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ABSTRACT

Consumption of higtiructose and/or higifat diet during the neonatal development phase
increasegle novolipogenesis, which leads to the onset of metabolic dysfunction, including
visceral obesity, noealcoholic fatty liver disease and renal impairment. There is strong
evidence that stearic acid hlagpocholesterolaemieaffects and thus its potential nutritional

and health beneficial effects on the subsequent development of health outcomes associated with
high-fructose and/or higifat diet induced metabolic dysfunction necessitate further
investigation. This interventi@h study aimed to investigate tmepactof a diet enricheavith
stearicacid alone and/or combinedth high-fructose on a) general metabolic health profile,

b) nonalcoholic fatty liver disease, c) nephropathy and d) visceral and gastrointestinal tract

morphometryin growing female and male SpragDawley rats

Eighty, 21-day old rats were randomlgllocated tob treatment groups of 16 (8 males and 8
females) pups each and fed respective treatments for 13 weeks. Gfoegatjve contrg)
receiving standard rat chaamdplain water to drink; group Il, in which metabolic dysfunction
was induced, rats were fed standard rat chow, 20% fructose splgtmup IIl, served to
investigate the prophylactic potential of stearic acid, rats were fed standard rat chow enriched
with 3% stearic aci@dnd20% fructose solutioto drink; group IV, rats were fed standard rat
chow enriched with 3% saeic acidandplain water to drinko investigate the effects of stearic

acid alone on metabolic health; group(§ositive control in which fenofibrate was used for

the prevention of metabolic dysfunction, rats were fed standard rat chow, 20% fructose solution
to drink and fenofibratéin gelatine cubeas a vehicleat 100 mg/kg body mas&roups HV

rats all received plain gelatine cubes as vehicle coBomly mass was measurgaoughout

the studyAfter the 13week feeding period, rats were terminaaed tssue samples collected.
Fasting blood glucoseJgsma total cholesterol, triglyceridmsulin HOMA-IR, adiponectin
concentrations andkidneyinjury moleculel (KIM-1) a surrogate biomarker of kidney
function were determinedVisceral and epididymal fat masses weneasured to assess
adiposity. Hepatic lipid conterdand fatty acid profile were determined.iver and kidney

histomorphometry erealsoperformed.

Feeding the rats with a stearic aeidriched diet did not negatively affect their growth
performance as all rats across dietary groups grew significantly during the feeding period with
their ultimate body mass being significantly greater than theirlibibidy mass (p <0.0001).



The  hgh-fructose  diet induced hypercholesterolemia, hypertriglyceridemia,
hypoadiponectinemiancreased visceral adiposity, increased hepatic lipid content, caused

micro-vesicular steatosis and hepatic inflammation and increasedlKvk 0.05) in rats.

Stearic acid significantlyncreased plasmaadiponectin (p < 0.001), decredsthe high
fructose dieinduced hepatic lipid content (females) (p < 0.05), miersicular steatosis
(females) (p < 0.05), increase polyunsaturated fatty acids (females) (p < 0.05) and decrease
trans fatty acids (males) (p < 0.05) as an intervenhionvever,stearic acid was ineffective in
preventing (p > 0.05) higfructoseinduced increased cholesterol, triglycerides, visceral
adiposity, hepatic inflammation and kidney damaggrkerKIM -1. Long bone parameters,
fasting blood glucose, plasma insulin and insulin resistance, masrcular steatosis,
hypertrophy and kidney histomorphometry were not affected significantly (p > iByOhe
dietary interventionsFurthermore, dietary treatments had no effect on gastrointestinal tract or
visceral organ morphometry across treatment groups. Stearic acid alone significaitiys)
lowered cholesterol and triglycerides while increasing adiponectin lesafspared to the

negative catrol.

The current data showeex differences in response to stearic acid and high fructose diets and
that stearic acid providesome protective effects against highuctoseinduced metabolic
dysfunction, posing as a promising potential natural saturated fat in ameliorating poor
metabolic outcomes associated with kigictose diets. Stearic acid supplementation in the
diet should be estigated further as a form of preventive therapy againstfhigtose

induced metabolic dysfunction.
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CHAPTER 1

INTRODUCTION



1.1 Preview of the thesis
This thesis is written in a divided block format clustered into seven chapters.

The first chapter outlines the introduction of obesity and metabolic dysfunction as a major
problem in both children and adults. Key statistics and an update of the recent research
advances and possible interventions to prevent the prohtemhighlighted The aims,

objectives and hypotheses of the proposed study are then expressed.

The second chapter critically examines the literature in connesfibnthe planned study,
describing the concepts, global prevalence and influence on health of visceral obesity,
metabolic dysfunction and neaicoholic fatty liver disease. The metabolism of fructose and
saturated fatty acids in the liver is discussed, as aslthe pathophysiology of obesity,
metabolic dysfunction and nealcoholic fatty liver disease. There is discussion of potential
therapies for preventing, treating and managing métathsorders. It also discusses the usage

of stearic acid and its role in reducing the risk factors linked with metabolic dysfunction.

The study results are thpresented in separate discrete chapters wherein each of these chapters
are subdivided into introduction, methods, results and discussion sections much like the format

used for research publications.

Chapter three covers the leteyrm effects of a stearic acid alone and/or combinedfhnigiiose
and stearic acid diet fed to growing female and male SpiBgudey rats on general metabolic
health profile.

Chapter four covers the losigrm effects of a stearic acid alone and/or the combined high
fructose and stearic acid on the development ofalooholic fatty liver disease in growing

female and male Spragidawley rats.

Chapter five constitutes the loigrm effects of a stearic acid alone and/or the combined high

fructose and stearic acid on nephropathy in growing female and male Spagley rats.

Chapter sixcontainsgeneral supplementagdatawhich highlights thelong-term effects of a
stearic acid alone and/or the combined Higlctose and stearic acid diet on the gastrointestinal
tract and visceral organ morphometry in growing female and male Spayuley rats.

Chapter sevenonstitutes the overall conclusions of the major findings from all the chapters
and potential use of the knowledge generated from this study. Limitations and
recommendations are also included. A list of appendices and references used to backup this

studyis also includedhereafter



1.2 Introduction

Obesity is a major cause of morbidity and mortality globally in children and gtutt<t al.,

2020. Sedentary lifestyles and tlrtake of fructoserich dietshas been connectéd poor

health risk facta including type Idiabetes mellitugde Farias Lelis et al., 20pGtherogenic
dyslipidaemia(Benkhaled et al., 2022hyperglycaemiglLé and Tappy, 2006 hypertension
(Kim et al., 2020Lé and Tappy, 2006impaired glucose toleran@Basciano et al., 200%ran

et al., 2009, insulin resistancéAhmed et al., 2020Softic et al., 202)) nonalcoholic fatty
liver diseasélm et al., 2021Jegatheesan and De Bandt, 204 visceral obesit{Vu et al.,

2023aVYu et al., 201%h

High-fructose diets are associated with the development of obesity and metabolic dysfunction
(Dobrowolski et al., 202ZTappy and L&, 20)0Fructose isbsorbedrom the gastrointestinal
tract andquickly processedby the liver(Muriel et al., 2021 Taskinen et al., 20)9Fructose
metabolism bypasses the ritaiting step in glycolysis, producing glyceraldehyde and
dihydroxyacetone phosphate, which can be utilized to synthesize(lijd$ariya and Orrick,
2022 Lee and Cha, 20)}8 Therefore, Excessive fructose consumption in neonatal and
grownup life leads to increasel® novdipogenesis, resulting in the emergence of metabolic
dysfunction including dyslipidaemia, hyperglycemia, insulin resistancealwomolic fatty
liver disease, and obesitigasciano et al., 200®ollino, 2011 Gulati and Misra, 2014radav

et al., 200]. Neonatal programming playsvéal functionin health outcomes of individuals
(Godfrey and Barker, 2001

Developmentabrogramming is a process whereby progarg/more likely to acquirgystemic
derangements later in lifas a result ofnutritional, physiological or pharmacological
interventionsduring the early (gestationalneonataland infancy developmental stage
(Dearden et al., 201&odfrey and Barker, 200Wang, 2013 Nutritional interventions in the
early developmental stageshen there isenhancedontogenetic plasticitymight cause
temporary or permanent epigenatiodifications(Junien, 2006Pandey and Pandey, 2017
These epigenetimodifications can either enhansasceptibility or confer resistance to the
development of diseases later in Iffereco et al., 201,9.éonhardt et al., 2003As a result,
dietary modifications adopted early in stages of life can contribute to preventing the
development of metabolic and developmental disorders later in life such-atcobolic fatty

liver disease.



Non-alcoholic fatty liver disease, thgrevalentcause of chronic liver disease, was considered
as the liver expression of metabolic dysfunct{@meung and Sanyal, 20L(Non-alcoholic
fatty liver disease is a widengeof liver pathologythat includesnonalcoholic hepatic
steatosis, steatohepatitis, fibrosis and cirrh¢Settar et al., 2014’ounossi et al., 20)9Non
alcoholic fatty liver diseass caused by increaséat accumulationn the liver that isinrelated

to thedrinking of alcohol and idinked with insulin resistancéMachado and CorteRinto,
2005 Mitra et al., 202D

In the adipocytegjespite insulin receptor desensitization, insulin resistance does not decrease
the activity of hormone sensitive lipase, an intracellular enzyme that hydrolyzes lipids like
triglycerides to glycerol and free fatty acids, resulting in the hydrolysis dfdegdes(Lee et

al., 2022 Schreiber et al., 20)9The fesultant free fatty acids are released from the adipose
tissue intocirculation and transportetd the liver where there is an increased synthesis and
absorptiorof free fatty acids from the blog&ulminskaya and Oberer, 2020 et al., 202).

There is also a reduction in lipid release from the liver into the circulation in the form of
lipoprotein(Lee et al., 2022Li et al., 202). This aforementionegbrocesdeadsin steatosis

and causes fat droplets baild-up within the hepatocytegMashek, 2021Scorletti and Carr,

2022.

The initial stage is hepatic steatodise firstidentifiable stage of noralcoholic fatty liver
disease when fat conteatirpasse$% of liver masqSattar et al., 2004 The fats in the
hepatocytes becommoneto breakdown resulting incell death that in turn causes hepatic
inflammation(Bessone et al., 201®ierantonelli and SvegliaBaroni, 2019 Shojaie et al.,
2020. The second stage, often known as -atnoholic steatohepatitis, is caused by both
steatosis and hepatic inflammati@fierantonelli and SvegliaBaroni, 2019 Rinaldi et al.,

2021). Finally, chronic steatohepatitis can induce stellate cells to generate fibrotic tissue, at
which point the illness is categorized as hepatic fibr@Rigsaldi et al., 2021 Tacke and
Weiskirchen, 202l As the process of hepatic fibrosis proceeds, the liver architecture alters
until the iliness is called cirrhosfSattar et al., 2014 acke and Weiskirchen, 2021

Liver enzymesncluding aspartate aminotransferase, alanine aminotransferase and alkaline
phosphatase leak intbe bloodstream when the hepatocytes are being danjdagjédet al.,

2022 Lala et al., 202Band carserve asurrogate markers of liver patholodgecent gidence
shows that nofmlcoholic fatty liver disease can develop without going through the stages
detailed earlie(Powell et al., 20211



Non-alcoholic fatty liver disease's clinical burden extends beyond-delated illness and
mortality to include extrdepatic organs. In this setting, Raltoholic fatty liver disease is

linked to a higher risk of cardiovascular disease morbidity andaiity, type Il diabetes
mellitus (Anstee et al., 20)3and chronic kidney diseagByrne and Targher, 2020Non
alcoholic fatty liver disease has besssociatedo increasedat deposition invariousorgans,
including the heart, kidneys, pancreas, muscles and blood vessels, underlining the elevated
cardiometabolidoadin thesendividuals(Gaggini et al., 201,Xoliaki et al., 2019. In terms

of pathogenesis, treating tydé diabetes mellitus may prevent the development and/or
advancementf nonalcoholic fatty liver disease and vice ve(8arese et al., 201, ¥osmalski

et al., 2022Leite et al., 2011

Non-alcoholic fatty liver disease is thought to predict the formation and progression-of non
alcoholic fatty liver disease via metabolic dysfunction components; on the other hand, non
alcoholic fatty liver disease is thought to begin the future developraemhetabolic
dysfunction components. As a result, current research implietypieali diabetes mellitus and
metabolic dysfunction have a8irectional relationship and are causally linked. Regarding the
link betweentype Il diabetes mellitus and neaicoholic fatty liver disease, these two cardio
metabolic diseases share common pathophysiological patt{iiMagsca et al., 2020Tanase

et al., 2020 including hyperglycemia, hyperinsulinemia, inflammation, insulin resistance,
lipotoxicity and oxidative stressSubsequently, if theseaemain untreated, chronic
hyperglycaemialeads to the development of macroand microvascular pathological

complicationsincluding, diabetic nephropathy.

Diabetic nephropathy is one of the chronic consequences of diabetes mellitus that occurs more
frequently in patients who have had diabetes for a long {i@&nsu, 2021 Diabetic
nephropathy affects 2010% of diabetic people and is theain triggerof endstage renal
disease worldwidéSagoo and Gnudi, 20R0The sustained chronic hyperglycemia activates

the polyol pathway, resulting in increased proteinuria and decreased glomerular filtration rate,
which promotes glomerular and proximal tubular dam@grg and Gupta, 2022Vu et al.,

20230h. Also, chronic continued hyperglycemic state upregulates the hexosamine pathway,
resulting in increased glucosamie@hosphate formatiorfPaneque et al., 20R3which
increases transcription of the inflammatory cytokines tumor necrosis-factea nd t r ansf or
growth factorl(Co | a k a n dGaRgulpet al. 2023 This causes renal cell hypertrophy

and an increase in mesangial matrix compong@rttemas, 2021Wu et al., 2023) Diabetic

nephropathy is a significant impediment to the patient's quality of life. Since the burden is
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caused by food consumption, which then has a deleterious impact on renal function, lifestyle
therapiessuch agood calorierestriction and exercisqualify the firstline treatmenapproach

for the patient who has progressed to diabetic nephrog@tmgon et al., 2014&Kim, 2014.

In addition, the management of diabetic nephropathy involves monitoring and controlling

bloodpressure using antihypertensive agents.

Components of metabolic dysfunction can be treated by employing recognized
pharmacological medications that target glucose management and dyslipidemia correction
(Dybiec et al., 2023Vieira et al., 2019Yamashita et al., 2020The commerciallysupplied
medicationsnclude fenofibrate, statins and metforrfiimet al., 20224 Lifestyle adjustments,

such as eating a nutritious diet and engaging in more physical activity, can alscanelg
metabolic related complication@reiss and Sattar, 2008The use of pharmacological
therapeutic agents is limiteldie to undesirabkede effectslow patient compliance and limited
accessibility

Stearic acid is a long chain saturated fatty acid that hasdeseonstratetb bebeneficialin
decreasing increas@thsma cholesterol levels whadded tdahe diet(Bonanome and Grundy,

1988 Mensink, 2005Shen et al., 2034In vivo experiments alsdemonstratedhat stearic

acid decreasedisceral and body fat in athymic nude m{&hen et al., 2034 Also, in vitro
studies on the effects of stearic acid on lipid metabolism in a liver hepatocellular cells (HepG2)
havefound stearic acid tomprove hepatic steatosisy de novodownregulation of fatty acid
production (Kohjima et al., 200p Furthermore, the reactive oxygen species elimination
enzymes playraimportantrole in the upregulation of fatty acid oxidation can be decreased by
stearic acidKohjima et al., 2009Sampath and Ntambi, 2008&/u et al., 202

In general, lgh-fat diets ardinked to anincreased riskof developingvisceral obesitytype II
diabetes and cardiovascular diseaSzsr(patret al, 2007. While some saturated fatty acids
are lipogenic andrigger a proteasectivated recepte®, which is the biomarker for obesjty
contributing to inflammatiorand metabolic dysfunctiorLim et al, 2013, recent evidence
advocateshe usagef saturated fats in diet&€¢inman, 2010Lawrence, 2013 Interestingly,
studies havelemonstrated thadtearic acichas a good effean metabolismespecially the
decreasef visceral fat andhe reduction oblood glucose Bonanome and Grundy, 1988
Stearic acid haslsobeen stronglyecommendeds asubstitutefor transfatty acids in foods
becausé has favourableffects on low density lipoprotein cholesterol (LDWwhich isamain
goal for addressing cardiovascular relakezhlth risks Kunter et al, 20098. Therefore, it

would bepredictedthat stearic acidould mitigatehepatotoxicity byreducingcholesterol and
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triglyceridesynthesisy being incorporated into phospholipid®a{ and Yeh, 1996Fats are
added to diets for a variety of reasons includithgy are essential energy source; they are
required for growth, development and cell functions and they are crucial for nerve and brain
function (Zevenbergen et al., 20p%atshave acrucial role in cell membrane structutkey
transport fatsoluble vitamins and they are needed for the production of hormones, which
means fats are required for the formation of steroid hormones that regulate various bodily
processe¢Lawrence, 2010 Saturated fats, in addition to their other functions, protect vital
organs, insulate the body and provide essential fatty é8aisk and Hossain, 20)14

Children are highly likely to encounter diets high in saturated @itsen the negative impact

of obesity due to combinezbnsumption of foods rich ifat andsugarin growing children, it

is important to exploreombined effects of higfructose and higifiat dieton metabolichealth

in growing childrenThe study thus explored threvivoeffects of high stearic acid intake from

an early age to adulthood and also explored the combined effects of high stearic acid-and high

fructose diets in growing rats from early age.



