocytes’ function
negatively. However, the intervention used in this study did not affect the rats’ red cell
indices. This shows that the concentrations of alcohol and fructose used have no effect

on the rats’ red blood cell's function.

To support the findings from this study, in another study where rats were fed alcohol
and fructose, there were no significant differences in erythrocyte indices compared
with the control (Alwahsh et al., 2014). There were also no differences in Hb and PCV

values in animals consuming alcohol (Lugos et al., 2018) compared to the control.

The findings on cardiac troponin-I align with the findings in chapter three that show
neither sweetened alcohol nor naringin were associated with significant alteration in
cardiac function. However, other studies have reported raised levels of cardiac
troponin-| following fructose (Adoga et al., 2021), and alcohol consumption (Csengeri
et al., 2021), which is contrary to the findings in our study. The amount of alcohol used
in Csengeri’s (2021) study was said to have caused intoxication in the rats, which
might induce cardiac injury and lead to increased levels of cardiac troponin-l in the
study. The concentration of alcohol and the duration of consumption might explain the

reason for the lack of effects on cardiac troponin-I by the intervention in this study.

| observed no group differences in absolute and relative masses of visceral organs in
male and female rats. However, the study observed that male rats had increased

absolute masses of the visceral organs and increased absolute length of the small and
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large intestines, but the increase was greater in females when the measurements were

indexed to body mass.

This phenomenon can be attributed to several factors related to biological and

physiological differences between males and females:

Absolute Mass vs. Indexed Mass

1.

Absolute mass: In general, males tend to have larger absolute organ masses
due to their overall larger body size and higher muscle mass. This is influenced
by higher levels of testosterone, which promote muscle and bone growth (West

et al., 2010).

Indexed mass: When organ mass is indexed to body mass (i.e., organ mass
divided by total body mass), some organs may appear heavier in females. This
is because females typically have a higher percentage of body fat and lower
muscle mass compared to males (Bredella, 2017). As a result, when adjusting
for body mass, the relative size of certain organs can be proportionally larger in

females.

Hormonal influences: Hormones like estrogen and progesterone in females,
and testosterone in males, play significant roles in organ development and
function. These hormonal differences contribute to variations in organ size and

function between the sexes (Bhargava et al., 2021).

As seen from this study, other studies also reported that alcohol consumption did not

affect the weight of the testes (Costa-Valle et al., 2022), while fructose consumption

has been linked to reduced testicular mass in rats (Shibata & Fukuwatari, 2013).

However, the fructose used in their study was higher (80%) than the fructose used in
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this study (20%), which explains the disparity. The increased epididymal fat mass has
been associated with increased inflammatory changes, which can lead to inflammation
of the epididymis, causing reproductive dysfunction (Jia et al., 2018). The findings on
epididymal fat seen in male rats align with those reported in the previous chapters,
which reported no differences in body mass and visceral fat mass in male rats, as
epididymal fat is seen as part of the abdominal fat, even though the testes and
epididymis are not part of the visceral organs (ltem & Konrad, 2012). Naringin
supplementation did not affect the epididymal fat mass, which emphasised the findings
on body mass and visceral adiposity in males as reported in the previous chapters.

6.5 Conclusion

The voluntary consumption of sweetened alcohol and naringin had no effects on
erythrocyte indices, GIT morphometry and Troponin-l in male and female Sprague-
Dawley rats. This suggests that the model used did not result in overt toxicity to the

tissues.

The results of this study are summarised, some limitations are noted, and suggestions

for further research are made in the next chapter.
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CHAPTER SEVEN - OVERALL CONCLUSIONS, LIMITATIONS,

RECOMMENDATIONS, AND FUTURE DIRECTIONS
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7.1 Summary and conclusion

Sweetened alcohol consumption is on the rise, particularly among adolescents and
young adults, and because of its palatability and increased accessibility and
availability, it may result in a double burden of increased sugar and alcohol intake. Its
possible effects on cardiometabolic disorders are still unclear. This study evaluated
the potential therapeutic and preventive effects of oral naringin as a dietary
supplement to adolescent male and female Sprague-Dawley rats on the development
of cardiometabolic derangements induced by voluntary consumption of sweetened

alcohol. Four major areas were specifically focused on, including:

1. Cardiac dysfunction (evaluated by echocardiographic and blood pressure
measurements, heart mass, and histology of the left ventricle).

2. Metabolic dysfunction, hepatic steatosis, and visceral obesity - MAFLD (by
evaluating/measuring feed and water intake, gelatine consumption, body mass,
FBG, serum TG, insulin, visceral fat mass, epididymal fat pad (males), liver
mass, and liver histology).

3. Nephropathy (by evaluating/measuring kidney mass, serum NGAL, serum KIM-
1, and kidney histomorphometry)

4. General cardiometabolic health derangements (by evaluating/measuring
erythrocyte indices — PCV, Hb, MCHC, cardiac troponin-I, morphometry of the

small and large intestine, stomach, caecum, pancreas, and testes- for males)

Sweetened alcohol caused concentric cardiac remodelling, decreased left ventricular
relaxation, and increased filling pressures in females (features of systolic and diastolic
dysfunctions), and hepatic steatosis (fatty liver) in both male and female rats. In male
rats, sweetened alcohol led to decreased serum NGAL, KIM-1, and glomerular urinary

space. In contrast, in female rats, it led to decreased serum NGAL, increased KIM-1
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concentration, and increased glomerular density (early features of nephropathy). The
study shows that female rats are more prone to sweetened alcohol-induced

cardiometabolic derangements.

Naringin supplementation improved concentric cardiac remodelling, prevented hepatic
steatosis, and decreased serum TG, serum NGAL, and KIM-1 in females, while in
males, naringin caused decreased serum NGAL and increased serum KIM-1
concentrations. When supplemented with sweetened alcohol, naringin prevented
hepatic steatosis and led to decreased serum insulin, increased FBG, increased
glomerular density, and increased serum KIM-1 in females, while in males, it led to
increased serum KIM-1 and NGAL concentrations. The mechanisms through which
naringin improved these cardiometabolic indices may be related to other studies that
reported its anti-inflammatory and antioxidant (Shilpa et al., 2023), cardioprotective
(Uryash et al., 2021), hepatoprotective (Jutri¢ et al., 2022), nephroprotective (Amini et
al., 2022) effects, and the ability to improve other metabolic dysfunctions (Kumar et
al., 2019).

In conclusion, with the increased consumption and popularity of sweetened alcohol
and its relation to increased alcohol consumption, the risk of cardiometabolic
dysfunction is imminent. Strategic intervention to prevent these dysfunctions may be
of great benefit to public health. Strategic intervention with phytochemicals such as
naringin in the form of supplements in terms of its dose, mechanisms of action, gender
differences, and possibly its side/adverse effects needs to be further explored.
However, supplementing naringin with sweetened alcohol should be done with caution
as it may negatively affect the kidneys and some metabolic functions, as seen from

this study. Limitations and future directions
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The study looked at the combined effects of alcohol and fructose in the form of
sweetened alcohol. However, the study did not look at the individual effects of alcohol
and fructose incorporated into gelatine. Individual effects of alcohol and fructose
incorporated into gelatine may have provided a better comparison of the individual and

combined effects. Also, a different range of doses of the interventions (alcohol,

fructose, and naringin) might have helped to determine dose-response relationships
for all the interventions. For the naringin, if different ranges of doses were used, it
would have provided us with a safer dose to treat and/or prevent sweetened alcohol-
induced cardiometabolic derangements, especially for the kidney. | therefore

recommend future studies to consider these.

Cardiomyocyte diameter was assessed as one of the indices of cardiac function using
H&E staining. Even though it has provided information on the histopathological
changes in the left ventricular tissue, however, Gomori’'s trichrome and wheat germ
agglutinin (WGA) stains give superior specificity and quantitative precision for
evaluating cardiomyocyte size. Therefore, using these stains would have provided
additional insights into the evaluation of cardiac remodelling and should therefore be
considered in future studies. Echocardiography has been used in this study to assess
cardiac function. However, using electrocardiography may have also provided
additional information about the cardiac function. This should also be considered in

future studies.

In this study, sweetened alcohol induced visceral obesity and hepatic steatosis. These
are associated with oxidative stress and inflammation (Fricker et al., 2019; Kilisic et al.,
2018). These findings can be strengthened by measuring antioxidants such as
Thiobarbituric acid reactive substances (TBARS), Malondialdehyde (MDA),

Superoxide dismutase (SOD), and anti-inflammatory mediators such as interleukin-6
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(IL-6), tumour necrosis factor-alpha (TNF-a), and C-reactive protein (CRP). | therefore
recommend that future studies should consider exploring the measurement of these
biomarkers. Other indicators of liver function, such as aspartate aminotransferase,
alanine aminotransferase, and gamma-glutamyl transferase, were also not measured
in this study. They are also vital in assessing liver function. | also recommend
measuring these markers in future studies. The molecular mechanisms of sweetened
alcohol-induced hepatic steatosis were not explored in this study; | therefore
recommend future studies to consider investigating the molecular mechanisms of
sweetened alcohol-induced hepatic steatosis. In assessing renal function, this study
did not measure the traditional laboratory indicators of renal function such as
serum/urinary creatinine, urea, estimated glomerular filtration rate (¢GFR), and urinary
albumin. Measuring these markers together with NGAL and KIM-1 might provide
additional diagnostic value relative to sweetened alcohol and/or naringin with kidney
injury. It may also help to classify whether the kidney insult is an acute or chronic one.
I, therefore, recommend that future studies should consider measuring these markers
concurrently. In addition, even though H&E stain was able to show some
histopathological changes of the kidney, however, other stains such as Mason’s
Trichrome stain and Periodic Acid- Schiff (PAS) would have provided more details on
kidney tissue fibrosis and specific tubular secretions, thus providing additional insight
into the potential mechanisms behind any pathology in the kidney. In the future, the
use of electron microscopy and immunohistochemistry studies will shed more light on

the early changes in kidney architecture.