1.3 Aims and hypothesis

The overall aim of this project was to investigate the {targh metaboliceffects of a stearic
acid alone and/or combined hiffiuctose and stearic acid diet growing female and male

SpragueDawley rats.

Therefore project had two aims:
1. To investigate the lorterm metabolic effects of a diet enriched with stearic acid alone
in growing Spragud®awley rats.
Hypotheses

Ho: Long-term administration of a diet enriched with stearic acid alone to rats has no

adversametabolic effects in growing Spraglawley rats.

Hi: Longterm administration of a diet enriched with stearic acid alone to rats has

adversanetabolic effects in growing Spraglawley rats.

2. To investigate whether a combined highctose and stearic acid dieid togrowing
SpragueDawley has no effect, attenuater exacerbates thmetaboliceffects ofthe

high-fructose dietn rats.

Hypotheses

Ho: Administration of both high stearic acid and fructose diet to growing Sprague
Dawley rats has no effect, does not attenuate or doesxacerbate thenetabolic

effects ofthe high-fructose diet.

Hi: Administration of both high stearic acid and fructose diet to growing Sprague

Dawley rats has an effech the metaboliceffects ofthe high-fructose diet.



1.4  Specific objectives

The study objectives were grouped into four main aspects that focused on:

A. General health profile

By measuring

1.

Growth performance of the rats by determining body mass and assessment of long bone

(tibia and femur)ndices of growth.

2. Plasma triglyceride and cholesterol concentration.

4.

Plasma concentrations of metabolisegulating hormonesspecifically, insulin and
adiponectin.

Whole-body insulin sensitivity by computing homeostatic model assessmentliRdex

(HOMA-IR).

5.

Visceral fat and epididyai fat masses

B. Non-alcoholic fatty liver disease (NAFLD)

By measuring/determining

1.
2.
3.

Liver absolutamass and hepatosomatic index (weight relativeody mass).

Liver lipid contentand lipid profiles

Liver histomorphometrandscores of steatosis, lobular inflammation, ballooning and total
NAFLD activity score (NAS) as markers of NAFLD.

C. Nephropathy

By assessing

1.
2.
3.

Kidney (absolute and relative to body mass) mass.
Kidney histanorphometry.

The surrogate marker of renal tubular damage (plasma kidney injury melgcule

D. General Supplementary information

The gastrointestinal tracs the first point of contact of orally administered substatigefore

gastrointestinal tract and visceral organ absolute and relatibediomass) masses and small

and lengths of the small intestine and large intestere also measured.



E. Sex differences

Despite evidence that nutritional and therapeutic treatments produce sexually dimorphic
responses, the majority of interventional research focus on a singlEhsegfore this study

also investigated the effect of the interventions in both male and female rats. The next chapter

gives a detailed literature review germane to this research project.
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CHAPTER 2

LITERATURE REVIEW AND JUSTIFICATION
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2.1 Introduction

Fructose is a hexose monosaccharide sugar. Fruits and vegetablda diage corn syrup,
honey and sucrose (gluceBactose disaccharide) are all good sources of fructose. The intake
of fructose in western diets and sedentary lifestyle living is isergaylobally(Bidwell, 2017.
Obesity, type lldiabetes mellitus, nealcoholic fatty liver disease and metabolic syndrome
have all been associatedth fructoserich diets in children and adults. Furthermore, the
metabolic derangemenisve all reached epidemic proportions around the w@illeimente

Suarez et al., 202¥ancells Lujan et al., 2031

2.2 Metabolic syndrome

Metabolic syndrome is a pathologlenetabolic conditiortharacterised bgheexpressiorof a
combination of risk factors such as the increase in the developmesth&riosclerosis,
cardiovascular disorders, decreased high density lipoprotein, hyperglycaemia,
hyperlipidaemia, hypertension, hypertriglyceridemia, increased low density lipoprotein,
insulin resistance, type Il diabetes mellitus and visceral ob@tyolini et al., 2021Grundy,

2020 Mohamed et al., 2033This condition has also had a variety of names includ@aglly
guartet, dysmetabolic syndrome, insulin resistance syndrome, syndrome X and syndrome X
plus(Lemieux and Després, 202dukhopadhyay and Goswami, 2028 etabolic syndrome

IS now recognized as a new roommunicable disease in the 21st century that has become a
major health thregMadan et al., 2023

Several criteria have been used to diagnose metabolic syndrome over thél lyeat999

World Health Organization repaflberti and Zimmet, 1998 European Group for the Stud

of Insulin Resistance (EGIRBalkau, 1999 and the definition of th&ational Cholesterol

Education Program Expert Panel on Detection, Evaluation and Treatment of High Blood
Cholesterol in Adults also known as the Adult Treatment Panel Il (AT@&#¥ternak, 2003
documentedthe most frequently accepted and recently utilizederia in attempts to
characterize the metabolic syndrome. A metabolic syndrome diagnosis is given when someone
meets three or more of the following criteria, according to the National Cholesterol Education
Program Adult Treatmeanel Ill: abdominal obesity:aist circumference more than 102 cm

in men and greaterthan88 cminwonfeg st i ng gl ucose | evel of = 1
high blood pressure oG <40mi/@FL08 mmoimikmenando w HIL
< 50 mg/dL (1.29 mmol/L) in womeandhypertriglyceridemia= 150 mg/dL (1.67 mmol/L)

(Gigante et al., 202Pasternak, 20QRamirezManent et al., 2023
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The coeoccurrence of risk factors and shared responsiveness, metabolic synelqoimes
several parameters to be measured in the same way in order to diagnose it and involves several

intricate pathways and mechanis(Bsvolini et al., 2021Fahed et al., 2032

2.2.1 Prevalenceand aetiologyof metabolic syndrome

A quarter of the world's population is affected by the metabolic syndrome epidemic and the
prevalence continues to increase atirming ratgAlshehri, 2023. Previous research has
shown that the incidence of metabolic syndrome is generally higher in some developimg natio
(Bhavadharini et al., 2020particularly in urban areamd that it usually coincides with the
frequency of both obesity artgpe Il diabeteqLi et al., 2022b Misra and Khurana, 2009
Globally there was ab@25% and 12% of young adults and children, respectively, who have
metabolic syndromgBitew et al., 202Pand prevalence was much higher among women than
men(FaijerWesterink et al., 202@liveira et al., 202D The metabolic syndrome's prevalence

in Africa ranges from 0% to 50%gccording to the standardmployed (ATPIII/AHA/NHLBI)
(Okafor, 2012. In Africa, documentedases of metabolic syndronreclude 23% of south
westernNigeria(Adejumo et al., 20109 21.8% of the Eastern Cape in South AfiGavolabi

et al., 201y, 35.73% of MoroccqE! Brini et al., 2013 and 25.6% of Keny&Marbou and
Kuete, 201%

Aetiology. Metabolic syndrome is a combination of risk factors includiggerglycaemia
insulin resistance, obesity, visceral obesity, atherogdystipidaemia and hypertension,
which increases the risk of developing type Il diabetes mellitus and cardiovascular
complicationgBovolini et al., 2021Grundy, 2020Mohamed et al., 2023Severalinterrelated
factorscontribute to the problem of metabolic syndromikee multiplicity of factorsinclude
genetic predispositioand insufficient physical activity with subsequent weight gdue to

poor nutrition (Mohamed et al., 2023Coronati et al., 2022 Additionally, systemic
inflammation (Kunz et al., 202}l and dyslipidaemiawvith accumulation of dysfunctional
adipose tissue and ectopic lipids in abdominal obesity linked to insulin resigBerddaled

et al., 2022pre the causes in the development and/or lead to rise in the incidenetbblic
syndrome The over consumption ofvestern diets rich in processed sugars and, fats
significantly increase accumulation of body fat which directigntributes to the global
epidemic of metabolic syndrome.

A central feature of metabolic syndronsevisceral obesitfGrundy, 2020 Gunawan et al.,
2021, Lemieux and Després, 2020
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2.2.2 Obesity and inflammation

Between 1975 and 2016, the global prevalence of obesayly tripled(Lim et al., 2020.
Obesity is increasingly recognized asiong the most dangerous for public headgues
confronting the globe today. Obesity is a disorder thmgacts individualsof all ages and
socioeconomic backgroundad it is defined by the abnormal buildup oftfat can be harmful
to one's healtiMohajan and Mohajan, 202Rakhra et al., 20900ver the last few decades,
the prevalence of childhood obesity has expanded rapidly, glqbalignza et al., 202Qim

et al., 2020 Around 175 million (38% of the world's population) children and adolescents
aged 5 to 19 yeawsere considered obese globally in 2@@0sini et al., 202B Thisproportion

is expectedo climb to more than383 million (51%) by 203%Keaver et al., 2020 Around
813 million (32%) adults aged 20 years and older globally were deemed obese (KO8

et al., 2020 This figure is predicted to rise to more than 1.5 billion by 2@38iaki et al.,
2023.

South Africais alsoaffected by a higlobesityprevalence Obese adults accoufor 31% of
men, 68% of womeand 13% of children under the age of five in South Aff@aachie et al.,
2022 Ratshikombo et al., 2021t is projected that by 2030, South Africa will have 36.7%
obesity among adults, with 50% of women (11 million) and 23% of men (4.7 milliob¥tein

et al., 2022 Between 2010 and 2030, the annual average incireas@lt and child obesity is
1.9% (medium) and 8.2% (extremely high), respectielybstein et al., 2022 In South
Africa, it is expected that obesity among children aged 5 to 9 years will be 28% in 2030, with
children aged 10 to 19 years being 2{{%bstein et al., 2022This rise in prevalence is linked
to a combination of hereditafactors, sedentary lifestybnd excessive consumption of high
fructose diet§ClementeSuarez et al., 2023ohnson et al., 2023

Obesity is linked to a number of challenges, including cardiovascular (hypertension,
dyslipidaemia andeft ventricular hypertrophy(Perone et al., 2023endocrine fetabolic
syndrome, diabetes, hyperlipidaemia and hypercholesterol@fuiggc et al., 202IMilewska

et al., 2022, gastrointestinal nonralcoholic acute steatohepatitigCabré et al., 2030
neuropsychological (pseudomour cerebri and depressio()entoor, 2022, orthopaedic
(slipped femoral epiphysis)Chatziravdeli et al., 2023Winston et al., 2022 renal and
respiratory (asthmdyonchial hypeireactivity and obstructive sleep apnp@&ismendi et al.,
202Q Hall et al., 202). Indeed, besity has fareaching repercussions; therefore, additional

research is needed to develop efficient and conveniently accessible remedies.
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Visceral fat accumulation, in particular, is an important aspect of obesity because it is
associated with systemic inflammatifi¢unz et al., 202}, resulting in the production ¢dcal

and systematibiologically active substances adipokines (leptin and rebimaing protein)

and pro-inflammatory cytokines ¢c-chemokine ligand2) (Kunz et al., 2021Rajesh and

Sarkar, 2021Sengupta and Avtanski, 2023 hese, in turn, stimulate systemic inflammation

and theadvancemenif metabolic dysfunction associated with obegigrena et al., 2090In

addition, preinflammatory cytokinesnhibit the development of GLU# receptors anttad

to insulin resistancé€Al-Mansoori et al., 2022Zorena et al., 2090 Spillover from larger
adipose tissue causes ectopic fat deposition in the heart, liver, pancreas, and muscle, resulting
in tissue lipotoxicity(Chait and Den Hartigh, 202Rajesh and Sarkar, 2021erhaegen and

Van Gaal, 202R Insulin resistance is also a characteristic of obesity.

A characteristic of metabolic syndrome is an increase in circulatingpffaonmatorymarkers
such as @eactive protein, interleukit, interleukin6 and tumour necrosis factalpha(Kunz

et al., 2021 Rajesh and Sarkar, 202B5engupta and Avtanski, 2023During acute
inflammation, monocytes secrete both interletfiand tumour necrosis factalpha, whereas
interleukin6 action on the gene responsible f&reactive protein transcription primarily
induces hepatic synthesis of the prof@nnz et al., 2021Rajesh and Sarkar, 2023engupta
and Avtanski, 2028 Increased visceral adiposity stimulates the production of these pro
inflammatory cytokinedy the adipose tiss€hait and Den Hartigh, 202Rajesh and Sarkar,
2021 Proinflammatory cytokines suppress the formation of glucose transporter type 4
receptors and inhibit insulin receptor substhtgEignalling pathway consequentlyresulting

in hyperglycaemia and insulin resistanoeobesity(Al-Mansoori et al., 2022Zorena et al.,
2020. Thesemetabolic signalling outcomdarther exacerbate the pathology caused by the
earlier mentioned cytokines derived from the visceral fat.

2.2.3Insulin resistance

Insulin is ahormonesecretedy pancreatic isletells. Its role is to maintain adequate glucose
absorption and lipid metabolism in peripheral tisqiehman et al., 2021This isperformed
via the activation of compk signalling pathways inclling phosphoinositide-Binaséprotein
kinaseB and Ragnitogenactivated protein kinasgSinha and Haque, 2022dnsulin also
interacts with transcription factoigscluding forkhead box O1 (FOXO1) and peroxisome

proliferatoractivated receptor gamma (PPAR{Benchoula et al., 202Zhang et al., 2020
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Insulin resistance is a pathological iliness defined by cells or the Hadyte to respondand

use insulin efficiently to reduce glucose and lipid ley&aggini et al., 2013 ee et al., 202
Consequentlyinsulin resistance results in decreased uptake of glucose, decreased glycogenesis
and lipogenesiand therefordlood glucose levels stay persistently raised, precipitating the
establishment ofype Il diabetes mellitus or hyperglycaenfishmed et al., 2021Tanase et

al., 2020. Hyperglycaemia and dyslipidaemia generate oxidative stress and initiate the
inflammatory response, inducing cell and/or organ dam@put and Khullar, 20233
Chronically high insulin levels promote faccumulation in muscles, liveand blood (as
triglycerides), resulting in lonterm medical conditiongncluding cardiovascular disease,
dyslipidaemia, notalcoholic fatty liver disease and visceral obegf®ymed et al., 2021
Gaggini et al., 2013al and Ménde&anchez, 2023

2.2.4 Dyslipidaemia

Dyslipidaemia is defined by theuild-up of free fatty acids in the livefHeeren and Scheja,
2021, as well as insuliinduced lipogenesigDybiec et al., 2023Julius, 2003, increased
triglyceride production and releagBoren et al., 2022 increased hepatic uptake and renal
clearance of higlilensity lipoprotein cholester@on et al., 2021 Tao et al., 2020and thus
the dysregulated lipid profile of low higttensity lipoprotein cholesterol and high triglyceride
levels seen in metabolic syndronfelajianTilaki et al., 2020 Kosmas et al., 2033
Atherogenic dyslipidaemia isssociatedko an increased risk ofardiovascular illnesses
(Lorenzatti and Toth, 202@nd is defined by increased resterified free fatty acids in the

circulation(Heeren and Scheja, 2022nuchukwu et al., 2032

Non-esterified circulating free fatty acids bind to receptors on the heart, liver, paiaacka
muscle, amplifying inflammatorsignallingthroughthec-Jun Nterminal kinase pathways and
nuclear factor kapphkght-chainenhancer of activated cells andesulting in an inflammatory
vicious cycle(da Silva Rosa et al., 202bbinden Foncea, 20).3urthermore, the buitdp of
nonesterified free fatty acids in theirculation promotes mitochondrial dysfunction by
encouraging increased oxidant productitmgt results inthe synthesisof reactive oxygen
species, whiclgrades iroxidative stress and cell damg@®urebaba and Marycz, 204afizi

Abu Bakar et al., 2005 Increased amounts of reactive oxygen species also disrupt insulin

signallingand GLUT4 translocatio(Ayer et al., 2022Bourebaba and Marycz, 2021

Glucotoxicity and lipotoxicity both cause pancreddicell malfunctionthis results innsulin
resistance and hyperinsulinen(igenito-Vicente et al., 2021da Silva Rosa et al., 20R0
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Hyperinsulinemia andnsulin resistanceéoth contributeao hypertension developme(inha

and Haque, 2022b Type Il diabetes mellitus is caused by atherogenic dyslipidemia,
hyperglycemiainsulin resistance, and an increase in the production of inflammatory cytokines
(Kunz et al., 2021Poznyak et al., 202@Rajesh and Sarkar, 202TThe expression of all of
these risk factors together culminates in metabolic syndrdtis.syndrome is well studied

using different experimental models.

2.3 Experimental models of metabolic syndrome

Researchers have established a number of animal models that investigate metabolic disorders
because of the impact that metabolic ailments place on the ‘teaéthsystem. Some of the
approaches often used in research to induce metabolic disorders in animal models include
dietary modification, genetic &itations and chemical alteratiqiseguica et al., 2028Guman

et al., 2018%.

2.3.1 Genetially-induced

Given that metabolic diseases affecting individuals are typically multifactorial, genetic animal
models are well suited to investigating the pathophysiology cimtietced metabolic disorders

in humans with genetigetiology. The most extensively utilizezhimal genetiénduced
models of metabolic diseases inclielgtin receptodeficient (db/db) micéDeng et al., 2020

leptin deficient (ob/ob) mic&hao et al., 2020and Zucker diabetic fatty ra(€apcarova and
Kalafova, 202 Thesemetabolic syndromenodels produced by a single gene are valuable

for understanding metabolic diseases.

2.3.2 Pharmacologicallyinduced

Drugs or chemical compounds such as alloxan (glucose analogue), antipsychotics,
glucocorticoids and streptozotocin can be used to establish metabolic syndrome models
(Gunawan et al., 2021Glucocorticoids are steroid hormones that are released by the adrenal
gland in reaction to stress and are commonly used to treat inflammatory and autoimmune
disordergChourpiliadis and Aeddula, 202BReichardt et al., 2031Glucocorticoids serve to
regulate glucose metabolism in the adipose tissue, liver, pancreas and skeletal muscle
(Reichardt et al., 2031Glucocorticoids control the expression of major gluconeogenic
enzymes in the liver, including phosphoenolpyruvate carboxykinase, glGqusesphatase,

and tyrosine aminotransferag&kalestou et al., 202@Reichardt et al., 20310ral feeding,

intraperitoneal injections, or surgical implantation of glucocorticoid pellets are all options for
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administering glucocorticoids to experimental anim@sinawan et al., 202Xavier et al.,
2021). The aforementioned processes will result in almost identical metabolic
syndromecomponents includingbdominal fat buileup, dyslipidaemia, glucose intolerance,
hyperglycaemia, hypertension, insulin resistance and weight increase.

Additionally, several animal research studies have found that antipsychotics, particularly
secondgeneration antipsychotiasiaycontribute taglucose intolerance, increased visceral fat,
insulin resistance, lipid abnormalities and weight d&neller et al., 2021 As a result, they
contribute to the development of metabolic syndr@mé insulin resistanc@kinola et al.,

2023. The GLUT2 transporters allow alloxan and streptozotocin to enter pan(Beztils

(Berger and Zdzieblo, 20200nce in the bloodstream, these glucose analogues cause
pancreaticp-cell damage, decreasing or impeding the secretion and production of insulin
(Berger and Zdzieblo, 2020Having stated a few abovementioned exampiesearch on

insulin resistance, type Il diabetes mellitus and the effects of the metabolic syndrome are best

conducted using chemically generated animal models.

2.3.3Diet-induced

Diet is crucial in the development of metabolic syndrome clinical symptdfesabolic
syndrome, notalcoholic fatty liver disease, obesity and type Il diabetes melidue all been
linked to theintakeof unhealthy obesogenic digtsh in carbohydrates and lipids, which affect
metabolism and bodyomeostasis vialucose metabolic pathways, hormones and lipid
metabolism(Arslanbulut and Ciftci, 20238ovolini et al., 2021ClementeSuarez et al., 2022
Kolderup and Svihus, 20)15As a result, there is an increasing demand for research into the

pathology and pathophysiology of diatluced metabolic diseases.

Several studies on metabolic disorders have been undertaken using animalinctbiisy
SpragueDawley rats(Donaldson et al., 201%reguica et al., 2020The most extensively
utilized animal dieinduced models of metabolic diseases include the-fnigtiose diet
(Yustisia et al., 2022 the highsucrose diet, the higlat dietor the respective combinations of
a highfructose higkfat diet(Abdelmoneim et al., 203Dr a highsucrose higHat dietor high
sodium chloride high fructose diggunawan et al., 202B5uman et al., 2036

Commonly associated with metabolic syndroared obesityis nonralcoholic fatty liver

disease.
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2.4  Non-alcoholic fatty liver disease

2.4.1From a healthy liver to the onset of noralcoholic fatty liver disease and its
progression and diagnosis

The liver is & essentiametabolic organ that is in charge of a variety of processes such as bile
generation, glucose metabolism, drug and toxin degradation, iron storage and metabolism,
plasma protein synthesis and vitamin storage and modificgdiotison et al., 202Muriel et

al., 202). Insulin and other metabolic hormones strictly regulate the metabolic activity of the
liver (Pal and Méndesanchez, 2023Rahman et al., 2021 The liver stores fat from
circulating fatty acids, dietarfat andde novolipogenesigGeidtFlueck and Gerber, 2023

Softic et al., 2016 However, when this total fat intake surpasses the total quantity of fat burned
or exported as lipoproteins, nafcoholic fatty liver disease develoffsernando et al., 2019
Gaggini et al., 20LRinaldi et al., 202

Non-alcoholic fatty liver disease has been related to an increase in obesity prevalence owing
to excessive fructose consumpti@rslanbulut and Ciftci, 2023Jegatheesan and De Bandt,
2017. Non-alcoholic fatty liver disease has a wide histopathologiagakty in which the liver

has accumulated lipids that exceed its mass by 5% (hepatic steatosis) in the absence of any
secondary causes (alcohol consumption, infections, medications, etc.) and progresses to non
alcoholic steatohepatiti®iStefano, 2020Pierantonelli and SvegliaBaroni, 2019. Hepatic
inflammation and hepatocyte ballooning degeneration with or without fibrosis define non
alcoholic steatohepatitid®ierantonelli and SvegliaBaroni, 2019 Tacke and Weiskirchen,

2027). When noralcoholic fatty liver disease is not treated, it worsens, increasing the risk of
cardiac arrest and liver failures illustrated in figur@.1 (Anstee et al., 201¥halasani et al.,

2018. Consequentlynonalcoholic fatty liver diseasbecame knowms a prevalentoot of

chronic liver diseasdArslanbulut and Ciftci, 2023

Histological alterations afeequently reversible in the early stages of the disease. However, as
cirrhosis progresses, the possibility of reversibility decreaseshown irfigure 2.1(Anstee

et al.,, 2013 Severe hepatocyte damage results in the production of liver enzymes such as
aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase, which leak
into the blood and can be utilized as surrogate markers for liver diSesiBest al., 2022Lala

et al., 2023Nishitani et al., 200 Some important variables influencing tia¢e of recurrence

of nontalcoholic fatty liver disease include abdominal obesity caused by diet composition
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(fructose rich diets) and other medical conditions such as hypopituitarigothigyoidism,

sleep deprivatioandtype Il diabetesnellitus (Arrese et al., 201 Hydes et al., 2021

Healthy Liver NAFLD NASH Cirrhosis

Reversible Reversible Irreversible

Image obtained fron{Chalasani et al., 20]8

Figure 2.1. Schematic representation of progression of nealcoholic fatty liver disease.
A healthy liver las normal fat droplets, nucleasd hepatocyte sizBig fat droplets, swollen
hepatocytes and misplaced nucleus characterize radooholic fatty liver Nonalcoholic
steatohepatitifNASH): collagen fibers and irritated dying hepatocytes are presenhoSist

scarring caused by excessrfois tissue, irritated liver and dead cells

Nonalcoholic fatty liver disease can be diagnoaedording taclinical history, radiographic
examinationgnd laboratory tests, which are supplemeibtehistomorphometrianalysisand

it can be scored using the naltoholic fatty liver disease activity sco(AS) or Brunt's
steatosis criteri#Brunt et al., 1999Kleiner et al., 200b Histopathological assessment and
evaluation of morphological alterations are significant in the diagnosis and treatment of liver
disease¢Kleiner et al., 200p A liver biopsy is considered to be the pinnacléhim evalution

of medical liver disorder¢Barazesh et al., 20P4When the aetiology of liver illness has
already been identified, examining morphological changes may offer additional information

valuable for therapeutic ca(Barazesh et al., 202€otter and Rinella, 2020

Non-alcoholic fatty liver disease histological alterations include fatty change described as
macrcvesicular steatosis and mievesicular steatosi§Pierantonelli and SvegliaBaroni,

2019 Scorletti and Carr, 202Zacke and Weiskirchen, 202 Dther hstological abnormalities
observed in nomlcoholic fatty liver disease include hepatocellular hypertrophy, inflammatory
infiltration, hepatic degenerative changes (such adsdrahg, bile stasis), fibrosiand liver

cell death(Mashek, 202 1Pierantonelli and SvegliaBaroni, 2019.
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2.4.2 Epidemiology and prevalence

Non-alcoholic fatty liver diseaseurrently impacts roughly 37.8% of the global population
(Manikat et al., 2028 The largest regional prevalence of rainoholic fatty liver diseaseas

shown to b&4.6% in AmericgFattahi et al., 200)éand 31.8% in the Middle Eagluanola et

al., 2021 Ofosu et al., 2013 with estimates ranging from 23.4% in Asia to 23.7% in Europe
(Fan et al., 201)7 30.45% in South Americg¥ounossi et al., 20)@nd 13% in AfricgMitra

et al., 202). Unfortunately data on the prevalence dn-alcoholic fatty liver disease Africa

are few, andhe majority of studies on neaicoholic fatty liver disease epidemiology have
come from the United States and North America, where the prevalence ra@ig2dMitra

et al., 202)D. The average incidence of naicoholic fatty liver disease in theverall
populationin Westermations s higher among obese peof868-90%), accounting for 360%

of diabetics and 90% of dyslipidaemia patie(itanikat et al., 2028 Currently, he non
alcoholic fatty liver disease global incidence is estimated to be 47 cases per 1,000 people, with
men having a greater prevalence than women. In addition, among adults, estimated global
prevalence of noflcoholic fatty liver disease is 32%, with las having a higher rate (40%)

than females (26%()Teng et al., 2023 It is also predicted that by 2030, nraltoholic fatty

liver disease would be thimarycause of liver transplantatioBedentary lifestyles and a diet
consisting of obesogenic diets contribute to an increasing in the rate-afoodiolic fatty liver

disease in both children and adults.

2.4.3 Aetiology

A number of variables, including changes in gut microbiota composition, environment,
epigenetic changes, nutritioconsisting of obesogenic dietd sedentary lifestyleare
causative in the development and&ad to a rise in the incidence of ralzoholic fatty liver
diseaseThe keydanger elements in the aetiology and progressigronalcoholic fatty liver
disease are triglyceride retention and insulin resist@@aggini et al., 201,3al and Méndez
Sanchez, 2023Insulin resistance may develop in a variety of organs, including adipocytes,
hepatocyes, kidney cells, muscle cebéd pancreati@-cells (Ahmed et al., 2021 resulting

in increased visceral adipose tissue lipolysis and dyslipidaemia, which contributes to increased

hepatic lipid infiltration and depositiqiala Silva Rosa et al., 2020anase et al., 2020
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2.5 The effect of highfructose and highfat diets in the development of

metabolic diseases

2.5.1 High-fructosediet metabolism

Fructose metabolism by the liver increases total fat circulation, which difestyrsthe
formation of triglyceriderich lipoproteins, resulting in a reduced lipid profigasciano et al.,
2005 Bidwell, 2017 Dholariya and Orrick, 2032 Higher intake of fructoseich dietshas
increased the prevalence of ralcoholic fatty liver disease, as has the risk of developing
metabolic syndrome and obesfyoronati et al., 202ZeidFFlueck and Gerber, 2023

Fructose is absorbed from the intestinal lumen to the intespriheéumcell first through the
glucose transporters (&oronati et al., 2022Dholariya and Orrick, 2022 Once within the
epitheliumcell, it is transported to the circulation by glucose transporters 2 and delivered to
the liver(Hannou et al., 20)8Fructose metabolism involves fructokinase (enzyme specific
for fructose, it is a ketohexokinase), fructdssphosphate aldolase B (a member of the
glycolysis sequence of intermediates) and adenosine triphosphate (ATP) dependent
dihydroxyacetone kinase gmes(Dholariya and Orrick, 2022Jegatheesan and De Bandt,
2017). In liver, hepatocytes take in fructose through GLUT2 which is insatiependent. That

is, GLUT2 only absorbs fructose when plasma fructose concentratiogseatty increased.
GLUT2 are only present in the liver, pancreas and intesfMesno et al., 2019Softic et al.,
2020.

Fructokinase is an enzyme controlled by the carbohydrate response element binding protein
(ChREBP)that catalyses the conversion of fructose to fructqgdessphatgDholariya and
Orrick, 2023. Aldolase B cleaves the fructedephosphate generated and converts it into
dihydroxyacetone phosphate and glyceraldehyde, which are botrb8n molecules.
(Jegatheesan and De Bandt, 20I/he generated glyceraldehyde is in turn converted to
glyceraldehyde8-phosphate catalysed by ATP dependent dihydroxyacetone k{ats®e
known as triose kinaseDihydroxyacetone phosphate is also processed to glycerald8hyde
phosphate by triose phosphate isomerase. The resultant glyceral@gblydsphate goes
through the rest of the glycolytic pathwgyholariya and Orrick, 2022As a result, there are

no ratelimiting stages in fructose metabolism and an increasddtrate lead® metabolic
processessuch as glycolysis, glycogenesis, gluconeogenesis, lipogenesis and fatty acid
esterfication from triose phosphatéDholariya and Orrick, 2022Hannou et al., 2018
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Jegatheesan and De Bandt, 20This elicitsobesity, metabolic syndrome aegentually,

nontalcoholic fatty liver disease.

In addition to the above listed health risks, excessive dietary fructose consumption has been

demonstrated to cause impaired kidney funcfByrne and Targher, 20261all et al., 202)L

Its use stimulates the content of uric acid, which activatesnflesnmatory processes by

increasing the creation of monocyte chemotactic preteim proximal renal tubular cells

(Johnson et al., 201Russo et al., 2031This finally causes progressive harm to the kidneys.
Fructose
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Figure 2.2. The liver's fructose metabolism illustrated schematically.
Fructokinase catalyzes the synthesis of fructiopbosphate from fructos@ldolase B in the
liver converts fructos@-phosphate to glyceraldehyde and dihydroxyacetone phosphate. The
ATP-dependent dihydroxyacetone kinase catalyzes the phosphorylation of glyceraldehyde to
produce glyceraldehyd@phosphate and other glycolytic patay intermediategMerino et
al., 2019.

Unlike fructose, glucose is carried into intestinal endothelium cells by the only independent
glucose transporter &nd it employs GLUT2 like fructose when transported out to the
circulation (Merino et al., 201p Glucose metabolism in the liver activates +lateting
phosphofructokinase activity, which limits triglyceride production, enhagigesgen creation

from glucoseand stimulates insulin secretion, in contrast to fructose metab@emno et

al., 2019. During the triose phosphate stage, the fructose and glucose metabolism routes in the

liver converge and their metabolism remains compai@umenyak et al., 2030
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2.5.2 Saturated fat and/or high-fat diet metabolism

Lipids are a class of organic substances composed ofiighgcerides, fatsoluble vitamins,
monoglycerides, oils, phospholipids, steroid hormones and wBxesacids and bile salts
emulsify lipids to tiny fat droplets in the small intestij@sGregorio et al., 20285alih, 202].
Pancreatic lipases then breakdown the fat droplets to generate free fatty acids and
monoglyceridegdi Gregorio et al., 202Rajan et al., 2020radav and Paul, 2023Bile salts
subsequently bundle the free fatty acids into micelles, which are then passively absorbed by
the enterocytes of the small intest{deGregorio et al., 20210nce within the enterocyte, free

fatty acids and monoglycerides are resynthesized into triglycerides by the endoplasmic
reticulum (Yadav and Paul, 2023 The triglycerides are subsequently packed into
chylomicrons, which diffuse out of the enterocyte's basolateral membrane into the lacteal
system(Salih, 2021 Yadav and Paul, 2023The lacteal system transports lipids into the
circulation, where they are delivered to numerous tissues throughout the bodginoclu
adipose tissue, liver and musulbere they are storg&alih, 202). Consequently, consuming
saturated fatich meals camrlicits obesity, metabolic syndrome and eventually -aleoholic

fatty liver disease

2.6  Therapeutic interventions for preventing and managing metabolic

syndrome andnon-alcoholic fatty liver disease

2.6.1 Exercising and switching to a healthy dietary lifestyle

The most commonly used therapies for treating and controlling metabolic syndrome deal with
individual risk factors such as correction of dyslgemia, hypertension argpe Il diabetes
mellitus (Grundy, 2020Lemieux and Despreés, 2020 he favourable benefits of exercise and
dietary changes in the prevention of metabolic syndrome and its related risk factors are well
establishedPhysical inactivity and sedentary lifestyle are the primary underlying contributors
to the development of metabolic syndrortteerefore,exercising and switching to a healthy
dietary lifestyle in an attempt to lose weight catph@revent the ill risk factorsvhile also
restoring your body's ability to recognize insulin and greatly reducing the risk of exacerbating
metabolic syndromeDiets high in whole grains, fruits, vegetabdesl nuts have been
demonstrated to lower the risk oéwkloping metabolicydfunctionlikely this diet mediates

an increase in high density lipoprotaiholesterol concentration, which transports cholesterol
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from the blood to the liver, as well as by lowering eledablood glucose, triglyceridesd

low-densitylipoproteincholesterol.