Molecular studies associated with naringin effects on sweetened alcohol-induced
cardiometabolic dysfunctions have not been carried out in this study. However,
naringin has been reported to exert improved cardiometabolic effects through its anti-

inflammatory and antioxidant effects and by modulating and regulating different
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metabolic pathways (Peng et al., 2024). | therefore recommend molecular studies in
future to evaluate the molecular mechanism(s) associated with the effects of naringin
associated with sweetened alcohol-induced cardiometabolic dysfunction. Also,
molecular mechanisms through which naringin supplemented with sweetened alcohol
negatively affected some kidney and metabolic functions need to be carefully studied

in the future.
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Abstract

This study assessed the impact of swectened aleohol and naringin on cacdiae
function in Sprague-Dawley rals. Male (m=40) and female (e =40} mals were allo-
caled to control, sweelened aleohol (SOLL), nuringin (KA}, and swectened aloshaol
with naringin {S0H +MA) groups. S0OH and S0OH +MA rats received 100 alen-
hinl + 20K% froctose nogelatine; SOH +MA and MA rats recefved Stomg/ke narlngin
In gedatine dally for 10weeks. Fehoeardingraphy was performed to assess left ven-
tricular (1) function. LV cardiomyocyte diameters and collagen area fraction
were determined by H&E and picrosirius-red staining, respectively. In males,
sweetoned aloohol and naringin did not atfect cardiac tunction. Femoele SOH rats
had increased LY end-diastolic posterior wall [p=10.04), relative wall thicknesses
(p=0.01), and LY cardiomyocyte diameters (p=0.005) compared with control,
Fermale SOH and 30H 4+ KA had reduced lateral & and " and increased Eie'
(p= 00001 k. Female S0H {p=0.01} and SOH + NA [p=004} rils had increased
LY collagen ares Fraction companed with controls, In males, neither sweetened
aleohol noe naringin affected cirdiae geometry or dinstolic function, In females,
sweetened alcohol induced cancentric remodelling, impaired LV relaxation, and
elevated filling pressures. Naringin may have the potential to improve the sweet-
ened aloohal-induced concentric remodelling; however, it did not amelicrate di-
astolic dystunction in fernales.
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1 | INTRODUCTION

Modermn society has seen & rize in the populanicy. of
sweetened alochnlic heverages, Including flavosed spir-
[ts, jelin shots, and cockiails (Crews, 2005 Mosher &
Johnsson, 2005; Wakabayvashi et al., 2021} The swesleners
incurporalod info these beverapes mnk the presence of
aleubel, making the beverages more palutable sl conse
guently less wpparent how much sloohol i being ingesiod
Thizcan increxse the rigk of overconsumption, particularky
among adolescents who often start drinking these bever-
uges 51 o voung age (Hnakansky ol al, 011, Crews, 2015
Musda et al., 2023% Cormmon swoeteners in Lhose beverages
Lypically include sucrose (a blend of 30% glucose and 50%
[ruciosc). high fnxctose com -syrup. or concentrales from
Lruit juice (primarily [ructeso) (Poppitt, 2005),

The combinstion of sleohol and fructose in these
drinks poses a double health risk bunden as indreidually,
aleohol and fricinse have heen assoctated with negative
enrdiometabolic health sutcomex such ae abeity, dys-
lipidaemia, and msulin resktance (Poppitt, 20015} These
modifiable risk Bctors may lead 1o e development of
cardiovasculur discases such s heart Bilure and athero-
scleroais (Liu ef al., 2022; Mellers & D Boer 2019 Tan
et al 2N} A high fructose diet may canse cardiac in-
flammmation and fibmsis through vanous mechanisms
mcluding Incressed production of pro-dnflammatoey
Mctors, upregulation of pro-Nhetke gene expression,
macraphage infiltration, and helghiened oxidative siress
(Kamgetal., 2005 Wang e al, 202% Xoetal., 2022 Zhang
el ul, 20160 Adahol consumption may result in incpeised
reactive axygen spocies (ROS) leading o noducod ende
thelial nitric ride synthase in cardinmyncytes {Tsermpind
et al, 2023 Wang t al., 2015} Therefore, the combined of-
focts, wof fructose and lecshal moy couse seversl stroctuml
changes as well as [unctional disturbanges in the heart
which may predspose individuals to crdiae dyslundion
Adthough rwctose and alootiol individually have been ex
Lensively studied for tholr effect on candiae function. their
combined effects remain an grea of ongoing investization.

Manpaging the cardiometabolic consequences of alcohol
and high fructome consumption resulis i i heay soclo-
ecnnomic hurden for many countries ghabalty { R, 218}
There is a need to explore prophylactc interventions early
in life fo reduce the'poor health cutcomes aysociated with
ileohol and sugar consumption, Phytochemicals are in-
creasingly being targeted as candidates for nuiraceuticsl
potential { Brono et al., 2022}

Maringin, & flavonold plytochemical tound in cle-
rus fruir, haz recently becoms of interest for i possi-
ble cardinprotective effects (Akin et al. 2022; Malakul
et al, IR Park et al, 2008; Shackehael e al., 2023;
Uryash of al., 2021). Studies have reported that naringin
hag sntiosidant and anti-inflsmmatory properties [Akin
el al., 2022 Uryash efal., 20210 that may protect the myo-
cardinm by reducing infllammetion e well o oxilaiive
siross hal tnkoy place aller the consumplion of (rucvse or
aleolnl. Kevertheless. v the best of our knowledge. there
I no leature reganding the effects of naringin nn sweet-
enid aleubol | nducsd crdioe changos. Consequently, fur
ther sludies are reguirsd (5 delermine mninginy podentiol
cirdinprotective ellocts in the context of swecicned aloo-
hudic beverups consumption. Thero is a bias towards the
wse of males in pnimal-bpsed studles despite the socictal
trends showing that both males und females consume
sweetenad akoholic beverages (Wakabayashi et al . 2021 )
Therefore, this research aimed to imvestigate the effects
of sweetensd aloahol and narngin on cardine function N
rale and female Sprague-Tawdey rats,

2 | METHODS
21 | Ethical clearance and study site

The study adhered 1o international ethical guldelines and
stundards governing the care and utilization of labrratory
animals, receiving approval from the Animal Beseanch
Ethies Committes of the University of Witwitersrnd
(ARLC clearunce cerlificale number 202 2/00/02/C). Tha
research ook place at the Wits Research Amimal Facility
(WRAF] situated at the University of the Witwatersrand
In - Johannesburg, South Africa, The study adhensd 10
the Amimal Besearch Beporting of In Vive Bxperiments
(ARRIVE} guidddines both during the nesearch process
and in the compilativa of the manuscripl.

22 | Animalsand study design

A total of s, 42-day-old Spragoe-Diwley rats {comprising
40 males and 40 females), were sourced from the WRAF of
the University of the Witwalersranid, Johannesburp. Each
rut was housed In & penipex cage topped with sieal mesh
covers. The cages wene lined with wood shavings and shred-
ded’ paper for- bedding and environmental enrichoment.
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Additiomal environmental endchment included wooden
bloscks for the rats to gnaw onand sectimms of wide bare
pipes for the rats W hide in. Bals were provided with ad -
bitum access to standard pelletzed mt chow (LabChet”,
Johannesburg, South Africa) and tap water for the entirety
of the study. To maintain a hvgienic environment, cages,
and hedding were changed twice a week. The room's ambi-
ent temperatire was controlled at 26+ 2°C, with appopriate
venillaton and a 12-h light/dark cyele {lighes om at 07.00h ),

The experiment was designed o a mndomized, [miee
ventional prospectivie study, The rats were subjected o a
Laweek seclimatizotion period wherein initial assessmenls,
inchuling body mass, food consumption, and bloo] prossure
were reconled, The mis woere also acclimatized with gelatine
which was prepared by adding (0.5 g fructnse with fg gelatine
In 100mL of water, 11 was given daily at 10mlL100g hody
weight for all the mts during the acclimatization period,
Fullowing this acclimalizalion period, tals were ramdomly
assipned 1o one of four sl ment groups, cach corsisting ol
20 rats (10 males and 10 [emales):

1. Control: received plain gelatine (5% fructose in &%
gelatine)—fructose was added to the gelatine to im-
prove the pakatabilin: of the preparation.

2 Sweetened alenhol (S0OH): recerved sweetened alcohol
{1 aleohnd +200 fructnse ) In 6% gelatine.

&0, 42-day-old
Sprague—Dawley rats

1 Males
10Females @8

=
p————

SOH#NA
1 Males =
10 Famales
S

|—.t|:r_|'is|1alinuin|1-—-| ——————— Group atlacation & Intarvention————————}

Twace wockly B measurcmems

BP ressrsrenis

50H \5
10 Malen i
10Femaes ff

5—'3‘&.?;. ::-H-Ev FHYSIOLOGIZAL REPORTS

3. Naringin (MA} received 5tmg/kg body mass (BM) nar-
ingin In gelatine [0.5% fructnse in &% gelatine).

4 Swestened  aleohol +  neringin (SOLL4+ NAY  re
ceived swectened aleohol (10% aleohol 4205 fruc-
fose )+ 50mefkg BM naringin in &% gelatine.

The gelating with or without aleohol andfor naringin was
presvided daily to the rats in glass containers at a volume
af 1iml. per 190 g hody mass. The use of gelatine for vol-
untary administration of alcohal has been previously de-
seribed and reported in various siudies {Dess el al, 20013;
Peris el al, 2006; Ralewski el al, 20063,
Before the commencement of the inlervention. base

ling blood pressuce and body misses were measurcd, The
study deslgn |s depleted in Figure 1 below.