2.6.2 Conventional pharmacological interventions

Bezafibrate, which lowers cholesterol and triglycerides while raising high dépsipyoteins

and decreasing low density lipoprote{@odaghi et al., 2023 e6n-Martinez et al., 2021is

one of several weknown pharmacological drugs with lipldwering andhypoglycaemic
qualities that are now in usé&enofibrate is used to treat hyperclsdpdeolemia, mixed
dyslipidaemiaand severe hypertriglyceridem(din et al., 2023Miceli et al., 202}, whereas
Metformin is used to treat diabetéSeingold and Grunfeld, 2023 Niacin is a vitamin B
derivative that is used to treat vitamin deficiencies, as well as hyperlipidaemia, dyslipidaemia
and hypertriglyceridemigAguileraMéndez et al., 202Nagarthna et al., 20205tatins, which
include lovastatin, rosuvastatin, mevastatin, GFT14,-\AFM, fluvastatin, pitavastatin,
atorvastatirand pravastatin, are lipidwering drugs used teeduceabnormal cholesterol and

lipid concentrationdy suppressinggendogenous cholestersynthesisin the liver, thereby
reducingthe possibilityof development ofardiovascular diseagdbdul-Rahman et al., 2022
Fiorentino and Chiarelli, 2023.iao0, 2003. Sulfonylureas are all authorized medications for

the treatment of metabolic syndronfgang et al., 2023Tomlinson et al., 2022 All
conventional pharmacological medications listed above have been authorized and in use as
therapies to reduce and/or manage individual risk factors in the management of metabolic
syndrome and nealcoholic fatty liver disease.

Recently, there has been a sudj interest in the impactd novelgeneration of antiliabetic
drugs, such as dipeptidyl peptidase 4 inhibitors (@BPglucagorlike peptidel receptor
agonists (GP-1 RAs), monoclonal antibodiesd sodium glucose cotransporter 2 inhibitors
(SGLT2i) on noralcoholic fatty liver diseasging et al., 2022Filipovic et al., 2021 Meier,
2012 Ranjbar et al., 201 %eko et al., 2007

2.6.2.1 Dipeptidyl peptidase 4 inhibitors (DPR4i)

These medications work largely by inhibiting the enzyme @P®hich participates in the
breakdown of incretins such agucagonlike peptidel (GLP-1) and glucoseependent
insulinotropic polypeptide (GIR)Chen et al., 202@los Santos et al., 20R1
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2.6.2.2 Sodium glucose cotransporter 2 inhibitors (SGLT2i)

SGLT2i, a novel hypoglycaemic ageirthibits glucose reabsorption in the proximal tubule,
which causeglycosuria andeducingplasma glucose leve(®ing et al., 2022Vallon, 2015.
Furthermore, SGLT2i has a number of cardiorenal and metabolic advantages, including weight
loss via glycosurianduced caloric losgRanjbar et al., 2099 In nonalcoholic fatty liver
diseasgatients, SGLT2i appear to be viable therapeutic agantsey improve liver function

irrespective of changes in the body weiiomiya et al., 2016Ranjbar et al., 2019

2.6.2.3 Glucagonlike peptide-1 receptor agonists (GLP1 RAS)

The L cells of the distal ileum and proximal colon release-GL&n incretin hormonDing

et al., 2022 It is important to note thajlucagonlike peptidel receptor agonisthave been
proven to increase insulin sensitivity and have gludosering propertiegDrucker and
Nauck, 2006 Meier, 2012. They also stimulate weight reduction, which highlights their
potential involvement in the treatment of ralcoholic fatty liver diseasfDing et al., 2022
Vilsbgll et al., 2012 Furthermore, they appear to have a dineitienceon hepatocytes via

lipid metabolism, lowering hepatic steatodisng et al., 2022Seko et al., 201)7Furthermore,
GLP-1 agonists protect hepatocytes by inhibiting the malfunctioning endoplasmic reticulum
stress response in connection to fatty aeldted mortalityRanjbar et al., 201%eko et al.,
2017).

2.7 The role of fats in health and disease

Fats are the fundamentzllular membrane's structural elemeriteey also provide cellular
energy.The varieties of fats ingested in the diet are linked to the development of chronic
metabolic disease$Moszak et al., 2020 Dietary fats are classified into four types:
monounsaturated fats, polyunsaturated fats, saturated fats and trans fats.

Unsaturated fats are found in fish, numerous pdmived oils, nuts and see(Rizzo et al.,

20233. Animal products have the largest concentration of saturate(LfgiezPedrouso et

al., 202). Trans fats are present in minor amounts in animal products but are also found in
meals, mostly as a result of the processing of vegetabl@Bods) z e | | )eUnsatarbted, 2 0 2 :
fats, among the previously described forms of dietary fats, are related with lower common
metabolic risk factors and mortality risksapoor et al., 2021Rizzo et al., 2023aTrans fats

and saturated fats, on the other hand, have been linked to detrimental health effects and

increased mortality risk.
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Polyunsaturated fat® liquid vegetable oils, nutand seeds are examples of healthy fats that
can helpprecludemetabolic syndrome and nabcoholic fatty liver diseas@apoor et al.,

202]7). Omega3 and omeg#® polyunsaturated fatty acids are necessary for optouody
growth, cognitive functionand reproduction, they are classified as essential fatty acids
(Djuricic and Calder, 2091 However, because the body does not synthesize them, they must
be derivedrom dietary sources. Omegdfatty acids are aksified into three typea:linolenic

acid, docosahexaenoic acid and eicosapentaenoi¢aidcic and Calder, 2091 They have

all been extensively researched for their potential health advantages, with reasdiasting

that when included in the diet, enough om8gdahroughout pregnancy and the early neonatal
growth period are critical for the child's developmigttalid et al., 2022Sherzai et al., 2033

The intake of omega 3 has been linked to fighting several autoimmune diseases, improving
intelligence, lowering the risk of many heart diseases, improving several metabolic syndrome
risk factors, improving systemic insulin resistance, potentially lowéhi@gisk of osteoporosis

and arthritis by improving bone strength and joint health and lowering liver fat in people with
non-alcoholic fatty liver diseaggauzy et al., 202Xhalid et al., 2022Watanabe and Tatsuno,
2021).

The richest source of unsaturated fat is exirgin olive oil and a diet supplemented with it
lowered the frequency of fatal heart illnessesnidividuals with metabolic syndrome risk
factors(Enas and Dharmarajan, 202@.ccording to new research, including healthy fats in
your diet might enhance your healgregan et al., 202 Enas and Dharmarajan, 2020here

is a relationshipbetween dietary fat and some malignandi®seck and Murphy, 2020
However, clinical researcts seekingto uncover conclusive evidence of the link between
dietary fat and cancer inciden@®ose et al., 2020 In a studylooking at the influence of a
low-fat diet on the development of breast and colon cancer, adult females consumirfgta low
diet and those on a fixed diet had identicatgisf breast and colon cang@®ojkova et al.,
202Q Dladla, 2015Pan et al., 2091Previous research suggests that diets heavy in animal fat
and saturated fat may increase the risk of prostate céBagpova et al., 2020 The precise
relationship between dietary fat and prostate cancer in men is unkmonestudy, however,

is needed to understand and validate any potential links between dietary fat and prostate cancer.

There is increasing interest iasearch on the impact of dietary lipids on illnesses including
osteoporosis, multiple sclerosis, infertility and other chronic disorders €Xisislianchik et
al., 2022 Samadi et al., 2021The World Health Organization recommends balancing calorie

intake, minimizing saturated and trarigtsand increasing consumption of unsaturated fats
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(Organization, 2019It is currently unavoidable that saturated fats will be added to food. While
focus tends to be on cholesterol, there is needlfemativedietary additivegan be employed

as longterm preventiveapproacheagainst dieinduced metabolic illnes3he current study
focussed on stearic acid.

2.8 Stearic acid

2.8.1 Description and chemical composition

Figure 2.3 Chemical structure and natural sourcesof stearic acid

Stearic acid (&Hz602) also known as octadecanoic aclths the appearance of a waxy and/or
crystalline solidity(Acid, 1987. It is a saturated fatty actlatoccurs naturally in fats and oils
derived from vegetable oilanda variety of animal lipidgAcid, 198%. The food and drug

administration usually considers it s§feume et al., 2012

It functions as a plant metabolite, a human metabalittan algal metabolifgumari et al.,
2013 Tvrzicka et al., 2011

2.8.2 Industrial uses

It is used in the production of cosmetics, candles and plastics, as well as hardening soaps and
softening plasticAydin et al., 2005Fiume et al., 201,Hartwig et al., 2008

2.8.3 Therapeutic uses of stearic acid

Stearic acid has been shown to have some héeltlefits in that it lowers lowdensity
lipoprotein cholesterol, often known as "bad cholesterol,” and does not raise the risk of

atherosclerosi@Bonanome and Grundy, 198Bhijssen and Mensink, 20D5

Stearic acid has anftiflammatory propertiegNishitani et al., 2007Pan et al., 2010 This
saturated fatty acid has a wide range of impacts on liver metab@smpath and Ntambi,
2005. Previous research was aimed at the effectsezfric acid on hepatocyte transplantation
indicators n rats with acetaminophenduced liver injury(Fernandexheca et al., 2021

Goradel et al., 2006 The studes reportedhat the 16day medication was administered to
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Wistar rats at random and the rats with acetaminopidurced liver damage were given stearic
acid. In addition rats were given the isolated liver cells intraperitoneatig bood samples
were collected to assess changes in serum liver enzitmes found that the levels of serum
liver enzymes of rats with acetaminopkhiaduced liver damage rose considerably and reverted
to normal values following stearic acid treatm@abradel et al., 2026 Themost important
finding from thestudy was that a stearic agidh dietcoupledwith cell therapy hasteneithe
recovery of hepatic dysfunction in a rat modethepaticdamagd€Goradel et al., 20)6Stearic

acid also has additional protective properties. It was shown that it possesses a neuroprotective
effect against oxidative stress via the phosphatidylinosiki&se pathwagWang et al., 2021
Wang et al., 2006 Stearic acid also protected brain slices (cortical or hippocampus) against
injury induced by oxygewglucose deprivation or glutamate. Its neuroprotective action might
be achieved mostly through the activation of peroxisome prolifesatibrated receptey
(Berger and Moller, 200X5ingh et al., 2023

Furthermore, contrary to other saturated fatty acids, the health benefits of stearic acid might be
linked to the inhibitory action of-&lpha reductaséabara, 2000 which i+:hibit:
hydroxy-p-methylglutarytCoA reductase in the cholesterol biosynthesis pathilgaye et al.,
2015 Vadivel and Gopalakrishnan, 201 -hydroxy 3-methylglutarytCoA is a target of the

statin pharmaceuticals mentioneaklier

2.8.4 Stearic acid and @strointestinal function

The bacteria foundh the gastrointestinal tract are involved in the digestion and absorption of
several nutrients, as well as the development of metabolic dis¢@i#rst al., 2021 Iwasaki

et al.,, 2019 As a result, forthcoming advancements in metabolic dysfunction therapy will
likely target gut bacterigAgus et al., 2020Singh et al., 2021Vernocchi et al., 2020 The
authors first demonstrated that a high stearic acid diet exacerbates acutergtedtost
disease by enriching. muciniphila implying that gut microlmta modulation may represent
novel therapeutic targets for the prevention and treatment of acutevgratishost disease
(Gao et al., 2023rang et al., 2021 Stearic acid also prevented alceimauced liver damage

by strengthening intestinal tight junctions and regulating intestinal microorgaghsenst al.,
2022.
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2.9 Justification of the study

There is a global need emcouragend implement positive healbeneficial interventionsn

order to reduce or eliminate the heditdrming effects of obesity, type Il diabetes mellitus,
non-alcoholic fatty liver diseasand metabolic syndrome, as well as their associatei$kll
componentsSaturated fatty acids are often incorporated into diets and they can contribute to

poor metabolic health.

Stearic acid was of special interest in this study. Unlike other saturated fatty acids, which
exhibited negative health effects when consumed, stearic acid has been shown to have
hypoglycaemigchypolipidaemic and hypocholesterolaemic activii@snanome and Grundy,

1988 Grundy, 1994Pan et al., 2000 implying that it may have heaHlteneficial properties
against the development of obesity, type Il diabetes mellitusalamolic fatty liver disease

and metabolic syndromwith no negative health effects. In the literature, theredisaathof
long-term animal studies involving the administration of stearic acid to growing rats. In this
work, longterm stearic acid therapy of developing rats will provide a significant model that
matches growing children with increased passive plasticity rmagl perhaps produce
temporary epigenetic modifications and resistance to the development of metabolic diseases
later in life(Hochberg et al., 201 Rajamoorthi et al., 2032

There is a need to expand the body of evidence on the potential combined diets in preventing
long-term dietinduced metabolic syndrome. As a result, the search for bioactive replacement
chemicals is critical, particularly those that improve -@heiluced olesity and metabolic
syndrome and its components. Given its pharmacological qualities and nutritional value status,
stearic acid ismongthe most promisingubstances for the treatment of diretuced metabolic

syndrome.

The present chapter examined relevant literature to the topic at hand. Obesity, metabolic
syndrome and other health risks related veRtessiveconsumption ofhigh-fructose and

saturatedat werediscussed.

The following chapter (chapter 3) discusses the first part of this study, which looks at the
influence of stearic acid on health if it is included in the diet instead of cholesterol or other
obesogenic fat3he study sought to answéet q u ededs steamc acid consumption during

the early postveaning development period have lelegm health consequences in female and
male Spragu®awley rats fed a highfructose diet?This study also aimed to investigate the
combined effect of high stearic acid andHifructose diets on developing female and male
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SpragueDawley rats, simulating children given an obesogenic diet and continuing on the diets

throughout adulthood.
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CHAPTER 3

THE COMBINED EFFECT OF A DIET ENRICHED WITH STEARIC

ACID AND HIGH FRUCTOSE ON GENERAL METABOLIC HEALTH

PROFILE IN GROWING FEMALE AND MALE SPRAGUE -DAWLEY
RATS
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3.1 Introduction

3.1.1Epidemiology

Estimates of the prevalence of obesity worldwide indicate that by 2035, more than 4 billion
individuals may be affectg@Kalra et al., 2028 Obesity is projected texperience fastest rises
from 14% to 24% of the population affecting approximately 2 billion in adults, children and
adolescents by 203&hooi et al., 201Mohajan and Mohajan, 20p3besity is characterized

as an abnormal buddp of body fat that can lead to negative health implications. Poor
westernized dietary choices rich in lipids, particularly saturated and trans fatty acids, refined
cereals and soft drinks and sedentary tyfles have all been strongly linked toetabolic
dysfunction, noralcoholic fatty liver disease and obedilyuacel et al., 202Nancells Lujan

et al., 202}

3.1.2Understanding the impact of highfructose on metabolic diseases.

Evidence from human and animadsearchhas revealed that aincreased intake of high
fructose and/or higfat diets and/or higlcholesterol, in addition to sedentary behaviour is
associated with manifestation of adverse metabolic dysfunction including
hypercholesterolaemi@onaldson et al., 20)9resistance to insulifLee et al., 2022Softic

et al., 202), increased blood sugar levézavva et al., 2092lipogenesigGeidtFlueck and

Gerber, 2028 visceral obesity(Yu et al., 201% and subsequently the development -non
alcoholic fatty liver diseasand impaired kidney functiornm et al., 2021Jegatheesan and

De Bandt, 201,/Wu et al., 2023p While lipids can be found in a variety of animal food
products like meat, dairy products and eggs, fructose is a common sweetener that is employed

in a variety of foods and beverag®entura et al., 2071

Fructose consumption as early as in childhood has been linked to changes in caloric regulation
and adverse health effedRippe et al., 201,7Tappy and L&, 2010 particularly metabolic
dysfunction that may lay the groundwork for the onset otadoaholic fatty liver disease and
impaired kidney functioaterin adulthood. Aftelintakeof a highfructose diet, thglucose
transporteb passivelytransports approximately 3066 thefructose from the intestinal lumen

into intestinalepithelialcells (lametti et al., 202R It thenpasses into the bloodstreaoross

the basolateral membratt@oughglucose transporteét (lametti et al., 2022 The liver is the
primary site for fructose uptake and metaboligtter it (fructose)enters the bloodstream
(Dholariya and Orrick, 202Zrattagliano et al., 2008
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Fructokinase converts fructose in the liver to fructbgehosphate, which is subsequently
cleaved by aldolase B into dihydroxyacetone phosphate and glyceraldeipjaesghate
(Dholariya and Orrick, 2022 The final product of fructolysis is pyruvate, which is further
processed by pyruvate dehydrogenase to generate acetfHaoAou et al., 20)8Because

there is little to no regulation of fructose metabolism, there is a high degree of Acetyl CoA
formation, resulting in fatty acid synthegidenry et al., 1991Jegatheesan and De Bandt,
2017). Triglycerides can be formed through esterification of fatty acids and glyceraldehyde 3
phosphate. As a result, unlike glucose, fructose metabolism bypasses the critical regulating
phase of glycolysis, resulting in quide novdipogenesigHenry et al., 1991 hepatic lipid
accumulation and visceral obes{fyappy and L&, 20)0Prolonged uncontrolled triglyceride
synthesis can lead to poalycaemic control, hypercholesterolaemia, hyperlipidaemia,
hypertriglyceridemiaand impairedinsulin sensitivity and visceral obesitfappy and Lé,

2010, all which have been recognized as reliable predictors of adverse metabolic dysfunction
(Kolderup and Svihus, 2015

3.1.3 Therapeutic approaches for metabolic diseases and stearic acid's potential ability
to improve metabolic health.

Currently, South Africa carries the largest burden of obesity at 2@2&han et al., 2021
Therefore, obesity prevention, management and treatment must now be prioritized throughout
the lifespan. Some aspects of metabolic dysfunction can be treated or managed with synthetic
pharmacological drugs like fenofibrai@&bdelmoneim et al., 2031However, it is a lifdong
treatment and its lonterm side effects such as hepatotoxicity and nephrotoxicity are of
significant concern. Since there is no specific drug for all predictors of metabolic dysfunction
and obesity, only a combination of drugsised. There is a global market demand for the use

of safe supplementary compounds. Stearic acid is one of the most plentiful and widely used
saturated fatty acid found in fats and oils of plants and in animal prog&ictady, 1993

Despite being known that the majority of saturated fatty acidsobesogeniqpromote
excessive weight gairfDeol et al., 2015Zhou et al., 202)) there is strong suggestive evidence

that stearic acid possesses hypocholesterolaemia eftéoctanome and Grundy, 1988
Mensink, 200% and thushas potential to benefit metabolic health, fadecoholic fatty liver
disease and kidney function impairmerduced by higHructose and/or higiat diet.

There is a lack of evidence in the literature on the ‘emgn intake of stearic acienriched
diets, particularly when introduced into the diet early in infancy. Heng stearic acid
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administration to growing rats in this study will provide a significant model that mimics
growing children with increased passive plasticity and could potentially confer temporary

epigenetic changes and resistance to the development of metabolic deessedife.

In this study, we first investigate the impact on health of stearic acid if it is to be included in

the diet in place of cholesterol or other obesogenicVdes. pos e t Hees staagcs t i o n
acid intake in the early pesteaning growth phase have long lasting preventive, ameliorative

or exacerbate the healéffects in growing female and male Spradpenley rats on high

fructose diet?This study, also, sought to interrogate the combined effect of high stearic acid

and highfructose diets in growing female and male SpraQaw/ley rats thereby mimicking

children fed obesogenic dgdnd continuing on the diets through to adulthood.
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3.2 Aim and Obijectives

This study aimedo investigate the lonterm effects of a stearic acid alone and/or combined
high-fructose and stearic acid diet fed to growing female and BylagueDawley rats on

general metabolic health profiéed growth performance

Hypotheses
Ho: Administration of a stearic acid alone and/or combined-fngttose and stearic
acid diet to growing Spragtl®awley rats has no effect on metabolic health.
Hi: Administration of a stearic acid alone and/or combined-frgttose and stearic

acid diet to growing Spragt®awley rats has no effect on metabolic health.

The specific objectives of this part of the study focused on:

3.2.1 Growth performance

3.2.1.1 By specifically determining the changes in body mass and
3.2.1.2 Assessment of long bone (tibia and femur) indices of growth.

3.2.2Visceral obesity

3.2.2.1 By measuring visceral and epididymal (in male rats) fat mass

3.2.3 Metabolic health profile
By assesdsg the metabolic impact of the combined effect of a diet enriched with stearic acid

and high fructose on:

3.2.3.1 plasma or blood fastinghetabolic substrates including glucose, triglycerides and

cholesterol.

3.2.3.2 key hormones regulating metabolism: serum insulin (hormone used as a marker of
diabetes) and adiponectin (hormones produced by fat cells used as a marker of obesity)
as well as computation of the Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR).
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3.3 Materials and methods

3.3.1Ethical clearance for the use of animals and study site

Ethical clearance to undertake the animal studies was granted by the University of the
Witwatersrand Animal Research Ethics Committee (AREC) with AREC clearance number:
2018/01/03/B. A copy of the certificate is included in Appendix 1. The Wits Res&anctal

Facility (WRAF), University of the Witwatersrand provided and housed the rats for the study.
The National Research Council of the National Academies (2011) Guide for the Care and Use
of Laboratory Animals was complied with when undertaking thisystadrthermorethe study

was in accordance with South African National Standard (SANS document 10386:2008)

recommendations.

3.3.2Chemicals and reagents

Analytical grade chemicals and reagents were used in the study. Steaife ac@ 5 %, FCC,
FG), fenofibrate and dimethyl sulfoxide were purchased from Sigtdech (St. Louis,

Missouri, USA). From Nature's Choice in Randvaal, South Africa, fructose was bought.

3.3.3Preparation of normal diet as well as a diet enriched with 3% stearic acid

Rat chow was commercially sourced from (Lab Chef, Stellenbosch, South Africa). The

standard rat chow had the following nutrient composition (stated by the manufacturer): crude
protein 200 g/kg, crude oils and fats 50 g/kg, Linoleic acid 12 g/kg, cruaediibg/kg, crude

ash 70 g/kg, calcium 12 g/kg, phosphorus 7.5 g/kg and Vitamin A, D and E 16 000, 2 000 |U/kg
and 100 mg/kg.

A hammer mill was used to grind the rat chow pellets into a coarse powder. The powder was
then used to formulate experimental diets (standard rat chow and stearic acid enriched). For
the standard rat chow diet, wateas added to form a thick paste from which balls were

manually moulded, placed in a tray and allowed to dry in a convection oven overnight at 37°C.

For the 3% stearic acid enriched feed, 300 g of stearic acid was thoroughlywitixd® kg

of the ground feed and then 3 litres of water to form a thick paste from which balls were formed
and allowed to dry in a convection oven overnight at 37°C. These experimental diets were
separately placed in tightly sealed containers and storecank aapboard at room temperature
pending use. The 3% stearic acid dose used in this study has been previously Sbetddty (

al., 2019 in metabolic studies.
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3.3.4 Preparation of 20% fructosesolution and gelatine cubes for administration of

treatment

The 20% fructose solution (w/v) was prepared by adding 1000 g of -Gé&#Ogranulated
fructose (Nature’ s Choi ce, Hi ghbury, Randvas
in a plastic container. Thr ee darQ@pprationePty r ed f
Ltd, Dunkeld, South Africa) were then added into the fructose solution for identification and
differentiation purposes. To the rats receiving plain drinking water, three drops of blue food
colouring (Robert s ond,Bunkeld, Sduth Afrca) wedgpaddeddtdeach n' s P

five litres of tap water.

Cubes of fenofibrate gelatine and plain gelatine were made independently. Fenofibrate gelatine
cubes preparation: 8g gelatine, 8g sugar and 5ml Bovril were combined in 100 ml boiling water.
Due to the poor aqueous solubility of fenofibrate, it was fisgalved in a 5% DMSO solution

before being added into the gelatine stock solufi@sulting in a final 0.5% DMSO
concentration) This gelatine stock solution containing fenofibrate was poured into ice cube
trays and allowed to chill in a refrigerator wriih cubes prior being diced into enellilitre

cubes and delivered to the rats accordingly. As a positive control, fenofibrate was employed
because it is known to enhance metabolic disease features such as insulin sensitivity and lower
hyperglycaemia. Theurrent study's fenofibrate dose (100mg/kg) was likewise based on

concentrationsitilized in previous metabolic investigatiof -Snafi, 2017.

Plain gelatine cubes preparation: 8g gelatine, 8g sugar and 5ml Bovril were combined in 100
ml boiling water. This gelatine stock solution was poured into ice cube trays and allowed to
chill in a refrigerator to form cubes prior being diced into-omkil itre cubes and delivered to

the rats. The control groups' plain gelatine cubes were made as well with 0.5% DMSO. The
gelatine cubes were made with modifications to the method publishé¢abyerman et al.,

2009). Instead of 16 g of brown sugar, 8 g of brown sugar (Huletts, Tongaat, South Africa Ltd)

were usedo make the cubes palatable whateoiding anadditional dietary load with sucrase

3.3.5Animals, housing and feeding

Animals: A total of eightyweaned 24day old Spragu®awley rats Rattus novergicys
females (n = 40) and males (n = 40) were used in the experiment which ran from postnatal day
21 to 116.Sprague Dawley rats serve as efficient experimental models for studyimgp

physiological, metabolic and cellular events in controlled interventional studies.

38



Housing: The rats were housed individually in Perspex cages with stainless steel sesh lid
enabling the rats to visualise each other socidllye cages were lined with wood shavings for
bedding, plastic toys and shredded papere includedor environmental enrichment. The
bedding was changed twice weekly. A 12 h light: 12 h dark cycle was maintained with lights

on from 7 am to 7 pm. Room temperature was maintained at 26 + 2° C.

Feeding: Depending on treatment regimen, the rats dthdibitum access to either a
reconstituted standard rat chow (LabChef, Stellenbosch, South Africa) or standard rat chow
enriched with 3% (w/w) stearic acid. Also, depending on the treatment regimen, the rats had
ad libitum access to drinking solution (water or 20% fructose solution) throughout the
experiment as described earlier in 3.3 He rats drinking solutions were changed after 3 days

if unfinished. Gelatine was used as a stfess route of orbadministration, thus treatments

using fenofibrate were prepared into gelatine cubes while other treatment groups rats received

plain gelatine cube$eeding and changing of fluids was dalay betweerd8h0610h00.

Rats were given a twday habituation period to become acquainted with handling and housing
(postnatal days 21 and 22). Rats were weighed individually using an electronic balance scale
(Clover scales, Pty Ltd, Johannesburg, South Africa) twice a weekdssasody mass gain of

the rats and for welfare monitoring purposes.

3.3.6 Experimental design and treatments

On postnatal day 23, the eighty rat puffsom dams with a litter size of-52) were in an
interventional study, randomly dividgevith each litter represented across groups to avoid
sibling bias in particular groupsjto five treatment groups of 16 (8 males and 8 females) pups

each and fed the following treatment regimens for 13 weeks:

group |, served as the negative control, receiving standard rat chow (SRC), plain water to drink
(PW) and plain gelatine cubas the vehicle contr@PGC);

group II, in which metabolic dysfunction was induced, rats were fed standard rat chow (SRC),

20% fructose solution to drink (FS) and plain gelatine s(B&C);

group lll, served to investigate the prophylactic potential of stearic acid, rats were fed standard
rat chow enriched with 3% stearic acid (SA), 20% fructose solution to drinkageSplain
gelatine cubg(PGC);
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group IV, rats were fed standard rat chow enriched with 3% stearic acid (SA), plain water to
drink (PW) and plain gelatine cub@GC) to investigate the effects of stearic acid alone on

metabolic health;

group V, served as the positive control in which fenofibrate was used for the prevention of
metabolic dysfunction, rats were fed standard rat chow (SRC), 20% fructose solution to drink

(FS)andfenofibrate in gelatine cubes at 100 mg/kg body mass (FGC).

The rats were fed their respective treatment regirdaitg for the duration of the studyom
postnatal day 2to 116 (13 weeks).

The researcher was not blinded to the groups during feetihng)is becausthe researcher

wassolely responsible fdieedingof the rats

3.3.7 Terminal procedures and sample collection

Prior to termination,he rats had access to pldirnnking water overnighthjowever, they were
fastedwhen their feedvas removed at 22hQffter the 13wveek intervention. On termination

day (postnatal day 116), the rats were weighed (Clover scales, Pty Ltd, Johannesburg, South
Africa) and fasting blood glucose and triglyceride concentrations were measured using blood
collected following a stde needle puncture of the tail vein. A calibrated glucose meter
(Contour Plus Meter, Bayer, Isandohannesburg,ddith Africa) and a calibrated Accutrend
triglyceride meter (Roche, Mannheim, Germany) were usedetectblood glucose and

triglyceride concentrations respectively.

The rats were then euthanized with a sodium pentobarbitone overdose (200 mg/kg body mass,
intraperitoneally. Cardiac blood was drawn using 18G needles and 10ml syringes into
heparinized blood tubes (Becton Dickinson Vacutainer Systems Europe, Meylan Cedex,
France). The blood samples were centrifuged at 20°C for 15 minutes at 5000 x g in a Pegasus
Scientific Irc., Rockville, USA Sorvall RT® 6000B centrifuge. The plasma reasoved and

kept in microtubes at20°C andlater used to test for metabolic hormonéssulin and

adiponectin) and biochemical markers of health.

Each rat's abdomal viscerawere accessedia an incision at the linea alkend removed.
Thereafter, each r at’ gPresicaBi0yM, Presica lastrisnents,a s w
Dietikon, Switzerlandjand used for further investigation provided in the current chapter as a

measure for growth performance.
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The visceral fat pad and epididymal fat in males was weigRedsica 310 M, Presica
Instruments, Dietikon, Switzerland)he visceral and epididymal fat masses relative to body

mass (%BM) were calculated as follows:

Relative visceral fat mass—= x 100.

Relative epididymal fat mass—= x 100.

The rest of thabdominatissuesvereweighed(Presica 310 M, Presica Instruments, Dietikon,
Switzerland)and collected for hepattustology, nephropathy, general supplementary data on
GIT and visceral morphometrical examination, respectively. The details for additional research
on the obtained tissues are supplied in this thesis's chapters 4 (liver), 5 (nephropathy) and 6
(general spplemental information on GIT and visceral morphometrical analysis).

Before storage, the tissues were prepared as follows:

Liver: After weighing,@ch rat’'s | iver was divided-into
20°C for assessing tliketarystearic acicand fructoseeffects onliver lipid content. Another

part of the liver was stored in sealed ziplock plastic bagZ08€ forliver fatty acid profiling.

A sample from the right lobe of each liver wasserved in 10% phosphate buffered formalin
(Merck, Johannesburg, South Africa) fimer histanorphometry and hepatic steatosis, lobular

inflammation, ballooning analysis and total NAFLD activity score (NAS).

Kidney: The kidneys were weighed (Presica 310 M, Presica Instruments, Dietikon,
Switzerland) for assessing the stearic acid effects on renal health by melkisiméryg absolute
and relative to body mass) mas3ne kidneywas preserved in 10% phosphate buffered
formalin forassessment of kidpdiistanorphometry.

Visceral organ morphometriifeasurements were performed onshgall and large intestines,
stomachand caecumwhich had beerarefully dissected ouThe small and large intestines

were gently stretched out on a dissection board and their lengths were measured using a ruler
mounted on the dissection board. The contents of the small and large intestines were gently
emptied after which th&IT visceral organs were weighed on an electronic balance (Presica

310M, Presica Instruments AG, Switzerland).
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3.3.8 Determination of growth performance and long bone parameters

In addition to the body mass measurements made during theistodyer toobserve changes

in the long bone parameters of the rats as a measure of linear growth, the right hind leg (femur
with the attached tibia) was extracted from each rat carcass. The femur and tibia were then
defleshedanddisarticulated. The bones were then dried for at least 7 days in an oven (Salvis
®, Salvis Lab, Switzerland) at 40°@iil the masses remained unchangbdreafter allowed

to cool at room temperature. An electronic balance (Presica 310M, Presica Instruments AG,
Switzerland) was used to daténe the dry tibiae and femur dry masses. Digital vernier
calipers (Major Tech (Pty) Ltd, KTV 150 digital caliper, Elandsfontein, South Africa) were
used to measure the lengths of the tibiae and femurs. Briefly, the length of the tibia was
determined by mesuring the distance from the aenbf the lateral condylar surface to the
cente of the distal articular surface. The femur length was determined by measuring the
distance from the most proximal point on the femur head to the line connecting the &o dist
condyles (most distal point) of the femur. The mass to length ratio was used to calculate the

density of the tibiae and femurs (Seedor et al., 1991).

Bone mass to bone length—=

For bone radiographs, a Fuijifilm digitaltdy system (Industrial Xay film FR; Fuji Photo
Film Co., Ltd, Tokyo, Japan) was utilized to allow subjective assessment of bone densities.
The bones were put on a photographic plate 100 cm away fromrdaeraiation source. The

light source was set at 52 kVp and 0.80 mA, with a fifteecond exposure time.

3.3.9 Determination of fasting lipids: plasma triglycerides and totatcholesterol

In accordance with the manufacturer's instructions, an Entynked Immunosorbent Assay
(ELISA) kit was used to measure serum fasting total cholesterol and total triacylglycerol
concentrations. The protocols utilized are described in detail in the appssation. A
spectrophotometer (DU 720, General purpose UV Spectrophotometer, Beckman Coulter) was

utilized to determine the absorbencies of the samples at 510 nm.

3.3.10 Determination of hormones associated with development of metabolic
dysfunction: changes in plasma insulin and adiponectin and computation of
HOMA -IR

The fasting insulin (ng/mL) and adiponectin (pg/mtgncentrationdn the plasma were

calculated using rat insulin and adiponectin ELISA kits with detection ranges-290 @/ mL
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and 46.883000 pg/mL, respectively (Elabscience Biotechnology Co, Wuhan, Hubei Province,
China). Appendices offer an extensive overview of the protocol empltjsadg calibrator
concentrations, a standard curve for each hormone was created. The insulin and adiponectin
concentrations in the collected samples were then calculated using the standard curves that had
been generated. Insulin resistance was estimatedobyputing the homeostatic model
assessment index, HOMWR, using the fasting blood glucose andulin concentration using

the equation:

T T

HOMA-IR= (Divi et al., 2012,

3.3.11 Statistical analysis

All data are expressed as mean +* standard deviation. Data analysis was done using GraphPad
Prism 7 software (Grappad Software Inc., San Diego, USAroup means for comparisons
between different dietary treatment groups were analysed usingayn@&nalysis of variances
(ANOVA) and mean comparison using a Tukey post hoc test with statistical significance of p

< 0.05 considered.he Tukey test was selected instead ofSbkeffe postioc test which has

a low statistical power and ability to identify actdi#ferences between groupfor the data
presentedn the table, the statistical level of significar{pevalue) is that of the overall group

differenceshefore applying post hoc test.