23 | Interventions used and preparation

For our study, gelatine {Sheridan's gelatine, Libslar
Operations (Plyr Lid, Dunkeld, South Africa) was used
as @ vehicle. Flain gelatine was prepaved by mixing &g
gelatine with 0.5z tfructose powder (Fructose, Wature's
Chaice, Randvaal, South Africa) and 1-2 mL Boovril [Beefiy
Rowril, Pioneer Foods (Ptv) Ltd, South Africa) in 1XimL
nf hint water, Naringin was Inenrporated into gelatine by

ey
Plain galativs {0.5%
frurinsa + &%
pedaline) &l 10 w00 o

m——— ]

Ir"'—""l

200 fcicss + 10%
el in pelaline
(6%} At 10 mLMoD g

ittt

*  Terrinal B&1

= Terrinal BP

l'l. Measuremenis:
4

*  Visceralfat mass

4 / * LV mass
50 gy reringin i * LV cardicrmpacyle
galating (5% ol diamsan
10 w0 g
# LV pollageniarea
Nm— fraciion
R ————

20% fuclosa 1 0%
wihanaol + 80 mokp
naringin in galaties
[E%) at 10 mLi100 g

|'— Termination —|

Galatina Fabishon B & BP Eihe
(0.5% buslose - 5% gelaline)  TPRSUTAMANT maaAsuemaTs
weeks -1 [ ] 10

FIGURE 1 Sclhematic diageam of tse stdy desipn. BP, blocd presswre: BM, body mags; Echo, echoecardiography: LY, bedt ventricle) Na
mairingging 300+ MA, sweetened aloohed and nadngin: 30TT, sweetened aboahal.
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adding 0.05g (to provide @ dosa of 50mg/kg body mass
(Adebiyi et al., 2016}) naringin (=955 HPLC, CAS Na.
102364 7-2, Sipma-Addrich. Chine} to the plain gelatine as
described above. Sweetened akohol in gelatine was pre-
pared by adding 20g fructose powder (equivalent to 2068
fructose (Komnenov et al., 20200}, &g gelatine, and 1-2mL
Bovril, with 10ml of ethanol {equivalent to 10% ethancl
{Al-Awwadi et al., 204} (Erthanol 9995 CAS Mo, fd-17-
5 Ratch Mo, 37500; ACE chemicals, South Africa) tn pro-
vide up te a maximum ethanol doge of 0.792/ 1008 baody
weight, in S0mb of hot water (<8070, This dose is equiv-
alent o aboul hall of & glass/unil ul aleehol in humans
which corcesponuls (o chrenic light aleobol consumption
{Brick,; 2006} and has been associated with clevated liver
enzymes (Mlameld et al., 2017 Sweetened alenhol with
naringin was prepared by adding 0,058 naringin {to pro-
vide a dose of S0mg kg body mass) of naringin into the
sweclene] alshel in gelaling prepumilion as described
abuove {doses were adjusied to the rats” body mass), 1o cach
case, e mixture was thoroaehly mixed using 3 magnetic
hot plate stirrer. The solutions /mixbures were then placed
into glass containers and sealed to prevent evoporation
of the alcohol. All preparations were kept and allowed to
zatin a fridge at 2-7°C for 4-24 h before being served to
the rats. All treatments {either plain gelatine, sweetened
alenhnl, naringin In gelatine, or sweetened alenhol with
naringin) were offered to the rate once daily (at approxi-
mately 2003 at a dosage of 1W0mL per 100 g body mass
over 10weeks. The gelatine preparation consumed by
each rat was estimated by subtracting the remaining gela-
tine in milliliters (ml) from the gelatine provided each
week. Relative gelatine comsumption was determined by
dividing the gelatine consurmed Iy hody mass and then
muliiplving by 100,

24 | PBody mass measurements

An electronic welghing  halance  {Saowrex EO-1200,
Showrex International ll.'1||:r|['|::r'|_',.'. 'I.':slpm> 'I':qi'.-'.-‘::rl} Wik
usercd 1o messure the baseline body mass. Subseguently,
mueasuremenls were comlucted twice weekly 1o assess
prosth progress and make necessary adjustmenis W Lhe
dosage ol fructose, pelatine. cthanol, wnd noringin, thereby
ensuring a consistent dosage proportionate o the body
mass. The final body mass was measured at termination.

2.5 | Noninvasive blood pressure
measurements

Blood pressure was measured at baseline and termina-
tion using the tail-cuft technique (Biopac Systems, Santa

Rarbara, CA, USA} as previously described (Tauline
et al., 2011). Briefly, each rat {priorly hahituated to the
procedure) was pul in o restrainer; with the ral's tail on
& heating pad. After the rats' tails were heated, the blood
pressure machine's cuff was placed at the base of the
tail, and readings of blocd pressure were recorded. Twi
tn three readings per rat were taken and the average was
determined. To prevent dinmal varation, measuremeants
were done at midday.

2.6 | Echocardiography measurcments

Mine weeks alter the commencement of Uhe intervention,
rats were anesthetized with lsoflurane {1%-3% in oavgen ).
Anesthesia was first induced Inoa chamber and then main-
tained with a face mask. Following this, the antarior chest
sl was shaved,

Lehowardicpraphy was perlormed with the rals in the
belt luteral decubilus pesition using a high-resolution ul-
trusound probe (10 Mz coupled 1o un echovardiogruphic
machine (Abiniti CWx, Philips Healthcore, Andowver.
Massachusetts). IV dimensions were determined wsing
mvo-dimensional  directed M-mode echocardiography
in the parasternal long-axis view during three consecu-
tive heats. TV end-systolic and end-diastolic Internal di-
ameters, interventricular septal thickness, and posterior
wall thickness were measured in systole and diastole.
Relative wall thickness was calculated as {2xposterior
wall thickness)(LV internal diameter at end-diastnle)
(Langetal.. 2015). IV punap and nrpocardial systolic fane-
tinn were determined by caleulating TV ajectinn Fraction
using the Teichhnlz mathed and I endncardial fractional
ﬁhflr[l:l'lil'lb'_ {1.:1 g etal., 'Il'l._‘.j.

LY disstolic function was determined from the miteal
valve inflow palterns using pulsed Doppler imaging. In
the apical 4-chamber view, the carly (80 and lale (A) dia-
stnfic inflonar velncities were ohtainad with the sample wol-
umme placed at the mitral valve leaflet tp and expressed as
A, a marker of relasation, To determine diastolic fune-
tiom using Gsswee Doppler imaging (UDL:, peak royvocardial
tissue lengthening velocilies during early (e and lade (2
iliastede were recorded al the laeral mitral annolus in the
apical four-chamber view, Diastolic lunction markers are
expressed as ¢ (an index of myocardial relaxation), /&
[an index of myccardial stitfness), and E/e (an index of
LV filling pressure .

The rats wera allowed to recover from the anesthetic
and then returnead tn their cages and respectiva treatmants
for a weck.

Measurements were taken in the LV since the LY plays
4 crucial role in ensuring blood circulates to all parts of
the body. Given its thicker wall compared to the right
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veniricle, the LV is more pften suscepiible to various car-
dirvascular conditions, and therefire, studying the left
side of the heart provides mepningful information inte the
overall cardiac function {Kertoot et al., 2019} Morcover,
cardiovascular diseases such as heart failure, myocardial
infarction, and hypertension, predominantly affect the left
side of the heart (Tsao et al., 2011 5). Therefore, focusing cn
the left side provides a hetter undesstanding of the mech-
aniams assnciated with these conditions.

2.7 | Terminal procedures

At the end of the Lo-weck intervention, rals wens cutha-
nized using a sodium pentoharhital mverdose (FEuthapent,
Eyran laboratories. lohanneshurg, South  Africa) at
LE0mg kg BM injected intraperitoneally. Visceral ft G-
juining (he liver, Kidneys, piancres, stomach, and small
amid Lirge intestines) was carcelully memeoved, anl weighls
were determined wsing o Presica 3106 digital scale
{Provision Instruments, Johannesburg, South Africa) The
hearts were dissected out and their respective weights
ware recorded. Subsequently, the left ventricle was iso-
lated from the other cardiac structures, and its specitic
weight was determined using a Presica 3100 digital scale
{Precislon Instruments, Tohanneshurg, South Africa).

28 | LV cardiomyocyte diameter and
total collagen content determination

LV tlssue was preserved In 10% phosphate-buffered far-
malin and later histologically examined. For the hisin-
logical examination, the samples were processed using the
Thermai Seientifics Microm STF 120 (Microm S1F 120,
Thermo Seientilic, MA, USAT aulomalic lissue processor,
and embedded in parallin wis, Processed lssues were sec

tinnad at 4 pm thick using a microtnme {Teica Rinsystems
Instrumenta( Py, Ltd, model RM 2125 Wetzlar, Germany)
and p|uu=rI neld g]::*s |||||:r||N.‘n|1En= glides, The slidaes wepre
illowwed fe air-dry and ad here 1ooa 2070 hesting block.

281 | Hematoxylinand cosin stain

The Hematoxylin and Eosin {H&E) stain was used to as-
zass LV cardiomyocyte diameter (width) at the lewel of
the nucleus in longitudinal sections. Brietly, the samples
underwent deparaftinization with xylens. rehsadration
through a scrcs of graded cthunol concentmbions, and
staining with Harmis' hematosylin followed by alecholic
ecsin sofution. Subsequently, the slides were washed (de-
hydrated) with ethanol and xylene before being mounted

- | sof1m
B, Hrseu ool PHYSIOLOGICAL REPORTS §————

with DX mountant and eovered with & cowerslip. The
slides were visually analyzed by a blinded evaluator using
 Zoiss Axivekop 2 Plus microscope, squipped with o Zeiss
AxioCam (Zeiss, Peabody, MA, USA} to analyee the LV car-
diomyocyte diameter. Tisswe sections viewed under a bright
field were obtained using a 4 objective lens (<400 magnifi-
cation}. The LV cardiomyocyte diameters at the level of the
nucleus in longitudinal sections were determined using the
srealght-live tool on Imagel sofiware {Tmage] version 1,544,
Lakaratnry for Opticaland Computational Instrumentation,
University of Wisconsin} (Baudouy etal., 20075 LV cardio-
myocyle dismelers were measured three limes per samphe
ek average was determine:d,

282 Picrosirius red stain

The picrosirius red stain was used o messune the acou

mulation of celligen Gbers toguanlily the depree of b

sis in LY samples. Brielly, sections were deparallinized,
rehvdrated, and stained with o 0.0% Sirius Red solution
dissolved in agueous saturated picric acid for s0min at
room temperature. Atter washing in aciditied water (5mL
of acetic acid into 1L of distilled water), the slides weare
dehydrated and mounted with DPX mountant (Merck Life
Seience (Piy) Lid, Medderfontein, South Africa). The tis-
sue soctions woere visually analyzed by a blinded evaluator
using a Zeiss Axioskop 2 Plus microscope equipped with
a Zeiss AxioUam {Zeiss, Peabody. MA, USAL Tissue sec-
tion images viewed under bright-field and polarized Hght
were ohtained using a 1k objective lens (X100 magnifi-
cation). Tha collagen area fractinn and cverall tissue area
fnr each tiasu e section were determined using Imagel snft-
e {I:rluEl:| varsion 1.54d, |.'.:|5‘5|'|nl'.il1|r}' for i][rlill:ﬂ and
Cornputational Lnsteumentation, University ol Wiseonsin,
Collagen area [ractions were delermined three limes per
sumple and an aversge wos delermined, The collagen area
fractinn was computed by dividing the callagen area by the
rverall Hssue area (Raldno et al., 20220

2.9 | Statistical analysis

Statistical analysis was pedormed using SA% version 9.4
[SAS Institute Inc. Cary, North Carolina, USA). Graphs
were pmenerated usimg GraphPad Prism wvemsion 9.4
[GraphPad Software Inc., San Diego, CA, USA)

The sample size was determined using the formula
(Charan & Kanthariz, 20130 T 5T (1968 +0.842)°%d°
where SD=standard deviabon: 1% =type 1 croor of 5%
0,842 = at 804 power; L8422 is a value Irom the standerd tor-
mula used to determine the sample size. The value (0.842)
ig associated with the Z-score, or critical value relatad to
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achieving #ir. power in a standard normal distribution.
When uzing a standard normal distribation, a F-score of
approximalcly 0,842 corresponds o 80% poveer { Charan &
Kuntharia, 2013}, and d = difference between mean values.
Shapiro-Wilk tests were used for normality tests. Data
were nommally distributed and are expressed as means +
SEM. To determine differences in haseline and terminal
biody masses and hlond pressure measurements, as well as
weekly gelatine consumprion measures, repeated measures
twe-way aralysis of variance (CANOVA T was used with group
and s as the main effects 1T significint differences were
observed, Tukey post hoc tests were employed o Gdentily
speilic proup and lime dilfermoes. Canliac geometry sl
Tunclicnal dilferences wers assessed using two-way ANOVA
wiith group and sex as the maln effects. IF significant differ-
ences ware obgenved, Tukey post haoc tests were emploved
tey jeentify specific group differences, Associations between
lissaze Doppler indives and the collagen anes Irclion were
determined using Peasons correlation. Sinoe blosd pres
sume coniribules w the development of dizstolic dysfune-
tion. blood pressure was included as o confounder in the
comelation anolysis, g« 0,05 was considered as significant.