The induction and terminal body masses across the interventions was coogagea twe
way ANOVA testwith statistical significance of p < 0.05 considered.
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3.4 Results

Mortality and morbidity of the animals: Two rats were excluded from the analysis.
Specifically,one male rat allocated to group | was removed due to its failure to thrive resulting

in a reduced mass gain relative to its peers. Therefore, group | rats resulted in n = eight female
and n = seven males. Alsme rat allocated to group Il females in which the combined effect

of stearic acid and highiuctose were testethgged by mor¢han 186 (prescribed as a study
terminal end point by the Animal ResearcthiEs Committeegrowth rate when compared

with the control group rats hence was eliminated from the study. Therefore n faetren

group There were no post mortems done on the rats and hence the causes of the illthrift were

not identified.

The rest of the animatgtained in the studghowed no signs of ill health.

3.4.1The effect of oral administration of stearic acid on growth performance in

growing female and male Spragud®awley rats fed ahigh-fructose diet

3.4.1.1 Changes in the body mass of female and male rats

Body masses aboth female and male rats weamcorded in this study to monitor growth
performance and to adjust the concentration of the treatments of the rats, that is, the stearic acid
and fenofibrate, since they are body mass dependent so that a constant dose delivery was
maintained as the ratseyv. Figure 3.1 shows the induction (postnatal day 21) and terminal
(postnatal day 116) body masses of female (A) and male (B) rats following tveek3
treatment interventions. Figure 3.2 shows empty (evased) carcass massekfemale (A)

and male (B) rats following 13 weeks treatnmn

There was no significant difference (p = 0.288neway ANOVA, F4,34)= 0.0896) observed

in the induction body masses of the female rats across the five treatment refiigeres3.1

A). However, the females across treatment regimens grew significantly (p < 0.008taywo
ANOVA, F (1, 68)= 5994). During the course of the trial, the body masses of the female rats
subjected to a control; higlhuctose; combined stearic acid and hfglctose; stearic acid
alone; combined fenofibrate and hiffictose diets increased by 487 %; 489487%; 506

% and 489 %, respectively. Whifemale rats grew significantly, their terminal body masses
across the fivgreatment interventions were similar (p =%76, oneway ANOVA, F 4, 34)=
0.6111) as shown ingure 3.1 A
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There were insignificant differences (p = GBloneway ANOVA, F @4, 34)= 0.528) in the

induction body masses of the male rats across the five treatment regtigems 8.1 B)

Following the 13-week treatment intervention, the male rats across treatment regimens grew
significantly in body mass (p < 0.0001, tm@y ANOVA, F (1, s8y= 5588). The male rats had

an increase in body mae763% for the control group; 81% for the highfructose group;

825 % for the combined stearic acid and Higlttose group; 837 % for the stearic acid alone
group; 769 % for the combined fenofibrate and Higictose group. While the terminal body
masses of the male rats fed a combirextbfibrate ad highfructose diet were significantly
lower (p = 0.028) compared to the terminal masses of the male rats in the control group, the
terminal body masses of the male rats from other treatment interventions were similar (p =
0.226, oneway ANOVA, F (4, 34= 1.494) as shown in figure 3.1 B.

Following the 13week treatment intervention, the empty carcass masses of female rats across
different treatment interventions were similar (p =00@ oneway ANOVA, F 4, 34)= 1.551)

as shown in figure 3.2 A. The empty carcass masses of all male rats across different treatment
interventions were similar (p = 0.1820neway ANOVA, F (4, 34y= 1.906) as shown in figure

3.2 B.
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Figure 3.1 Effect of stearic acid on terminal body masses of female (A) and male (B) rats fedfaubigbe diet.

Data presented as mean + standard deviation. AMayoANOVA test was used to analyse induction and terminal body masses of the rats across
treatment interventions. * = significantly different at p < 0.05 and *** = significantly different at p < 0.006ttoCgroup is the negative control

in which rats received standard rat chow and plain water to drink (n = 7 for males and n = 8 for females); fructoss grengpfeat standard rat

chow and 20% fructose solution to drink (n = 8); stearic acid antbf®igroup rats were fed standard rat chow enriched with 3% stearic acid
and 20% fructose solution to drink (n = 8 for males and n = 7 for females); the stearic acid group rats were fed stamolardmathed with

3% stearic acid and plain water tortki (n = 8) and the fenofibrate and fructose group rats served as the positive control, rats were fed standard

rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).

46



2501

2004

1501

100

(5]
o
1

Empty carcass (g)

Treatment groups

Empty carcass (g)

G

Treatment groups

Control

Fructose

Stearic acid + Fructose
Stearic acid

Fenofibrate + Fructose

Figure 3.2 Effect of stearic acid on the empty carcass masses of female (A) and male (B) rats fefilletagd diet.

Data presented as mean + standard devia@meway ANOVA was used to analyse the empty carcass masses of the rats across treatment

interventions. Control group is the negative control in which rats received standard rat chow and plain water to driok fmafeg and n = 8

for females); fructosgroup rats were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose group rats were

fed standard rat chow enriched with 3% stearic acid and 20% fructose solutiorkttndrii® for males and n = 7 for females); the stearic acid
group rats were fed standard rat chow enriched with 3% stearic acid and plain water to drink (n = 8) and the fenofituctesargtoup rats
served as the positive control, rats were feddgtethrat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink

(n=8).
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3.4.1.2 Changes in the long bone parameters of growing female and male Sprague

Dawley rats fed a highfructose diet

The assessment of long boparametersthat is, tibia and femur masses, lengths and bone
densities, is an important factor as indicators of growth. Table 3.1 (A) and table 3.1 (B) show
the morphometric measurements of tibial and femoral bone masses, lengths and bone densities

in growing femag and male rats fed a higiluctose diet and/or stearic acid for 13 weeks.

In females, there were insignificant differences (p > 0.05;vaae ANOVA, F (4, 34)= 1.450)

in the tibial mass of the rats across the different treatment groups. The femur masses of the
female rats were not significantly different (p > 0.05,-aray ANOVA, F 4, 34y= 0.39) across

the treatment groups. An insignificant difference was observed in terms of tibial (p > 0:05, one
way ANOVA, F @, 34= 0.99) and femur (p > 0.05, omeay ANOVA, F (4, 34y= 0.29) lengths

of the rats across the different treatrhgroups. Both the bone indexes of the tibial (p > 0.05,
oneway ANOVA, F @4, 34= 0.99) and femoral (p > 0.05, ema&ay ANOVA, F4,34)= 0.96) of

the female rats were similar across the treatment groups (Table 3.1: A).

Table 3.1 (B) show that in male rats, administration of a diet enriched with stearic acid and/or
high-fructose to rats resulted in no significant differences across the dietary treatment groups
in terms of the tibial (p > 0.05, oiveay ANOVA F (4, 34y= 0.86) and femoral (p > 0.05, ene

way ANOVA F 4, 34= 0.63) bone masses, tibial (p > 0.05, -oveey ANOVA, F@, 34y= 0.78)

and femur (p > 0.05, onmay ANOVA F 4, 34y= 1.73) lengths; and bone indexes of the tibial

(p > 0.05, onavay ANOVA, Ra, 34y= 0.9) and femur (p > 0.05, oneay ANOVA, F @4, 34=

0.50) across different treatment groups (Table 3.1 B).

Long bones (tibiae and femora) representative radiographs of female and male rats fed different
diets following a 13veek treatment period are shown in Figures 3.3 A and B respectively. The
assessment of the radiographs was done subjectively and dicomoash visible differences

in the densities of the long bones from both female and male rats fed-auuigse diet

following a 13week treatment period.
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Table 3.1 A. The effects of stearic acid on tibial and femoral bone masses, lengths and bone densities in growin@®&ptagfemale rats fed

a highfructose diet and/or stearic acid for 13 weeks.

Bone Parameters Treatment Groups
Overall level of
Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose
Tibia
mass (mg) 453.8 +70.1 422.5+84.5 382.9 £ 54.F 440.0 £ 50.7 416.3+29.3 ns (p = 0.389
length (mm) 35.1+1.2 33.7+ 3.0 323+3.3 33.6+3.5 341+ 2.7 ns (p = 0.883
Density (mg/mm) 1.3+ 0.2 1.3+0.2 1.2+0.2 1.3+0.12 1.2+0.28 ns (p = 0.437)
Femur
mass (mg) 588.8 +127.0  552.5+116.5° 527.1+114.0 570.0 + 46.9 571.30 + 87.% ns (p = 0.865
length (mm) 29.0 £ 3.0¢ 28.7+2.9 28.8 £ 2.8 275+3.8 28.4 £ 3.0¢ ns (p = 0.897)
Density (mg/mm) 20.20 + 3.04 19.2+3.8 183+ 3.7 20.88 + 2.G¢ 202+ 2.2 ns(p = 0.4449

Data presented as mean * standard deviation. ns = not significant with p £6r@Eol group is the negative control which received standard rat
chow and plain water to drink (n = 8); fructose group rats were fed standard rat chow and 20% fructose solutiomte 8jirdte@ric acid and
fructose group rats were fed standartccheow enriched with 3% stearic acid and 20% fructose solution to drink (n = 7); the stearic acid group rats
were fed standard rat chow enriched with 3% stearic acid andvgéder to drink (n = 8); fenofibrate and fructose group is the positive control
and the rats received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution #®)drinW/fthin rows

means with similar superscripts are not significantly different at p > 0.05.
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Table 3.1 B. The effects of stearic acid on tibial and femoral bone masses, lengths and bone densities in growin@p&ptagueale rats fed a

high-fructose diet and/or stearic acid for 13 weeks.

Bone Parameters Treatment Groups
Overall level of
Control Fructose Stearic acid + Stearic acid Fenofibrate + L
significance
Fructose Fructose
Tibia
mass (mg) 524.3+553 510.0+54.8 528.8 +55.4 5175 +58.9 493.8 + 50.F ns (p = 04988
length (mm) 36.2+ 3.4 369+2.4 38.1+1.¢ 379+ 1.¢ 365+1.8 ns (p =0.864)
Density (mg/mm) 1.4+£0.2 1.4+£0.29 1.4+£0.29 1.4+0.12 1.4+£0.29 ns (p =0.352
Femur
mass (mg) 685.7 + 97.8 713.8 + 136.4 676.3 + 106.9 697.5+ 139.0 630.0+72.3 ns (p =0.636)
length (mm) 309+2¢ 32.0+2% 32.8+2.3 33.0+x2.4 306 +1.¢ ns (p =0.565
Density (mg/mm) 22.4+ 4.2 21.3+3.¢ 206+ 2.7 21.11+ 3.8 20.7 £+ 3.2 ns (p =0.354)

Data presented as mean + standard deviation. ns = not significant with p > 0.05. Control group is the negative coméctiwdicktandard rat
chow and plain water to drink (n = 7); fructose group rats were fed standard rat chow and 20% fructosecsdiutk (n = 8); stearic acid and
fructose group rats were fed standard rat chow enriched with 3% stearic acid and 20% fructose solution to drink (steady; #uéd group rats
were fed standard rat chow enriched with 3% stearic acid andvaen to drink (n = 8); fenofibrate and fructose group is the positive control
and the rats received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution ®) drink\(ithin rows

means with similar superscripts are not significantly different at p > 0.05
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I - Control

IT - Fructose

III - Stearic acid + fructose
IV - Stearic acid

V - Fenofibrate + fructose

Figure 3.3 Radiograph images of femora and tibiae of female (A) and male (B) Sprague
Dawley rats.The top row shows the femoaad the bottom row shows the tibiae radiographs

of representative ratsom each of thedifferent treatment groups. Control group (l) is the
negative control which received standard rat chow and plain water to drink; fructose group (ll)
rats were fed standard rat chow and 20% fructose solution to drink; stearic acid and fructose
group (1) rats were fed standard rat chow enriched with 3% stearic acid and 20% fructose
solution to drink; the stearic acid group (IV) rats were fed standard rat chow enrith&daw

stearic acid and plain water to drink; fenofibrate and fructose group (V) is the positive control
and the rats received standard rat chow and fenofibrate (100 mg/kg body mass per day) and

20% fructose solution to drink.
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3.4.2 The effect of stearic acid on the masses of the abdominal visceral fat pad and
epididymal fat (in male rats) masses in both female and male growing Sprague

Dawley rats fed a highfructose diet.

3.4.2.1 Changes in the visceral fat masses of the female rats

Thevisceral fat massapsoluteandrelative to body ma3®f the female rats following the 13

week treatment period are shown in figure 3.4 A (1) and (ll) respectively.

The overall differences observed in the absolute mass of visceral fat across treatment groups
were statistically significant (p = 0.00loneway ANOVA, F4,34)= 8.09). As shown in figure

3.4 A (I), the female rats fed a hidfuctose diet (p = 0.0002) and their counterparts whose diet
was a combined fenofibrate and hifybictose (p = 0.0146) had significantly increased (p <
0.05) absolute visceral fat mass wheampared to the control rats fed a standard. However,
the female rats fed a combined steaged and higkructose (p > 0.05) and counterparts fed
stearic acid alone (p > 0.05) had similar absolute mass of visceral fat compared to the control
rats fed a standard diet. As shown in figure 3.4 A (1), stearic acid alone female rats had similar
absolde mass of visceral fat compared to the negative control rats fed a standard diet (p > 0.05)
and counterpart fed a combined stearic acid andinigiose (p > 0.05) as well as rats fed a
combined fenofibrate and highuctose diet (p > 0.05) but lower thdahose whose diet was
high-fructose (p = 0.0013).

In summary, a higliructose diet resulted in increased visceral obesity which stearic acid and
fenofibrate interventions were unable to prevent. Stearic aloneedigted in lower visceral

fat compared to the group fedimgh-fructosediet.

The overall differences observed in the visceral fat relative (to body mass) across treatment
groups were statistically significant (p = 0.0384,E4)= 2.87). The higHructose diet fed (p =
0.0001); combined diet of stearic acid and Higlttose (p = 0.049) and the fenofibrate and
high-fructose (p = 0.01) fed female rats had significantly increased visceral fat mass relative
(to body mass) compared to their control rats that were fed standard rat chow. However, female
rats whose diet had combinedasie acid and higliructose (p = 0.1635) as well as those fed

a combined fenofibrate and higtuctose (p = 0.3554) has similar visceral fat relative (to body
mass) compared to rats fed the higictose only diet (p > 0.05). Stearic acid alone as a glietar
supplement had similar (p > 0.05) visceral fat relative (to body mass) compared to negative

control (p = 0.9536), combined stearic acid and {ifghtose (p .1985) as well as combined
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fenofibrate and higlfructose (p = 0.058 but significantly lower than higfructose only fed
rats as shown in figure 3.4 A (ll).

In summary, a higiiructose diet resulted in an increased visceral fat relative (to body mass)
which both stearic acid and fenofibrate intervention were unable to prevent.
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Figure 3.4 A Effect of stearic acid on absolute (I) and relative (Il) visceral fat pad mass of
female rats fed a highuctose diet. Data presented as mean + standard deviation. Control group
is the negative control in which rats received standard rat chow andaalgnto drink (n =

8); fructose group rats were fed standard rat chow and 20% fructose solution to drink (n = 8);
stearic acid and fructose group rats were fed standard rat chow enriched with 3% stearic acid
and 20% fructose solution to drirfk = 7); the stearic acid group rats were fed standard rat
chow enriched with 3% stearic acid and plain water to drink (n = 8) and the fenofibrate and
fructose group rats served as the positive control, rats were fed standard rat chow and

fenofibrate (10 mg/kg body mass per day) and 20% fructose solution to drink (n =8) * p <
0.05, ** p < 0.001 and *** p < 0.0001.
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3.4.2.2 Changes in the visceral fat masses of the male rats

The absolute masses of visceral and visceral fat relative (to body mass) of the male rats

following the 13week treatment period are shown in figure 3.4 B (I and II).

In male rats, the overall differences observed in the absolute (p D0PE@Lk4=5.%7) and

relative to body mass (p = 0.0323ufs4)= 2.99) of visceral fat across treatment groups were
statistically significant. The male rats that were fed a combinedfhugtose and stearic acid

diet had significantly increased (p = 0.0032) absolute visceral fat mass when compared to their
negativecontrol rats fed standard rat chow. However, the male rats whose diet had high
fructose only (p = 0.43b), steart acid alone (p = 0.28) and those fed a combined fenofibrate

and highfructose (p = 0.998) had similar visceral fat (p > 0.05) compared to the negative

control fed a standard diet.

In summary, a higiiructose did not increase abdominal visceral fat in male rats. Only rats fed

combined stearic acid and hiffuctose had an increased visceral fat pad mass.