3 | RESULTS

31 | Morbidity and mortality

One of the male rats died trom the Male SOH + NA group
during the study due to iatrogenic causes (confirmed by

AUTAPSYL

3.2 | Body mass, visceral fat mass, and
blood pressure measurements

Tuble 1 shows the effects of sweetened alcohol and nar-
ingin on body mass and blood pressure at baseline and at
termination in male and female Sprague-Davdey rats. The
gromp and sex effects were significantly different for base-
ling body mass (group: F=21449, p=ili2: sex: F=13.27,
p=onns) and terminal bndy mass (group: F=1756,
[<0U0001; gex: F= 120868, p < 00001 ). Body masses ware
significantly higher {p-< 00001} af termination compared
i baseline seross all proups in both male and female rals.
Males woere heavier (p< 00001} compared W females al
bascline and terminution,

The group and sex effects were significantly differ-
ent for visceral faf mass indexed o body mass (group:
Fel6dd, pD000l; sex: F=76.13, p<000010. Female
SOE and SO0+ NA rats had heavier viseeral Gl misses
indexed 1o body mass comparcd o female conirol and
MNA pals (p < 0000L). Female S01Land SO11 4+ NA rals had
heavier visceral 3t masses indexed to body mass com-
pared to all male groups {p < L0001,

There were no signiticant differences observed in group
and sex etfects for baseline gystolic blood pressure (group:
F=04Z, p=0.89; sex: F=iL13, p=0.72) and terminal sys-
tnlicblond pressure {group: F=0K1, p=10.58; sex: F=0011,
p=0.74). Ther were no significant differences observed
in group and sex eftects for baseline dinstolic blood pres-
sure (group: F=1.13, p=U.31; sex: F=0.02, p=0.92} and
terminal diastolic blood pressureigroup: F=1.15, p=0.34;
sexs =i, p=10.496 ).

TAEBLE 1 Effvcts of swectened alcolol and naringin en body mass, visceral fal mass, and blocd pressure at baseline and werinfnation In

inake dizd lemale Sprague-Dinkley ruls

Males Females
Control S0 NA SO +MA  Contral 5001 WA SOTT+MA
Bascline
Aoy mass () 14806° 1445 6 153 16" 156 L R* IEEY o 122 6™ T v Y
BRFimm Hgl 14 (L 124403 1484 gyt Mgy Mg % Ix243
DEF (mn Hg)  T+2 Ti=3 F2+2 Th+3 7543 TE+3 7543 T9+12
Temminatiom
Bodly mmse(g) 46346 135=F 460 + AZE+6 R4 E 1 +6" 5T +6° DR 4T
Visceral BE{s 2792038 LM=038  LETa041  IETE041 2072038 B1TH03 J0NL03E AidsDaET
by miss)
SEP(mmHE 11741 115=3 114+3 11742 11943 117 +2 117 +2 11543
DOF (mmITel Ty el Tl TRLF T2 Taxl a1+ T4l

Fnrie [atn copressed o8 mnean L5 EM. %po0uns cnmpared b ooerived. *n e 0ns compared s KA Bp 000007 ecenparad o rerrina] bedy mass. e oG

compared foall male prows.

Abbredations: DEF. & iolic blood pressare; KA, nartnping SEP, systolic blood pressure; S0H 4+ KA, sweetened aleohol 2nd naringin: SOH. sweetened aloobal.
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3.3 | Gelatine consumption
Figure 2 shows the cffects of sweetened alcohol and
naringin on weekly sbsolute and relative gelatine con-
sumption in male and female Sprague-Dawley rats. The
group and sex eftects were significantly different for ab-
solute gelatine consumption {group: F=54.81; p<00001;
sex: F=3A5.25] p<04XN1). There were no significant
differences In abenlute gelatine consumption hetween
the groups In both males and fermales for all Wweeks
(Figure Za,c) Male rats had higher absolute gelatine con-
sumplion cormpirced o females from week 4 1o week 10
{p < 0,005 Fipure 2u,ch

When gelatine consumplion was compuied oelative
tn hody mass, the group effect was slgnificant (F=11.78
p=0.0001), however, the sex effect wag not (F=0.48;
p=0481 Therewere nosignificant differences in relative
pelatine consumplion belween the groups in males fur
all 10 weeks [ Figure 2b), In females, Uhe relalive pelatine
consumplion was higher in the control and NA groups
compared (o the SOH 4+ MNA group at week 8{p=0.02 and
p=0.03})and week 9{p=0.03 and p = 0.03; Figure 2d).

34 | Echocardiography
3.4.1 | Cardiac mass, cardiac geometry, and
left ventricular systolic function

Table Z shows the eftects of aeetened alcohol and
naringin nn cardiac mass, cardiac genmetry, and
left ventricular systalic functinn in rale and fermnale
Sprague-Dawley rats. The group and sex effects were
significantly different for relative heart masses [group:
Fe=2L26, p<0.0000; sex: F=138.72, p<0.000010 and
absclutle hearl musses (proup =654, p< 00001 e
F=23403, p<00001) The proup and sex ellecls were
significantly different for relative LV masses (group:
F=21R42, p<0.0001; sex; F=19568 p<00000] and
abaclute LV masses I:_Enlul':: F= 362, rr{l.'l-.l'll.'l!'ll; R
e 18 11, pe0000L) Male heart and LY misses were
heavier (p < 00001 compared o emale heart aml LY
masses, Llowewer, female control, NA, amd SO+ NA
proups had heavier {p<0.0L1) hearl mass indexed Lo
body mass compared to male control and SOH groups.
Female control, A, and SOH + NA proups had heavier
{p=0.01 LY mass indexed to body mass compared to
the male control group.

The group and sex etfects were ignificantly differ-
enl for LV cnd-diastolic diameter (group: F=42.73
p = 0.0001; sexz F=207.94, p<0,0001), LV end-diastolic
posterior wall. thickness (group: F=672, p< (L0001,

2, P ey PHYSIOLOGICAL REPORTS |

sex: F=27.97. p=tonnl), TV end-systolic diameter
[group: F=5.41, p<O.0008; sex: F=3747, p<0.0007),
LV end-systolic posterivrwall thickness {group: =854,
p=0.0001; soc F=62.04, p<0001), and relative wall
thickness (group: F=571, p<0.0001; sex: F=17.17,
p=00001) in male and female rats. Female S0H rats
had greater TV end-diastolic posterior wall thickness,
and relative wall thickness compared o female cnn-
ol rats (p=0.04, and p=0.01, respactivelyl Female
SOH rats had greater relative wall thickness compared
o fernale NA rats (p=001% Mo significant differences
in relative wall thickness were obseryed belween 1he
[emale contrel, NA, and 3OLLENA groups. LY end
hiastolic diameter and LV end-systolic posterior wall
thickness were greater {p-< 00001 ) In all males compared
- all fernale groups. Female control and NA rats had
reduced {p < 0.01) LV end-diastolic posterior wall thick
s and LV end-syslolic diameler armpaced to all male
proups, Female SO1L s had gresder {p < 0.01 ) relalive
wall lthickness compared 1o all male growps. Femeale
S0H 4+ NA ruts had greater {p < 0.05) relative wall thick-
ness compared to male control and MNA groups.

The group and sex eftfects were significantly ditferent
for LV stroke wolume {group: F=4u4, p=01000Y; sex
F=27.%6, p=<{.KK). There were no significant differ-
ences In group or sex effects for efection fraction (group:
F=049, p=084; soc F=1.19, p=0_28), Although the sex
ottect was significantly different for fractional shortening
[F=11.84, p=0.0010), no significant differences were ab-
served far the group etfect (F=1.83, p=0.11}. There wers
nn significant ditfferences betareen groups in all markers
of systodic functiom in male and famale rats

342 Lefl ventricular diasiolic lunclion

Fuifsed Doppler indices

Tahle 3 shows the effects of sweetaned alcnhol and nar-
ingin on pulsed Doppler indices {Fand F/A) in male and
fermale Hpmgue—l]:m]el.' rats, There were. nio .M|£_'I'IiﬁL'-al'|l
differences observed in the group and sex effects for B ve
fucily {proasps 470 0,12, po 0,99 suxs 19w 000, pree 0,960 amd
LA Agruup: F=000, p = L00; sox; =001, p=0.91) in
mal and female rats,

Hssiee Doppler (ndices

Figure 3 shows the effects of sweetened alcohol and
naringin on tissue Doppler indices in male and female
Sprague-Davdey rats. The group and =ex effects were
significantly different for lateral o (pooups F=1541
p=00001; sex: F=5218 p<0000L), e'fa (group:
F=164%, p=<0.0001; sex: F=61.35, p<0.0001), and E/e’
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FIGURE 2 Theweekly absolate (o and o) and reative (b and d} pelatine consumiption in male (left pansd) and female (rght panel)
Sprame-Lawley rats. Data presentsd as means + SEOL " p <05 control and WA comparad 10 S0H + NA “p <005 compared fo all malbe
aroups. MA. naringin; SOH + A swoctencd aleohol and narinpin: SOH, seectoned aloobol.

{group: F=1425, p (UKHN; sex: F=34.55, p-< (L0001 ) in
male und femile rits,

There were no signiticant differences in all tissue
Doppler indices in male mts {Figure 3a-c). Female
SOH {mean+5EM: 3.11+024cmis) and S0H4+NA
(mean+5EM: 34020035 omy's) groaps had reduced laseral
& gomnpared o contml (mean £ SEM: 533 029 em/s) and
NA (mean £3EM: 5.30+0.28cmfs) groups (o< 0unini;
|"|E.'l.!ﬂ= Rdj. Female 50H {l'l'u:.:m +5EM: 061+ I'.I.'Ilj and
SOH -+ NA Croean £ 5EM: 0,75+ 0011 groups bid reduced
i’ compamd o conteol {mean £ 35M: 157 200120 and
NA (mean+SEM: 15124001} groups {All p<0000L;
Flgure 3a). Female S0OH {mean £3FEM: 3421 £1.37)
and  SOH+NA  (mean+5EM: 230A+1.317  gmups
had increased Ele |_'mr|['|:!r|.~|.1 to contiol I:rrm;nn*.:h'i':."'.-'l:
1333+ 1.37) and NA {mean+SEM: 13.12+1.31) groups
(pr=0.0000; Figure 31 Noosignificant dillerences were
whserved between the Temale 010 and SO11 4+ NA groups,

All male prowps hod higher ¢, ¢’ and reduced Ef
compared to- female S0H and SOH+MA proups {All
p=0000L)

35 | Cardiomyocyte diameters

Figure 4 shows the effects of sweetened aloohol and nar-
ingin on LY cardiomyocyte dinmeters in longitudinal sec-
tians in male and female Spraque-Dawley rats. The group

and sex effects were significantly different for the TV car-
dicmyocyte dismeters (proup: F=14.13, p<0.0001; sox:
F=7523%, p<0.0001} in male and female rats. There were
no statistical difterences in LV cardiomyocyte diameters
between the groups in male rats (Figure dab). In females,
I cardicmyncyte diameters were significantly greater
In the SOH (rmean £5FEM: 1779 £ 03K pm) cotapared
tn the control (mean+SEM: 1571 +00380um; p=0.005)
and MA aroups (rne:m +5EM: 1581 + 038 purm; p=L'l.I'II'.IF:;_
Figure 4ed), All male proups had greater LY cordicmye
evle digmeters compiredl (o the female control, NA, amd
SO WA proups (p < 0005

16 | Collagen area fraction

Figure 5 shows the ellects of sweetensd abvobol and nar

ingin on LV llagen ared fraclion in male and female
Sprapus-Dawley ruts, There were no visual dilferences
in collagen accumulation between the groups of male
rats when observed under bright filled (Figure 5a) or
plarized light (Figure 5c). There was greater collagen
accumulation in female SOH and 50H +MA ratz com-
pared to control and NA rats as evidenced by the in-
creased red slaining of cardiac tissue section visualized
under bright-filled microscopy (Figure 5b) and large
collagen fibers in orange or yellow visualized under po-
larized light {Figure 5d).
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TAEBLE 3 Effects of sweetoned aloohol and narbngin oo el weattcalar diastelic fanction {pulsed Dappéer indices) I oale and fonale

Sprague-Diwley rats.

Minles Temnlexs

Comtral  SOAT NA SOM+NA  Cantrel 0T NA SOIT+NA
Efemis) 70754313 73304313 FOT04313 TREU4AE OO0 TR064330  WE0<313  7IS04313
20 AT 013 LAZ 20k (WS R LG5 g 114 LA LiLl4 166y (14 LG aikly EAT L 13

ot Dl presgnied ws mivans + 5EM.

Abbrevations: A, Lite disstobe indow velocties; B, sarly LA raio ol sacke and late dizstolic inBow veloctties: LY, Left ventncle: N noongo: 0L+ KA,

sweg il kbl and coringio SOH, svaeiens] akeahol

{8) 4q-

a' [omis)

GControl  SOH

N SOHENA

]

FIGURE 3 Effects of sweetencd alvobol and madngin on tateral o (a and d) ¢/a (b and o}, and Efe' (e and £) i made (left pancl) and
Temale (gight panel) Sprague-Dakey rals Data presented ad mean+ 3EM. “p < 00001 compared tocontred. "p <0.0001 compared 1o XA,

" LB00] coengired Wl male groups. LV, lelventricakar A maringing SOCT, sweete ned dlechol; SOIT+RA sweelened aleohol and
mrrimgin. &, petk velucily during early diielole; &' rlioal early L ke peak velsilies during dastole;, Bie', ralio of sy daasielic Mling b

etz velncity duarng sarly diasknla,

The group and sex etfects were significantly differ-
ent tor the collagen area fraction (group: F=41.53
P, gex: F=8T.89, p<0UK0) in male and fe-
miale rats. There were oo signilicant differences in the
collagen area fraction between the groups in male rals
{Figure 5e). In females, the collagen area fraction was
significantly greater in the SOH group (mean + SEM:

91240.52%) compared to the control [miean+ SEM:
LSR052E p<00001), and NA  {mean+SEM:
2.1540.51%; p< 0.0001) groups (Figare 56} Tn females,
the collagen area [ractivn was sipnilicantly greater in the
SOH 4+ NA group (mean + SEM: 8.71 + 0474} compared
o the comtrol {mean<+ SEM: 158 £0.52%; p<0.0001)
and NA (mean £5EM: 215 20.51%; p<0.0001) groups
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Males Females
1] p— &b Commi S0H H AOHHA,

o = ase (4] E
£ . . H
£ ¥ g
F o ES
H 15 %
g 101 $
E E
£ B4 2
E :
o g4 L o

Contral  SOH  MA  SOHeNA Control SOH  MA  SOHHNA

FIGURE 4 Effets ol sweelened aleolol and nafogin oo LV cardivmyecyle dinieeiess i longitudined seclios of male {1ell puned)

and lerude {righl panel) Sprague- Denley ruls, Bepresen tabive HET-slioed microgrphs imaged al sdd shjeclive (200 mag nifelioad
viewsadl in brighl li=hl {2 aned o TV cardimyoacybe diametses (hoand d f messared e e ITEE slained seclions, Tt presenled s msns
2 BN, #p (08 compared i eon ol *p <008 compared b NAC " 0000 compared o all male growps, [V, 1eft ventricle YA, naringing
SOH 4 N AL saveztened alenhal and naringin; S0H, swveetened alenhnl,

Males Females

1= i (M 16

. a #ita

£ % H

% 10+ 2 o -i-

2 i ;

= -

.

i i

g’ £ - ¥

L] o -
N
" control B5OH Ha EOH=NA

FIGURE 5 Effectsof swveetencd aleohel and naringin on collapen area fracton in LY dasue of make and female Sprague-Dawley rats,
Lepresentaiive peorealrig rod stained micropraphs Imaged afb =10 ebiective (=100 magnifcation) viewsd o bright-fld {a and B) and under
polarized light (c and d} Collagen area fraction {¢ and ) caleabsted from ploreslrivs rod-stained sccthons. Data poosentod as means = SEM.
*p <005 compared o control. g 0005 companed e XA, T <005 compared to all male groups. LY, el ventricie; M, nadngin, SOH+MNA,
sweelened alcchol and narinein; SOH, sweebened aloohol,
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{Figure 5f). Mo significant differences in collagen area
fractinm wera nhaerved hetween S0OH and 50H +MNA fie-
male proups (p=0.9% Figure 507,

All male proups had reduced collagen area fraction
compared to fernale 30H and 30H+MNA proups {All
p=OLODULY

L —
TR ity

3.7 | Associations between the
collapen area fraction and tissue Doppler
indices

Figure 6 shows the associalions between the collugen
arca [raction and tissue Doppler indices. Roducsi o

() Collagen arsa fraction
LB et 00018
ey —a— 00069
= [ 0.0038
-1.0 -05 0.0 0.5 1.0
95% Gl
b Collagen area fraction
e = 0.0033
a'ia’ —e— 0.0147
Efe’ e 0.0085

=10 =05 00 06 1.0
partial M35% Cl)

FIGURE 6§ Assvcialions between the colliwen insa [raction
ard measures of left veniricalir dinsiolic forction. G fefire
adistng for HE, (h) After adjusting far BE. e, peak velociby during
early diastole; eVa’ mtdo of eary to Late peak velocitizs during
dimstole; EXy, rabioof carly diastolie filing o peak veloelor durtng
cariy disstele. Open circles represent the correlatbon coctficient
e pa:IJal F1, ansd horion el lnes epresent the 55% confidensse
inlervai (CI).

was associated with increased collagen area fraction
[r=—0.35 p=0.00NZ). Reduced e'fa’ was arsoclated with
collagen arce fraction {r=—0.31; p=00069). Increascd
Ele' was associated with collagen area traction {r=0.33:
p=0.0039; Figure 6a) After adjusting for blood pres-
surg, the results remained materially unaltered (e’ par-
tial F=—{134 and p=0.HI3%; e'fa’ partial r=—{130 and
p=0.0147; Efe partial r =0.31 and p=0.00935; Figure fh).

4 DISCUSSION

The current study investipated the elleots of swectened
aleobiol and maringin on cacdize lunction in male and Je-
male adnlescent Sprague-Dawley rats. The main findings
of 1 2 sudy were that sweetened aleohnl and naringin did
not affect gelatine consumption in male rats, However,
int fernale rats, the combination of sveetened aleohol and
narinein led o decreased gelatine consumplion. In males,
sweckened aleohel or nazingin did not exerl an impacl on
cardiac prometry, systolic function, or diastelic function,
However, in temales, the consumption of sweetened alco-
hol led to concentric remodeling without inducing altera-
tions in LV mass and binod pressure. Although sweetened
alcahnl did not affect systolic Function, it impaired LV
relaxation and led tn elevated TV filling pressures in fe-
males. Incrossed collapen area fraction was associated
with impuired LV relaxation and elevnted filling pressunes.
MNaringin neay have the potential to improve the sareetened
alcahol-induced concentric remodeling, but not diastolic
dysfunction in females. These findings highlight patential
sen-specific differences in cardiae structure and function
In response o exposare o sweetened alenhnl and naringin.