The absolute masses of epididymal and epididymal fat relative to body mass of the male rats
following the 13week treatment are shown in figure 3.4 B (lll and IV). In male rats, the
epididymal fat masses across treatment groups were not significanthewnlifip = 0.036,
oneway ANOVA, F 4, 34= 2.359). No significant differences were observed across treatment
groups on the epididymal relative (to body mass) fat masses of the rats @84 Ordeway
ANOVA, F @4,34= 0.97) as shown in figures 3.4 B (lll and IV).
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Figure 3.4 B Effect of stearic acid on absolute (1); relative (II) visceral fat pad masses; absolute (lll) and relative (IV) epi@didyathimasses
of male rats fed aigh-fructose diet. Data presented as mean + standard deviation. Control group is the negative control in which rats received
standard rat chow and plain water to drink (n = 7); fructose group rats were fed standard rat chow and 20% fructose dahktion= 8);
stearic acid and fructose group rats were fed standard rat chow enriched with 3% stearic acid and 20% fructose siolkfjor+t8)dthe stearic
acid group rats were fed standard rat chow enriched with 3% stearic acid and plain datdr o = 8) and the fenofibrate and fructose group
rats served as the positive control, rats were fed standard rat chow and fenofibrate (100 mg/kg body mass per dayueata$@@@tion to
drink (n =8). *p <0.05
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3.4.3 The effect of oral administration of stearic acid on general clinical biochemistry
health profiles, hormones regulating metabolism in growing female and male

Sprague- Dawley rats fed a highfructose diet

3.4.3.1 Changes in plasma metabolic substrates

Total cholesterol and triglycerides are the metabolic substrates used to monitor the impact of a
treatment intervention on the development of metabolic dysfundbbtese individuals are
usually characterized by abnormalities in lipid metabolism, which include elevated
triglycerides, phospholipids and cholestemhcentrationsThe effect of stearic acid on plasma
cholesterol and triglyceride concentrations of female and male rats fed-flutgse diet are

shown felow in table 3.2A and B., respectively

In female rats, overall total cholesterol concentrations across treatment groups showed
significant differences (g 0.0001 oneway ANOVA, Fq, 34y = 7.83) The femalerats that
were fed higHructose alone in their diet had significantly increased total cholesterol
concentration (g 0.01)when compared to the negative control rats. Similarly, female rats that
received a treatment of combined fenofibrate and-fngttose in their diet had significantly
higher (p< 0.01) total cholesterol concentratianscomparison to theegative control rats.
However, the female rats whose diet was supplemented withfroicfose only and their
counterparts whose diet had combined fenofibrate and-fhigtose had similar plasma
cholesterol concentration (p > 0.05). Stearic acid alonesimaithr cholesterol concentration

(p > 0.05) compared to the control but lower than tirghtose (p < 0.0001), combined stearic
acid and higffructose (p < 0.05) and combined fenofibrate andfigbtose (p < 0.0001).

In summary, a higliructose diet increased female rats' cholesteoolcentrationshowever
stearic acid and fenofibrate intervention did not prevent this increase. Nonetheless, using
stearic acid alone as a dietary supplement reduced cholesterol concentration.

In females, overall triglyceride concentrations across treatment groups showed significant
differences (= 0.0003 oneway ANOVA, F4,34= 7.132) The female rats that were fed high
fructose alone in their diet hasignificantly increased (p < 0.05) plasma triglycerides
concentration when compared to the negative control rats. However, the female rats whose diet
was combined higifructose and stearic acid, stearic acid alone and combined fenofibrate and
high-fructosehad similar triglyceride concentrat (p > 0.05) when compared to the negative

control rats. Stearic acid alone had similar triglyceride concentration (p > 0.05) compared to
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the control but significantly lower than higituctose (p < 0.0001) and combined fenofibrate

and highfructose (p < 0.05).

In summary, a higliructose diet significantly increased female rats' triglyceride
concentrations. Both the combined highctose and stearic acid as well as combined
fenofibrate and higifructose intervention did not prevent this increase. Nonethelssgy u

stearic acid alone as a dietary supplement reduced triglyceride concentration.

In male rats, the plasma cholesterol (p > 0.05,-wag ANOVA, F 4, 34y = 0.13) and
triglycerides (p > 0.05, orneay ANOVA, F4,34)= 0.68) concentrations were not significantly
different across treatment groupable 32 B). Therefore, treatment regimens had no effect on

mal e rats pl asma conce32By ati ons of the
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Table 32 A. The effect of stearic acid on cholesterol and triglycerides concentrations in growing female-Banatpyerats fed a higfructose

diet and or stearic acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid + Stearic acid Fenofibrate + Overall level of
Fructose Fructose significance
Cholesterol (mg/dL) 46+1.1° 6.6 + 1.6 57 +1.8" 3.7+0.6 6.6 +1.12 (p = 0.0001)
Triglycerides (mmol./L) 0.4 +0.2° 0.7+0.22 0.5+0.22b 0.2+0.1° 0.6 +0.2%° (p = 0.0003)

Data presented as mean + standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar sugwensotipitgnificantly
different at p < 0.05*Pwithin row means with different superscript significantly different at p < 0.05;Control group is the negative control which
received standard rat chow and plain water to drink (n = 8); fructose group rats were fed standard rat chow and 2086lériaridsedrink (n

= 8); stearic acid and fructose group rats were fed standardaatenriched with 3% stearic acid and 20% fructose solution to drink (n = 7);

fenofibrate and fructose group is the positive control and the rats in this group received standard rat chow and {af6fimgtiey body mass

per day) and 20% fructose sotutito drink (n = 8).
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Table 3.2B. The effect of stearic acid on cholesterol and triglycerides concentrations in growing male -Baatgerats fed a higfructose

diet and or stearic acid for 13 weeks.

Treatment groups
Overall level of

Parameter i ; i ; ;
Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose
Cholesterol (mg/dL) 39+1.8 3.8+£1.58 3.7+£1.2 40+1.2 40+1.7 ns (p = 0.98)
Triglycerides (mmol/L) 0.6 +0.3 0.6+0.2 05+£0.2 0.7+0.2 0.7+0.3 ns (p = 0.68)

Data presented as mean * standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar s@vensotipignificantly
different at p < 0.05.Control group is the negative conttath received standard rat chow and plain water to drink (n = 7); fructose group rats
were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose group rats were fédatstinodaenriched

with 3% stearic acid an#0% fructose solution to drink (n = 8); fenofibrate and fructose group is the positive control and the rats in this group

received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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3.4.3.2 Changes in fasted blood glucose and plasma insulin, adiponectin concentrations

and Homeostatic model of insulin resistance (HOMAR) index

The effects of stearic acid on fasted blood glucose, plasma insulin, adip@oactmtrations
and HOMAIR indexes in female and male rats fed a Higictose diet following a 1-8veek

dietary treatment periogre shown in table 38 and B respectively.

Table 3.3A) shows that, in female rats, overall fasted blood glucose concentrations across the
treatment groups were not significant different (p > 0.05;wage ANOVA, F (4, 3= 0.86).

The female rats plasma insulin concentratio
way ANOVA,Fu43s= 2. 53) across the treatment groups
concentrations were significantly different (p < 0.0001,-mag§ ANOVA, F 4, 34)= 782.2)

across treatment groupBemale rats & highfructose alone had significantly lower (p <

0.0001) adiponectin concentrations than negative control rats fed a standard diet (p = 0.0475)
and their counterparts who received a treatment of combined stearic acid afrddtigde diet

(p < 0.0001)stearic acid alone (p < 0.0001) and combined fenofibrate anefroiciose diet

(p < 0.0001). Female rats given a combined Hfiightose and stearic acid diet (p < 0.0001),

as well as the group given stearic acid alone (p < 0.0001), showed consideesigr gr
adiponectin concentrations as compared to female rats fedrhigbse alone, respectively.

Female rats on a combination of fenofibrate andfigttose diet, on the other hand, had the

highest adiponectin concentrations (p < 0.0001). The compd@dA-IR indexes of the

female rats across treatment regimens were similar (p > 0.0%anANOVA, F(4,34= 1.54).

Table 3.3(B) show that, in male rats, there were no significant differences in the glucose (p =
0.51, oneway ANOVA, F 4, 34y= 0.84), insulin (p > 0.05, ongay ANOVA, F 4,34 = 1.75)

and the computed HOMAR indexes of the male rats across treatment regimens (p > 0.05,
oneway ANOVA, F @4, 34 = 1.21), respectively. In male rats, the overall adiponectin
concentrations were significantly different (p < 0.0001,-aag ANOVA, F (4, 34) = 1376)
across treatment groups. Male rats fed a ffiigbtose dietand negative control rats on a
standard diet had similar adiponectioncentrationgp = 0.9911). However, as compared to
the combination higiiructose and stearic acid (p < 0.0001), stearic acid alone (p <0.0001) and
combined fenofibrate and highuctose (p < 0.0001) treatment groups, these were extremely

low.
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Table 3.3A. The effect of stearic acid on the glucose, insulin, adiponectin concentrations and-HOiMdex in growing female Sprague

Dawley rats fed a higfructose diet and or stearic acid for 13 weeks.

Treatment groups

Parameter Control Fructose Stearic acid + Stearic acid Fenofibrate +

Overall level of

significance
Fructose Fructose
Glucose (mmol/L) 4.05 +0.44 3.93+0.67 423 +0.67 3.86 +0.78 3.70 £ 0.3¢ ns (p = 0.50)
Insulin (ng/mL) 1.04 £ 0.98¢ 1.21 £ 0.65 1.19+£0.77# 1.27 £ 0.56 2.11 +£0.7¢ ns (p = 0.06)
Adiponectin (pg/mL) 64.88 + 11.96 47.49 +3.18 141.80 £ 9.88 163.20 £ 6.78 235.00 + 2.56 * (p < 0.0001)
HOMA-IR Index 0.19+0.18 0.21+£0.12 0.23+0.17 0.22 +0.1G¢ 0.35+0.12 ns (p =0.21)

Data presented as mean * standard deviation. ns = not significant with p #0/dBin rows means with similar superscripts are not significantly

different at p < 0.05* ® ¢within row means with different superscript significantly different at p < 0.05. Control group is the negative control

which received standard rat chow and plain water to drink (n = 8); fructose group rats were fed standard rat chow rarnto2@%altion to

drink (n = 8); stearic acid and fructose group rats were fedastdnat chow enriched with 3% stearic acid and 20% fructose solution to drink (n

=T7); the stearic acid group rats were fed standard rat chow enriched with 3% stearic acid and plain water to drirfen@fib@)e and fructose

group is the positiveantrol and the rats received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to

drink (n = 8)2= Within rows means with similar superscripts are not significantly different at p > 0.05.
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Table 3.3B. The effect of stearic acid on the glucose, insulin, adiponectin concentrations and-HROM&X in growing male Spragt@awley

rats fed a higHructose diet and or stearic acid for 13 weeks.

Treatment groups
Overall level of

Parameter Control Fructose Stearic acid +  Stearic acid Fenofibrate + N
significance
Fructose Fructose
Glucose (mmol/L) 4.06 + 0.82 3.96 £ 0.76 3.85+0.44 3.59+0.43 3.68 + 0.39 ns (p = 0.51)
Insulin (ng/mL) 1.35+£0.8% 1.50+£0.74 1.41 £ 0.96 1.51 £ 0.59 1.95+ 047 ns (p = 0.16)

Adiponectin (pg/mL) 53.52+1.54 52.49+356  109.00+5.8P  153.2%6.3%  185.00+2.56  *p<0.0001

HOMA-IR Index 0.25+0.18 0.27 £0.16 0.24 +£0.17 0.24 £ 0.1C¢° 0.41 +0.26 ns (p = 0.33)

Data presented as mean * standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar s@vensotipignificantly
different at p < 0.05. Control group is the negative control wieckived standard rat chow and plain water to drink (n = 7); fructose group rats
were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose group rats were feditstiosarhriched

with 3% stearic acid and 20%ufrtose solution to drink (n = 8); fenofibrate and fructose group is the positive control and the rats received standard

rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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3.5 Discussion

This discussion focuses on the effect of administration of a diet enriched with stearic acid on
metabolic health as well athe potential protective effects of stearic acid against the
development ofll -health risk factors associated with metabolic dysfunction induced by the
consumption of a higfructose diet. We assessed growth performance, fasting blood glucose
plasma lipidsand hormones regulating metabolism and the visceral and epididymal (in male
rats) fat mass as a marker of obesity

3.5.1 A high-fructose and/or stearic acid diet fed to growing female and male Sprague

Dawley rats showed no adverse effects on growth performance

Body mass is frequently influenced by a variety of factors such as age, developmental
determinants, diet, gender, genetic mak@guchard, 199}l level of physical activityKohl

[l and Hobbs, 1998 social and some environmental fact@sx variations in growth rates in

rats are caused by hormonal changes that favour males and are frequently preceded by an
increase in testosteromencentrationgGarciaMayor et al., 199¥ Indeed, it was observed

that the male rats gained greater mass across treatment regimens in this study than female rats.
There were no differencésthe terminal masses of the female rats across the g&iapkrly,

apart from the group treated with fenofibrate having a lower body mass than the negative
control groupthere were no significant differences in the terminal mass of the rats across the
different groups.

A combined fenofibrate and higfhuctose diet reduced the terminal body masses of the male
rats in the present study (figure 3.1 B). Thaa& implythatthe fenofibrate effects in reducing
body mass in male rats caonssiblybe attributed to enhancéalt catabolism in liver mostly
through thestimulationof target enzymes involved in hepatic lipid metabol{&®@rreira et al.,
2006 Mancini et al., 200}, alsoowingto the action of fenofibratevhichworksas an agonist

for peroxisome proliferateactivated receptor alpha as well asmcreasedatty acid beta
oxidation(Prakash, 20180Our findings are consistent with other metabolic research that have
found fenofibrate reduces body mass in rat models oirtieiced obesity through its effect on
tissue lipid metabolisr{Ferreira et al., 20Qdi et al., 200h

Despite thegenerallack of differences in body mass observed across the groups, body mass

alone does not indicatbe relative contributions of lean and fat mass tathei mveelghit. s
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Therefore,other metricsare used to evaluate growth performance inolgdempty carcass

mass and long bone characteristics. The tibiae and femora, in particular, are more dependable
long term growth indicators(Black and Scheuer, 1996They have a dosgependent
relationship with growth hormone and insulike growth factor-1 activity, a fundamental

bone growth hormone throughout I{férnst, 1989. The bone parameters are also more stable
long term measures of growth than body mass which can acutely changeddgest® ofyut

fill andhydration statsamongst several factofBaum et al., 1996

Eviscerating the carcass helps to reduce the impact of viscera on the bodymsastudy

assessed both empty carcass masses and long bone parameters and we found that there were
no adverse effects caused by the interventions in both female and male rats. In addition,
insignificant differences were observed in terms of tibial andfahmass and bone indexes

of both female and male rats across the treatment groups. Therefore, these insignificant
differences in the empty carcass mass and long bone parametasurements for female and

male rats advocate those different treatments had no adverse effects on the growth performance

of the rats.

3.5.2 Sexual dimorphism in the changes in the visceral and epididymal (in male rats) fat

masses following administration of a higkfructose and/or stearic acid diet

Obesity indicators were assessed in the current study by directly measuring the masses of the

rats' epididymal (in male rats) and visceral fat pads (in both sexes).

Consumption of highiructose diets is often associated with excess body mass increase and
visceral fat depositioffHenry et al., 1991Tappy and L&, 2010 Investigations have been
undertaken in rat models employing varying fructose dosages as treafiambsoudi et al.,

2022 Sabir et al., 2022Nu et al., 2023a Fructose consumption accounts for2® of total

daily calorie intake; thus, this stugynployed &0% fructose solution to imitate the quantity

of fructose usually found in foods commonly taken daily, such as bevdfaijespie et al.,

2023.

Fructose is lipogenic by nature and promotes metabolic alterations such as hyperlipidaemia
andhypertriglyceridemiawhich are harmful and induce metabolic disrupti@itiespie et al.,

2023. Previous research has shown that high fructose consumption causes animals (rats) and
human models to gain magSunawan et al., 2021as well as an increase in visceral adipose
tissue and raised circulating concentrations of total cholesterol and triglycéridetsal.,

20229. Furthermore, there is an imbalance between energy intake and expenditure associated
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with chronicover nutrition resulting in a surplus energy supply that is stored in adipocytes as
triglycerides(Coronati et al., 2022

Obesity is on the rise, as are poor reproductive consequences, such as iigetiige et al.,
2023. Male infertility has beemelated with avide variety of factors includingpididymal fat
accumulation(Katib, 2015, endocrine factors such as those creating increases in oxidative
stress thereby influencing the actions of intracellular enzykedmar, 2019 and factors
producing epigenetic modifications impacting spermatogenesis and sperm fiteraouni

et al., 2022 While visceral fat is associated with metabotiseasesthe buildup of
epididymal fat affects the quality of sperm and semen, as well as the abilitylizef€George
etal., 2023 As aresult, dietarghanges at a young age may affect epididymaldetimulation

and can negativelgffect fertility.