41 | Effects of sweetened alcohol and
naringin on gelatine consumption

Relative gelating consurnption, which accounts for body
'.'.-'l.*lg'hl. was not HErl'ifI-c:l:tH}' different Amnng the male
growps, This indicates that when sufjusted for body mass,
the male rats consumed gelaling in similer propertivns
repacidless of their experimental condition, This uni

formity suppesis thel the interventions did not markedly
atfect the dietary behavior of male rats in terms of gela-
tine consumption. In contrast, significant ditferences
were noted in the relative gelatine consumption among
female rats. Specifically, females in the SOH +NA group
had reduced relative gelatine consumption compared to
both the control and NA groups in week 8 and % of the
study, however, was similar in the 10th weelc, It is un-
clear why this transient reduction in gelatine consump-
ticn in the S0H +MA group occurred. It does suggest
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that the combination of SOH and NA might influence
the feeding behavinr in famale rats. Indeed, diffar-
ences in preference for aleohol and fructose have pre-
viously been reported in rats (Li et al.. 2019 Nieto &
Eosten, 2017]).

4.2 | Effects of sweetened alcohol on
cardiac peometry

In the current study, no differences were observed in
markers of condipe peomelry in wlolescent male rais,
However, in adolescenl fermales, the wosumption of
switened aleohol increased LY end-diastolic poslerior
wall thickness and relathve wall thickness compared o
contenls without altering heart and LY masses. Tn ad-
dition, the consumption of sweetened aleohol margin-
ally increased the LY candiomyooyle dinmelers, These
resulls suppest thal the consumpiion of sweetened alco
hel may have caused concentric remodeling in females.
Indecd. in concentric remodeling, LV wall thickness
and relative wall thickness increase betore any detect-
able changes in LV mass. The individual effects of a
high-fructose diet and alcohol on cardiac remadeling
are comtroversial, While some studies have reportad ec-
centric cardiac remaodeling characterized by reduced TV
wall thickness and relative wall thickness in rats sub-
jected to fructose (Bouchard-Thomassin et al., 2011
Komnenov et al., 2020) or-alcohol (Ad et al.. 2020; Kim
et al., 2003; Mouton et al., 2020), other smdies have
reparted concentric cardiac remodeling and hypertro-
phyin rats exposed to fructose (Wang et al., 2023 Xing
et al., 2010) nr aleohol (Fernander-5o0ld & Porta, 2016).
Interestingly, Wu et al. {2018} reported that the coad-
ministration of fructese and aliehol (6% frectose +4%
etbunul} led e improvements in myowandial hvperico
phy cumpared to rals only consuming a high [roclose
diet (A% fructnge) (WO et al, 2018). The discrepancies
in these findings may he due to specific variations in di-
etavy conditions, age, as well as differences in rfat steain
and sex, Mevertheless, in the current study, we Tound
thad tong lerm consumplion ef sweelened aloohuol may
resull in more proncunced LY mass changes and con-
centric hyperlrophy in females.

Although hypertension is a sipgnificant contributor o
the cardiac remodeling process (Tomek & Bub, 2017),
in the present study, blood pressures were similar be-
tween the confrol and S0H groups. This suggests that
concentric remodeling in females occurred indepen-
dent of changes in blood pressure, Indeed. candine re-
modeling can be induced not only by hypertension but
also by inflammatory and fibrotic responses (Wang
et al,, 2023} In the current study, the consumption of

@53{.” 1;-5 PHYSIOLOGICAL REPORTS /
sweetened alecohol increased LV total collagen content
compared o the eomtrnl group. Indeed, high fructoss
(Wanp ct al., 2023; Xing et al, 2010} or woohol con-
sumption {Lluis ¢t al., 2011; Mouton ef al. 2020} have
heen pssociated with cardiac tibrosis. In the heart, bath
fructonse and alcohol may induce oxidative stress and
inflammation, which then activate pathways that pro-
mate increased collagen formatiom and fibrosis {Kang
ef al., 2015 Zhang et al, 2016). Therefore, our findings
suggest that the consumption nf sweetened aleohal re-
sulted in increassd myocrdial fibrosis which could
have lead Lo conceniric remodeling in lemales.

4.3 | Effects of sweetened alcohol on
diastolic function

In the currenl study, sweetened aleobol did not alfect
pulseil Doppler indices in male and female Sprague
Diawley rals. In agrecment with our stady, W et al, (2008)
reported no changes in the E/fA mulio in 8-weck-old mats
cxposed to sweetened alcohol (6% fructose +4% ethanol)
for sweeks (Wu et al, 2018). Despite no changes in pulsed
Doppler indices. the cansurnption of sweetened aloohol in
the current stedy led o impaired tissue Thoppler indices
Including reduced lateral ' and e'/a’ and Increased Ffe' In
female rats. In addition, increased collapen aren fraction
was associated with impoired LV relaxation and elevated
filling pressures.

Although Wu et al. {201%) did not repart on fssue
Doppler indices, previous studies have repoarted impaired
IV ralavation {reduced lateral e’y and increased filling pres-
sures {FfeHn mats fed a high fructose diet (Xing etal.. 20007
and alenhol I:l'..‘m.l-_':l::l et al., Mil‘.}. 11 this I'E'EJI.HJ, the con-
sumption of sweelened aleobol may have im pained passive
LY relaxition by promoting excessive colligen produclion
and depositivn thal in twen, increased myocardial Gbrosis.
The increazed ryncardial fihrosis and fmpaired TV relax-
ation and stiffness cansed by the sweetenad alechnl may
therefore lead 1o increased LV 1-I||i.r|g pressures {|'._-'u":l. It
the current study, sweetened alecobol increased LV pres
surnes despite the normal appearince of the LA mio
Inddeenl, inereases in LV [illing pressures drive o compen-
subory increase o the carly diastolic flling (E), resulling in
& peeudonormal tilling pattern. Therelore, in the present
study, the consumption of sweetened alcohol most likely
caused modemte-to-severe diastolic dysfunction.

The mechanizms by which fructose and aleohol im-
pair IV relaxation and increase filling pressuras are mul-
tilactorial. In addiion fo promotling fbrosis-mediated
myocardial stiffness, fructose and aleohol may contribute
to diastolic dystunction by medifying calcium homeo-
stasig, impacting contractile proteins, inducing oxidative
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stress, increasing lipogenesis, and promoting lipid accu-
mulatinn in the vocardium (Kang et al., 2015; Laonigrs
et al, 2009; Li et al, 2022; Rasoul ot al., 2023: Tscrmpini
et al, 2022; Wang et al, 2005, 2023; Zhang et al.. 2016).
Future studies should imestigate these molecular mech-
anisms in more detail to gain a deeper understanding of
their specific contributions.

4.4 | FEffects of sweetened alcohol on
systolic function

In this stwldv, the consumplion of sweelened aleohol and
naringin did oot alfect systolic uosticn in both maele and
fernale rats. While some studies have reportad that the in-
dividual comsumption of fructnse {Wang et al., 2023; Zhang
el al, 2006) and aleohol (A6 et al, 2020; Kim et al, 2003
Muouton el al., 2020; van Oocl el al, 2020} can adversely
allee) syslolic (unclion, characlerized by impaired stroke
volume, gjection fraclion, and [ructional shorening, oth-
ers have not (Wang et al, 2023; Zhanp ot al., 2016 The
majority of studies that have reported reduced gjoction
traction and fractional shortening (Ai et al, Zo20; Li
et al, 2014; Wang et al., 2023; Zhang et al., 2016} have
administered fructose and aleohal at high deses, and fior
a longer duration of Intervention, which could partly ex-
plain the discrepancies in the resulis,

Monetheless, similar to our reswlts, Wu et al. (2018)
reported no changes in systolic function in rats receiving
sweetemed alcohol. The assessment of svstolic function
in clinical practice often relies an IV gjectinn fractinn, a
measure influenced hy chamber sime and pressure. Az a
result, it serves as a more reliable Indicator for evaluating
ventricular-arterial ¢rmp'|iug than |:|::-|'|Tr.’u:ti|ii3.- (Bl'u'L"ll.‘lt!
el al, 20007, In our study, the use of more sensitive echo-
vardivgraphic parameters, specilivally Speckle Tracking
Imaging (Dands] el al, 2000}, may have Gilitated thae
earty detactinn of LV systolic dysfunction. Tn thiz con-
text, research has indicated that nyncardial deformation
o rhies, Nl'lbcir|lL’l|1:-,' I8 circumferantial and |||ng||ludi-
matl strain and sinin rate may be compromised before any
neliceible changes in systolic chamber funciion {Kucuk
el al, 2007 Fulure stucicos should therefore use more sen-
sitive mewsures of svstolic lunction W exploce te elfect of
sweelened alcohol on systolic performance.

4.5 | Sex-specific effects of sweetened
alcohol on cardiac remodeling and
diastolic function

Estrogen possesses anti-inflammatory and vasodilatory
properties, producing a cardiopratective environment fior

women (Jorga et al., 2007 Kiang et al., 2021). Nevertheless,
nur study showed that sweetened alechnl cansed concen-
tric remodeling and divstolic dyvsfunction in fomale s,
and not in their male counterparts, One plousible expla-
nation tor this discrepancy may be due to the interplay be-
rveen sweetenad alcohol and other physiolegical factors.
specitically visceral adiposity. In the current study. fenale
S0H rats had increased visceral adiposity indexed oo hody
miass compared tnomale rats. Indeed, studles have reporred
that fructose consumption has a more pronounced effect
on wiseeral adiposity in female rats compared 1o males
[Kovacevic el al, 20210 Ln addition, the sceumulatlion of
cxeess viseral adipose lissue plays an importani role o
the development of diastolic dyslunciion and heart Luilaee
with a preserved efectlon fractinm In wornen more than in
men (Soeimachi et al, 2021 %

Hypertruphic adipoeyies, prevalent in visceral adi-
posily may secrele inlammilocy markers such as lumor
necrosis fclor-alpha, interleukin LR, interleukin &, wdi
pokines such as adiponectin, leplin, resistin, chemolae-
tic protein 1 (MCP-1), and transforming growth Lctor
[TGF}p, {Farkhondeh et al, 2020) thereby promoting
a state of chronic low-grade inflammation (Kolb, 2022).
The increased circulating levels of these inflammatcty
markers may cause damage to the endothelium lead-
Ing tn the upregulation of soluble intercellular adhesion
muolecules thut increase the production of BOS {Paulus &
Tschidpe, 2013 ). ROS decroases the bioavailability of ni-
tric oxide and increases the production of percoynitrites
[Schulz et al., 200%). This in tarn reduces the production
of cyclic guanosine menmephosphate and lowers protein
kinage G (PEG) activity within the nwocardiom (van
Heereheek etal, 2012} These altered slgnaling pathways
and PELG fll_‘ti"r'”}: result in increased candiac remodeli g,
dinstolic wlilfness, and dysfunclion through dewnstream
hypuphosphorvlativn of the protein, Gilin (Paulus &
Tschiipe, 20035, This ullimately leads 1o impaired diastolic
function and concentric cardiac remodeling. TherefnTe,
the sweetened aleohnl-induced increased viscaral adipns-
iy may e 1r|ﬁn—.‘-rbd i cascade of ||"||"|:|rn|'|1::.r|'|:|'_\_.I EVants
leading o the remedeling process in females, thus, in
creasing their susceplibility 1o disstolic dysflunclion

These resulls shed lighl on the cemplesity of gender-
speidic responses to sweetened aleobol-indwced cardioc
citects and highlight the importance of guining o better
understanding of the underlving physiological mech-
anisms contributing to diastolic function impairment
and cardiac remodeling in fernale rats. Further studies
are crucial tn elucidate the interactinoms between vis-
ceral adiposity, inflammalion, and other contributing
foctors that collectively influcnce the observed gender-
specitic outcomes in response to sweetened alcohol
administration.
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4.6 | Effects of naringin on
sweetened aleohol-induced concentric
remodeling and diastolic dysfunction

In the current study, naringin may have potentially im-
proved the sweetened alcohol-induced concentric re-
modeling as the LV posterior wall thickness, relative
wall thickness, and IV cardiommyocyte diameters in the
SOH+NA group was similar 1o that of the controls.
Pravious studies have shown the potential therapeutic
and cardinprotective elffects of naringin in various experi-
mental medels of dickindueed canliae injury, diabelic
cardiomyopalhy, and dschemic hearl discases {Malakol
et ali, 2008; Pack of al., 2018; Viswanathe of ol., 2022),

Park et al. {2004} reported that naringin prevented
the generation of ROS and mimchondreial dysfune-
tion in cardiomyocyies exposed o fructose, which
in turn desreased the hyperirophy of the candiomyo
eyles (Park el al, 2008) Moreover, naringin preventcd
[ructose-induced cardiomyooyle apoplosis by ohstruct-
ing BROS-dependent ATM-mediated ps2 signaling ( Park
et-al, 2018} To the best of our knowledge, the cardio-
protactive effects of naringin have not been explored in
alcoholic models.

Although naringin may have marginally improved the
sweetened alenhnl-induced concentric remndeling, it did
not improve the severity of fbrosis since the total colla-
pen content was similar in SOH+MNA and SOH groups
but were both significantly higher compared to controls.
Theretore, it iz plansible that naringin did not directly
impact eallagen formation, ot rather it may have im-
proved indices of eoncentrle remedeling thenugh alterna-
tive mechanisms, sach as the reduction in ROS formation
oI TL:E‘n:a-r“led in other studies {A.'klh ef al., 2022 Hrund
el al, 2022; Lacnigro et al., 2009} Future studies should
cunsiler these mechanisms w furtber eaplone the polen
Liul of naringin in Lhe impravement ol sweclenol aleokbol-
induced comcentric remndeling ata molacular lavel.

Although naringin may have marginally improved con-
centric n&l'mldrii.rlg. it did nat ameliniate the swestened
alcobol-induced diastolic dysfunction, Concentric rermed
eling has the potential 1o contribule fo diaswlic dyslfunc
lion, s Lhe incresscd stillness of the heart muscle may
alfect its ability to relax during diastole (Rec of ul, 20407,
Given the ohserved improvement in sweetened aleohol-
induced concentric remodeling with naringin, a longer
duration of treatiment and higher doses of naringin may
have eventually led to improvements in diastolic function.
Therefore, these factors should be considered in future
studics, Additionally, understanding the broader meta-
bolic responses that lead to reduced gelatine consumption
in females could provide insights into the interconnected

@53{.” 1;-5 PHYSIOLOGICAL REPORTS /
nature of dietand cardiac health in the presence of such
suhsrances.

The present study has further limitations. While pre-
vious studies hove coxtensively examined the individual
eftects of fructose {Bouchard-Thomassin et al., 011:
Kang et al, 2015 Komnenow et al, 2024; Wang
et al., 2023 Xing et al., 200 Zhang et al., 2014} and al-
cohol (A et al., 2020 Ferndndez-50li & Porta, 2006, Kim
et al., 2003; Mouwton etal., 2020; Misto & Kosten, 200 7) on
cardiae function, these studies did not employ gelatine
as @ vehicle. Futwre investigations would benefit from
the incorporation of 205 fruciose and 1095 eihanol solely
wilhin gelatine 1o provide @ cleurer comparison belween
individual and combined effects, In addition, the use of
a slngle dnse or concentratinn for each compound of In-
terest {fructnse at 20%, alcohol at 106, and naringin at
a0mg/kak may have contributed to the absence of some
ul the observable effects, Tulure invesligalions need (o
explure @ wider mange of doses o clocidale potenlial
ese -response relationships more comprehensively, As
Gomori's trichrome and wheat perm apglutinin (WGAY
stains offer better specificity and gquantitative accuracy
for measuring cardiomyocyte size compared to the more
genaral HEE staining, further imvestigation in this re-
gard may provide additional insights in the assessmeant
nf cardlac remndeling. Finally, the lack of measuremant
of blood aleohol concentration [ollowing consumption
of ethanol-containing gelatine is an aspect that warrants
further investigation in future stedies since ingights into
how gelating matrices influence alcohol release and ab-
sorption can inform aleohal metzholism consideratinns
and health implicatinns.

5 CONCLUSION

In males, neither sweelened aleohol nor naringin kad
any Impact on cardiac geometry nr diastolic function.
Crmversely, In females, the consumpticn of sweetened
aleohol resulted in lncreased vigceral l::-l'll:'ﬁi[f;, and con-
ceniric remeodeling withoul inducing alterations in LV
mass anid blood pressure, Sweetened aleohol-impaired
LY pelaxation and elevaled LY [illing pressures in fo-
males, Motably, paringin improved the sweolened
aleohol-induced concentric remodeling but did not
mitigate the digstolic dysfunction and visceral obesity
induced by sweetened alcohal in temales. These find-
ings contribute to a better understanding of the effects
of sweetened alcohol and naringin on cardiac health
andd underscore the need for urther rescarch to wocavel
the underlving mechanisms that account for gender-
specific diffevences,
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APPENDIX 5A: ELISA PROTOCOL FOR SERUM INSULIN DETERMINATION

ELISA PROTOCOL FOR INSLIN DETERMINATION

Reagent preparation

All reagents were brought to room temperature before use

Standard: Was rreconstitute with 0.5mL of Standard Diluent, kept for 10 minutes at
room temperature, Shaked gently. The concentration of the standard in the stock
solution was 1,000 pg/mL. Five tubes were prepared containing 0.6mL Standard

Diluent. A quadruple dilution series was prepared as shown in figure below.

200 pL 200 pL 200 pL 200 pL

T . ale

Stock

standard

Tube 1 2 3 a 6
il 1000 250 62.5 156 3.9 0

Figure: Tubes preparation and dilution

Each tube was thoroughly vortexed before the next transfer. Five points of diluted
standard (1,000pg/mL, 250pg/mL, 62.5ug/mL, 15.6pg/mL, 3.9ug/mL, and the last EP
tubes with Standard Diluent is the blank as Opg/m) were set up.

Detection Reagent A and Detection Reagent B - Detection A and Detection B
reagents were briefly centrifuged before use. Diluted to the working concentration 100-

fold with Assay Diluent A and B respectively.

Wash Solution — Deionized water at 580 mL was used Dilute 20 mL of Wash Solution

concentrate (30x) to prepare 600 mL of Wash Solution (1x).

280



TMB (3,3°,5,5’- Tetramethylbenzidine) substrate — the needed dosage of the
solution was aspirated using sterilized tips.

ASSAY PROCEDURE

1. Wells for diluted standard, blank and sample were determined. Five wells for
standard points, 1 well for blank were prepared.

2. Fifty micro litres (50puL) each of dilutions of standard, blank and samples were
added into the appropriate wells respectively.

3. Then, 50 uL of Detection Reagent A was added to each well immediately. The
plate was shacked gently using a microplate shaker. The plate was covered
with a Plate sealer. Incubated for 1 hour at 37°C.

4. The solution was aspirated and washed with 350uL of 1X Wash Solution to
each well using a multi-channel pipette and was allowed to sit for 1-2 minutes.
The remaining liquid from all wells was completely removed by snapping the
plate onto absorbent paper. This was repeated 3 times. After the last wash, any
remaining wash Buffer was removed by aspirating or decanting. The plate was

Inverted and blotted against absorbent paper.

3. one hundred micro litres (100uL) of Detection Reagent B working solution was
added to each well. Incubated for 30 minutes at 37°C after it was covered with plate

sealer provided by the manufacturer.

4. The aspiration/wash process was repeated 5 times as conducted in step 4 above.

5. Ninety micro litres (90uL) of Substrate Solution was added to each well. Covered
with a new Plate sealer and incubated for 10 - 20 minutes at 37°C. it was protected
from light by covering it with foil paper. Protect from the light. A substrate solution was

then added which turned the liquid blue.
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6. Fifty micro litres (50uL) of Stop Solution were added to each well, and the liquid
turned yellow. The liquid was mixed by tapping the side of the plate.

7. Any drop of water and fingerprint was removed from the bottom of the plate and
ensured that there are no bubbles on the surface of the liquid.

8. reading was done on the microplate reader at 450 nm immediate
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APPENDIX 5B: PROTOCOL FOR TRIGLYCERIDE DETERMINATION USING ELISA

ELISA PROTOCOL FOR TRIGLYCERIDE DETERMINATION
Reagent preparation

1. All reagents were brought to room temperature before uses

2. The stored serum sample was centrifuged at 1000 x g for 5 minutes

3. Wash buffer: to prepare 750 ml of a wash buffer, 30 ml of concentrated wash
buffer was diluted with 720ml of deionized water. To make sure there was no
crystal left, the buffer was gently warm in a 40°C water bath and gently mixed
until all the crystals dissolved.

4. Standard working solution: the standard was centrifuged at 10, 000 x g for 1
minute, 1 ml of reference standard and sample diluent was added and allowed
to stand for 10 minutes, it was gently inverted several times. When it fully
dissolved, it was thoroughly mixed with pippete. This produced a working
solution of 400 pg/ml (Standard working solution).

Dilution method: seven Eppendorf tubes were used. Five hundred micro litre
(500 pL) of the 400 pg/ml standard working solution was pipetted to the first tube
labelled tube1 and mixed up to produce 200 pg/ml working solution. Then, 500 uL of
the sample diluent were added into the remaining tubes labelled 2-7. A serial dilution
was made by transferring 500 pL from tube 1 to tube 2, and from tube 2 to tube 3 up
to tube 6. Each tube was thoroughly mixed before transferring to the next tube. Tube
1 served as the high standard, sample diluent in the last tube (tube 7) served as a
blank, as shown in the figure below.

The dilution gradient ws kept at 400, 200, 100, 50, 25, 12.5, 6.25, 0 from the

standard working solution to the blank respectively.
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Standard working Tube1  Tube2 Tube3 Tubed Tube5 Tube 6 Blank
solution 200 100 50 25 125 6.25 0

Figure: Eppendorf Tubes preparation/diluition

5. Biotinylated detection antibody working solution: the amount of the solution
needed for the experiment was calculated at about 100uL per well before
preparation. However, slightly more than the amount required was prepared.
The concentrated biotinylated detection antibody was centrifuged at 800 x g for
1 minute, it was then diluted at 100 x concentrated biotinylated detection
antibody to 1 x working solution with biotinylated detection antibody diluent

6. HRP (Horseradish Peroxidase) Conjugate working solution: the amount of
the solution needed for the experiment was calculated at about 100uL per well
before preparation. However, a slightly more than amount required was
prepared. The concentrated HRP conjugate was centrifuged at 800 x g for 1
minute, it was then diluted at 100 x concentrated HRP conjugate to 1 x working

solution with HRP conjugate.

Assay preparation
1. All samples and standard to be assayed were done in duplicate

2. The wells for diluted standard, blank and sample were determined
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9.

One hundred micro litre (100 pL) each of the standard, blank and sample were
added into the appropriate wells. The plate was covered with a sealer provided
by the manufacturer. It was incubated for 90 minutes at 37°C. (to avoid foaming
as much as possible, the solution was carefully added to the bottom of the
micro-ELISA plate well and touching of the inside wall was avoided).

The liquid from each well was decanted. Without washing, 100 uL of the
biotinylated detection antibody working solution was added to each well. The
plate was sealed with a new sealer and incubated for 1 hour at 37°C.

The solution was again decanted from each well. 350 pL of wash buffer was
added to each well. Soaked for 1 minute and aspirated the solution from each
well. It was then patted to dry against a clean absorbent paper. This wash step
was repeated 3 times.

One hundred micro litre (100 pL) of HRP conjugate working solution was added
to each well. The plate was covered with a new sealer and incubated for 30

minutes at 37°C.

. The solution was decanted from each well, and the wash process was repeated

5 times as conducted as done in step 5 above.

Ninety micro litres (90 pL) of substrate reagent was added to each well. The
plate was covered with a new sealer and incubated for 15 minutes at 37°C. A
foil paper was used to cover the plate to protect it from light. The plate was pre-
heated for 15 minutes before optical density determination.

Fifty micro litres (50 pL) of stop solution was added to each well

10.The optical density (OD) of each well was determined once with microplate

reader set at 450 nm.
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APPENDIX 6A: PROTOCOL FOR NGAL DETERMINATION USING ELISA

Reagent preparation

1. All reagents were brought to room temperature before use

2. The stored serum sample was centrifuged at 1000 x g for 5 minutes

3. Wash buffer: Seven hundred and fifty milli-litres (750 mL) of wash buffer was
prepared by diluting 30 ml of concentrated wash buffer with 720ml of deionized
water. To make sure there was no crystal left, the buffer was gently warm in a
40°C water bath and gently mixed until all the crystals dissolved.

4. Standard working solution: the standard was centrifuged at 10, 000 x g for 1
minute, 1 ml of reference standard and sample diluent was added and allowed
to stand for 10 minutes, it was gently inverted several times. When it fully
dissolved, it was thoroughly mixed with pippete. This produced a working
solution of 4000 pg/ml (Standard working solution).

Dilution method: seven Eppendorf tubes were used. Five hundred micro litre
(500 pL) of the 4000 pg/ml standard working solution was pipetted to the first tube
labelled tube1 and mixed up to produce 2000 pg/ml working solution. Then, 500 uL of
the sample diluent were added into the remaining tubes labelled 2-7. A serial dilution
was made by transferring 500 pL from tube 1 to tube 2, and from tube 2 to tube 3 up
to tube 6. Each tube was thoroughly mixed before transferring to the next tube. Tube
1 served as the high standard, sample diluent in the last tube (tube 7) served as a

blank, as shown in figure below.
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Figure: Tubes preparation and dilution
The dilution gradient was kept at 4000, 2000, 1000, 500, 250, 125, 62.5, 0 pg/mL from
the standard working solution to the blank respectively.

5. Biotinylated detection antibody working solution: the amount of the solution
needed for the experiment was calculated at about 100uL per well before
preparation. However, slightly more than the amount required was prepared.
The concentrated biotinylated detection antibody was centrifuged at 800 x g for
1 minute, it was then diluted at 100 x concentrated biotinylated detection
antibody to 1 x working solution with biotinylated detection antibody diluent

6. HRP (Horseradish Peroxidase) Conjugate working solution: the amount of
the solution needed for the experiment was calculated at about 100uL per well
before preparation. However, slightly more than the amount required was
prepared. The concentrated HRP conjugate was centrifuged at 800 x g for 1
minute, it was then diluted at 100 x concentrated HRP conjugate to 1 x working

solution with HRP conjugate.

Assay preparation
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. All samples and standard to be assayed were done in duplicate

. The wells for diluted standard, blank and sample were determined

. One hundred micro litre (100 uL) each of the standard, blank and sample were
added into the appropriate wells. The plate was covered with a sealer provided
by the manufacturer. It was incubated for 90 minutes at 37°C. (to avoid foaming
as much as possible, the solution was carefully added to the bottom of the
micro-ELISA plate well and touching of the inside wall was avoided).

. The liquid from each well was decanted. Without washing, 100 uyL of the
biotinylated detection antibody working solution was added to each well. The
plate was sealed with a new sealer and incubated for 1 hour at 37°C.

. The solution was again decanted from each well. 350 uL of wash buffer was
added to each well. Soaked for 1 minute and aspirated the solution from each
well. It was then patted to dry against a clean absorbent paper. This wash step
was repeated 3 times.

. One hundred micro litre (100 pL) of HRP conjugate working solution was added
to each well. The plate was covered with a new sealer and incubated for 30
minutes at 37°C.

. The solution was decanted from each well, and the wash process was repeated
5 times as done in step 5 above.

. Ninety micro litres (90 pL) of substrate reagent was added to each well. The
plate was covered with a new sealer and incubated for 15 minutes at 37°C. A
foil paper was used to cover the plate to protect it from light. The plate was pre-
heated for 15 minutes before optical density determination.

. Fifty micro litres (50 pL) of stop solution was added to each well
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10.The optical density (OD) of each well was determined once with microplate

reader set at 450 nm.
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APPENDIX 6B: PROTOCOL FOR THE DETERMINATION OF KIM-1 USING ELISA

Reagent preparation

1.

2.

All reagents were brought to room temperature before use

The stored serum sample was centrifuged at 1000 x g for 5 minutes

. Wash buffer: Seven hundred and fifty milli-litres (750 mL) of wash buffer was

prepared by diluting 30 ml of concentrated wash buffer with 720ml of deionized
water. To make sure there was no crystal left, the buffer was gently warm in a

40°C water bath and gently mixed until all the crystals dissolved.

. Standard working solution: the standard was centrifuged at 10, 000 x g for 1

minute, 1 ml of reference standard and sample diluent was added and allowed
to stand for 10 minutes, it was gently inverted several times. When it fully
dissolved, it was thoroughly mixed with pippete. This produced a working

solution of 20 ng/ml (Standard working solution).

Dilution method: seven Eppendorf tubes were used. Five hundred micro litre (500

ML) of the 20 ng/ml standard working solution was pipetted to the first tube labelled

tube1 and mixed up to produce 10 pg/ml working solution. Then, 500 uL of the sample

diluent were added into the remaining tubes labelled 2-7. A serial dilution was made

by transferring 500 pL from tube 1 to tube 2, and from tube 2 to tube 3 up to tube 6.

Each tube was thoroughly mixed before transferring to the next tube. Tube 1 served

as a high standard, sample diluent in the last tube (tube 7) served as a blank, as shown

in figure below.
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The dilution gradient was kept at 20, 10, 5, 25, 1.25, 0.63, 0.31, and 0 ng/mL from the

standard working solution to the blank respectively.

1. Biotinylated detection antibody working solution: the amount of the solution

needed for the experiment was calculated at about 100puL per well before

preparation. However, a slightly more than amount required was prepared. The

concentrated biotinylated detection antibody was centrifuged at 800 x g for 1

minute, it was then diluted at 100 x concentrated biotinylated detection antibody

to 1 x working solution with biotinylated detection antibody diluent

2. HRP (Horseradish Peroxidase) Conjugate working solution: the amount of

the solution needed for the experiment was calculated at about 100uL per well

before preparation. However, a slightly more than amount required was

prepared. The concentrated HRP conjugate was centrifuged at 800 x g for 1

minute, it was then diluted at 100 x concentrated HRP conjugate to 1 x working

solution with HRP conjugate.

Assay preparation
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. All samples and standard to be assayed was done in duplicate

. The wells for diluted standard, blank and sample was determined

. One hundred micro litre (100 uL) each of the standard, blank and sample was
added into the appropriate wells. The plate was covered with a sealer provided
by the manufacturer. It was incubated for 90 minutes at 37°C. (to avoid foaming
as much as possible, the solution was carefully added to the bottom of the of
the micro-ELISA plate well and touching of the inside wall was avoided).

. The liquid from each well was decanted. Without washing, 100 pyL of the
biotinylated detection antibody working solution was added to each well. The
plate was sealed with a new sealer and incubated for 1 hour at 37°C.

. The solution was again decanted from each well. 350 yL of wash buffer was
added to each well. Soaked for 1 minute and aspirated the solution from each
well. It was then patted to dry against a clean absorbent paper. This wash step
was repeated 3 times.

. One hundred micro litre (100 yL) of HRP conjugate working solution was added
to each well. The plate was covered with a new sealer and incubated for 30
minutes at 37°C.

. The solution was decanted from each well, and the wash process was repeated
5 times as done in step 5 above.

. Ninety micro litres (90 uL) of substrate reagent was added to each well. The
plate was covered with a new sealer and incubated for 15 minutes at 37°C. A
foil paper was used to cover the plate to protect it from light. The plate was pre-
heated for 15 minutes before optical density determination.

. Fifty micro litres (50 pL) of stop solution was added to each well
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10.The optical density (OD) of each well was determined once with microplate

reader set at 450 nm.
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