As indicated in figures 3 A (I andll) and figure 3.4 B (I and I|)}administration of stearic acid

alone and/or combined highuctose and stearic acid diet showed significant changes in the
visceral fat masses of female and male.r&t=male rats fed a highuctose diet or a
combination of fenofibrate and highuctose diet had significantly heavier absolute visceral

fat masses than control rats fed a standard diet. Our findings are consistent with other metabolic
research that have fod an association between a higictose diet and visceral adiposity
(HernandezDiazcouder et al., 201.9Consumption of the diet enriched with stearic acid did

not preventthe ratsrom increasng visceral fatbuild-up caused by the highructose diet.

In male rats, the higfructose diet alone did not induce visceral obesity. However, the
combined higHructose and stearic acid diet significantly increased absolute visceral fat mass
while male rats whose diet had hiffictose only, stearic acid aloniose fed combined
fenofibrate and higlfiructose resulted in similar visceral fat. Additionally, epididymal (in male
rats) fat masses in male rats was similar across treatment groups. The similarity in visceral and
epididymal fat pad masses of male ratadnghfructose diet shows that it did not contribute

to increased adiposity.herefore while it is suggestive that due to absence of differences in
epidiymal fat accumulatiosperm and semen quality might not have been affected by the
interventions, there is need for more direct fertility assestsmere carried out in future.

The sexually dimorphic effects noticed in this study confirm previeperts thatemale rats

are more susceptible to fat accumulation than malgBadga Tibaes et al., 202%elasco et

al., 2020. These differences have been attributed to sex steroid hormorrentife irfemale
andmale rat{Chang et al., 20)8Additionally, differences in metabolic rates could also have

had an impactin humans, dmalegend tohave more adipose tisstiean malesthese depots

66



offer a mechanism for longerm lipid storage antiunger resistancé€Chang et al., 2028
Furthermore, hese visceral and subcutaneous adipose tissues produce distinct adipokines
which may explain the observed sexual dimorphidfittal, 2019. Therefore, bngterm
fructosefed female ratexhibit visceral obesity, possibly due to significapblyenic turnover

from the diet.

In the current study, in male rats, stearic at@headministration as an intervention resulted

in areductionof visceral fatcompared to normalThis is most likely due to stearic acid's
capacity to bind to the PPARa, which increas
transport and oxidatiofVarga et al., 2011

After discussinghe findings thavisceral obesitgan havean impact on metabolic healtihis
important to considethe effect of stearic acid gglasma or fasting metabolite ahdrmones

that regulate metabolism in both female and male growing Spagwéey rats

3.5.3The administration of combined highfructose and stearic acichad no impact on
high-fructose dietinduced hypercholesterolemia andhypertriglyceridemia,
although it led to hyperadiponectinaemia. The stearic acid alonas a supplement
lowered cholesterol and resulted in hypotriglyceridaemia and

hyperadiponectinaemia

In this study, the effect of a highuctose diet on the development of metabolic dysfunction in
female rats for 13 weeks caused hypercholesterolengpertriglyceridemia
hypoadiponectinaemia and had no effect on plasma glucose, insulin and HOMdex, as
shown in tables 3:8.3 and figures 3:-B.3. On the other hand, in male rats, kigittose diet
had no effect in all the parameters as shown in table8.3.and fgures 3.13.3. Thestudy
showed thathe rats' responses to higluactoseconsumptiordiffered by gender. Females were
more vulnerable to higfructose dieinduced metabolic dysfunction than males.

Fructose consumption increases fasterified free fatty acids in the blood, elevates blood
triglycerides, lowdensity lipoprotein cholesterol and decreases -tggyhsity lipoprotein
cholesterol and is linked to enhanced hep#ginovdipogenesigLorenzatti and Toth, 2020
Multiple studies on ratsand humas have indicated thatigh-fructose diet induces
hypercholesterolemia and hypertriglyceridenfiazkan et al., 2032 Metabolic studies
discovered that feedirfgmale andnale rats a higffructose diet (20%) for 68 weeks induced
hypercholesterolemia and hypertriglycerider(@han et al., 2021Wong et al., 2018 The
current study observed that in female rats, {iightose consumptioninduced
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hypercholesterolemia and hypertriglyceridem@ur findings are consistent witbrevious
research that have found an association betweerfhigiose consumption in that it increases

plasmacholesterol andriglyceride concentrations

Several studies have demonstrated ttmatsumption ofsaturated fatty acids increase low
density lipoprotein cholesterol and apolipoproteamcentrationswhich can lead toetl and
tissue lipotoxicity andas a result, increase the risk of heart dis¢bsison et al., 2020
Roumans et al., 2020The current study observed that in female raegrec acid alone as a
dietary supplement resulted in lower cholesterol than the negatntsol. In addition,stearic
acid intervention had no impact on hiffictose induced hypercholesterolaemia and

hypertriglyceridemia.

Stearic acichasbeen reported to reduce blood cholesteooicentrationsnore effectively than

itsc o u nt elaugpcamyrstic and palmitic acids in several studi®@snanome and Grundy,
1988 Grundy, 1994Hunter, 2001 Although evidence for stearic acid's therapeutic benefits
is growing, the mechanisms by which it mitigates hypercholesterolaemia and
hypertriglyceridemia have yet to lhally explained.t is proposed that thiBlood cholesterol
lowering ability of stearic acid is attributed to the inhibitory activity ehlpha reductase
(Gobalakrishnan et al., 200 whi c¢c h klyda keeethyldiBiearytBoA reductase in

the cholesterol biosynthetic pathwdgwe et al., 2015Vadivel and Gopalakrishnan, 2011

Fenofibrate reduces obesity by activating peroxisome prolifeeatorated receptor alpha
lipolysis and fatty acid oxidation, lowering triglyceridencentrationdow-density lipoprotein
cholesterol and increasing higlensity lipoprotein cholesterdFerreira et al., 2006 In the
current studythe fact thatenofibratelowered thdriglycerideconcentratiortaused by a high
fructose diet in female ratsonfirming the known lipid lowering effects of fenofibrate.
However, it did not lower cholesterol, possibly due to the dose UBeseveralstudies,
fenofibrate has been showto reduce higHructose induced triglyceride and cholesterol
concentrations more efficiently in females than médslelmoneim et al., 202Mancini et
al., 2001 Miceli et al., 202).

In male rats, e current study observed no significant differences in the plasma triglyceride
and cholesterol concentrations across the treatment groups fed-fiubigke diet and/or
stearic acid for 13 week3his suggests sex differences in how rats respond to high fructose
diets with female rats being more prone to metabolic response than(Radeset al., 1999
Salinero et al.,, 2018Stubbins et al., 20)2 The physiological effect of fructose is
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predominantly dependant on its concentrat{@e Souza et al., 2021and duration of
consumption(Beisner et al., 2030 For example Sprague Dawley rats administered 20%
fructose solution inducetlypercholesterolaemia ardypertriglyceridemia(lbrahim et al.,
2017). The findings of this study vary from those of the previous studies, which used Sprague
Dawley rats of the same sex, fructose condewt duration of consumption. In another related
study, male Wistar rat pups feal20% fructose solution forBeeks demonstrated an increase

in plasma triglyceride and cholesterol contg®andeva et al., 2015

Adiponectin influences several metabolic processes, including glucose control and fatty acid
breakdown(Nguyen, 202D Hyperadiponectinemia is associated with a decreased tiggeof

Il diabetes and other obesitglated diseases affected by insulin resistd@aiballa et al.,

2019 Nguyen, 2020 Adiponectin increases insulin sensitivity and pancrdaticc e | | sur vi
and functionality(Nguyen, 2020 In adipocytes, adiponectigecretion stimulated by the
peroxisome proliferateactivated receptor gamnaatagonists is said to have profound positive
health benefiteffects (Nguyen, 2020 Parida et al., 2039 In this study, high-fructose
consumptionsignificantly reduced adiponectin concentratiansfemale rats than negative
control rats. Meanwhile, in male rats, hiffnctose consumption did not significantly affect
adiponectinconcentrationsThe findings in this study are consistent with thosSiudirabi et

al. (2007)who found thahigh fructose (60%) feeding tpragueDawley ratdor 5 weeks did

not significantly plasma adiponectitoncentrations Visceral adiposity triggers the
development of pranflammatoryadipokines, whiclblock adiponectir{Stranahan, 2032In

this study, we therefore linked the observed visceral adiposity due tdrb@jbse diet to the

decreased adiponectin concentrations.

In this study, stearic acid combined with a higlctose diet resulted in hyperadiponectinaemia

in both female and male rats. Increased adiponectinentrationfinder gluconeogenesis and
contribute to the control of glucose absorption and lipid metabolism, hence lowering
triglyceride buildup (Zhou et al., 2006 In this study, it is likelythat stearic acid benefitoth
femaleand maleats via increasing adiponectioncentrationgsee tables 3.3 A and Bjs a
result,in the current study, theariationsobserved in visceral fat accumulati@iescribed in
section 3.5.2Jnay potentiallyexplain the changes in adiponectin concentrations.findings

are consistent with other metabolic research that have found an association between
hyperadiponectinaemiaeing inversely proportional withbesity hyperlipidaemia and type 2
diabetegNguyen, 2021
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Furthermore, stearic acid alone as a dietary supplement resulted in hyperadiponectinemia in
both female and male rats. In our study, administering stearic acid as a supplement improved
metabolic dysfunction indicators such as circulating lipids and vistaran female rats.
Furthermore, the increase in adiponectin concentrations had no effect on fasting blood glucose,
plasma insulin, or HOMAR indices in female and male rats (see section 3.5.4). The increase
in adiponectin may have contributed to steacid's overall beneficial effect on metabolic

dysfunction.

In this study, both female and male ré¢d acombinedfenofibrate and higifiructose diet
resulted irhyperadiponectinaemidhe increase iplasma adiponectin concentratianay be
linked to fenofibratés ability tolower the visceral fatniduced by a higlfiructose diet.This
result supports prior studies indicating that fenofibrate stimulates peroxisome proliferator
activated receptealpha in adipose tissue, increasing adiponectin concentrgiongerat et

al., 2020 Jin et al.,, 2028 As a result, the current study's observed rise in adiponectin

concentration might be attributable to a same mechanism.

3.5.41n terms of fasting glucose concentrations, insulin and Homeostasis model
assessment of insulin resistance, administration of a higihuctose and/or stearic

acid diet revealed no significant changes.

Increased fastingoncentrationof glucose in the blood are indicative wype Il diabetes
mellitus. Administration of a higfructose diet to rats has been demonstrated in most studies
to raise blood glucossoncentrationgLutsey et al., 200&hao et al., 2022 On thecontrary

there have been studies that show no effect on blood glucose aftdrugigise consumption
(Ibrahim et al., 2019 for example, showed that a 20% fructose diet administered to rat pups
for 7 weeks had no effect on the rats' fasting blood glucose concentrations. In the current study,
fasting blood glucoseoncentrationswvere determined following a 12our fast and we
anticipated that longerm highfructose consumption by the rats would cause hyperglycemia.
Our results showed that female and male fasting blood glucose concentrations in this study
were similar across treaent groups. This implies that the combined Higictose and stearic

acid, stearic acid alone as well as combined fenofibrate andrhicibse diets as interventions
hadneither hyperglycaemigor hypoglycaemic effects. Furthermore, oundings suggest that

the insignificant differences might be due to feeding duration, particularly in growing rats
where calories may be diverted toward development. Although blood glucose concentrations
in the treatment groups may be normal, ttusld be dudo increasednsulin productiordue
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to early stages of insuliresistance, aa result of fructose consumption, which maintains
normal blood concentrations(Kova ¢ evi ¢ )e As aarksult, measurihd blood

concentrations of insulin is critical in metabolic studies.

The main risk factor for the development of insulin resistance and hyperinsulinemia is an
excessive calorie intake in the form of a high fructose(Biasciano et al., 2005%oftic et al.,

2020. The insulin concentrations of female and male rats in the current study were similar
across treatment groups. This suggests that supplementation wihuagise and/or stearic

acid diet as well as with fenofibrate diet had no effect on insulin caratiemt We therefore

had to further analyse if these findings were physiologically meaningful and estimate insulin
resistance by computing the homeostatic model assessment index. Insulin resistance is
indicated by an increase in HOMIR (Wang et al., 2024 The current study found no
differences in HOMAIR across female and male rats in different treatment groups. The

findings imply that the treatment interventions did result in insulin resistance.

3.6 Conclusion

Given the worldwide health risk of metabolic dysfunctittrere is currently no viable
pharmacologic intervention and/or therapy for this entity as a whole. Novel strategies are
needed to address the obesity epideiitie study hypothesized that administering stearic acid
alone or in combination with highuctose will preventthe development ofmetabolic
dysfunction in growing Sprague Dawley rafkis study found that of the measured parameters
following the interventions, thdnigh-fructose diet affectegplasma metabolic substrates,
adiponectin concentrations and visceral obeSihe results ofhe current tidy revealedhat
there aresome sewariationsin responwenessto high-fructose and stearic actceatments.
Stearic acid resulted in a significant increase in adiponectinentrationsit is probable that
stearic acid has its positive effects ureasing theconcentration®f adiponectinthereby
reversng the high-fructose dieinduced metabolic dysfunctionStearic acid might be

employed to counteract digtduced metabolic dysfunction.

The current chapter studied the effects of dietary supplementation with stearic acid (standard
rat chow enriched with 3% stearic acid) on hfghctose (20% fructose drinking solution) diet
induced metabolic dysfunction in growing female and male Spracguelel rat pups,
specifically growth performance, fasting blood glucose, determined fasting lipids (plasma
triglycerides and totatholesterol) and visceral obesity. The influence of these treatments on

the development of nealcoholic fatty liver disease ievaluated in the next chapter.
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CHAPTER 4

THE COMBINED EFFECTS OF A DIET ENRICHED WITH
STEARIC ACID AND HIGH FRUCTOSE ON THE
DEVELOPMENT OF NON -ALCOHOLIC FATTY LIVER
DISEASE IN GROWING FEMALE AND MALE SPRAGUE -
DAWLEY RATS
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4.1 Introduction

The previous chapter described the combined effect of a stearic acid aficlbighe on the

general metabolic health profilesgfowing female and male SpragDawley rats. The liver

is an essential organ in regulating metabolism in rats. Inappropriate diets may cause
developmental disorders, which result from hepatic malfunction.-almsholic fatty liver

disease is the most comm@athology associated with calorie excess, caused by ingesting
high-energy foods such as fructose. Therefore, this current chapter assesses the impact of a diet
enriched with stearic acid and high fructose concentrations on the development of Sprague

Dawley rats.
4.1.1 Mechanisms of noralcoholic fatty liver disease caused by higfructose intake

The most prevalent chronic liver disease is -atmoholic fatty liver disease, which is
considered the hepatic manifestation of metabolic syndwiti®ut any excessive alcohol
consumption(Decraecker et al., 202Rinaldi et al., 202}l Histopathological abnormalities
include simple steatosogressing througto norralcoholic steatohepatitis (with or without
fibrosis)and then to cirrhosig-ederico et al., 2031

In the literature, multiple pathways have been described that linkfluigtose intake to the
development of nomlcoholic fatty liver disease, including reduced peroxisome proliferator
activated receptor alpha expression and actiiigntagner et al., 20}6insulin resistance
(Basciano et al., 2005inflammation and oxidative stre@Sederico et al., 2025corletti and

Carr, 2022 Varga et al., 2011 Given that fructose is a highly lipogenic monosaccharide, it
can promote insulin resistan(@asciano et al., 200and eventually hepatic steatograistisia

et al., 2022 Hyperinsulinemia occurs in response to systemic insulin resistance, which
promotes hepatide novdipogenesis while impairing free fatty adsdoxidation, resulting in
triglyceride build-up in the liver and development to fatty livéreslie et al., 2022Pal and
MéndezSanchez, 2023%ingh et al., 2023

Furthermorede novolipogenesis generates over twefitse percent of the intrahepatic lipid
in obese and nealcoholic fatty liver people(Barazesh et al., 2024 Fructose enters
hepatocytes via GLUTRtransportethat specifically transports fructosand intracellular
fructose is converted into fructedephosphate by fructokinag®holariya and Orrick, 2022
HernandezDiazcouder et al., 20)19ructosel-phosphate is then convertedtio pyruvate and
acetytCoA for use in the tricarboxylic acid cycle. Fructdsphosphate, fructosend their
intermediates can activate carbohydnasponsive elemeiftinding prdein-3 (Santos et al.,
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2022 Yu et al., 202}, c-Jun Nterminal kinase and/ansulin receptor substratéarslanbulut

and Ciftci, 2023 Yu et al., 202}, peroxisome proliferateactivatel receptor gamma €o
activatorl (Arslanbulut and Ciftci, 2023ingh et al., 2023and/orsterol reguhtory element
binding proteinl (Elseweidy et al., 2032and/oracetytCoA carboxylase and downstream

de novdipogenesigGeidtFlueck and Gerber, 2023 oftic et al., 201ppathways during this
process.Genes encoding fattgcid oxidizing enzymes are dovegulated in response to
increased fructose intak@iStefano, 202)) therefore worsening hepatic lipid buildp.
Therefore, the consumption of diets rich in fructose can result in the manifestation non

alcoholic fatty liver disease.

The rext section will elaborate hovhert-chain fatty and aminacidsare also substrates for
hepaticde novdipogenesis, resulting in accumulation of lipids in hepatocytes and an increase
in circulating fatty acids.

4.1.2 Fat deposition and hepatic pathology

In in vivo studiesin rats dietary consumption of rat chow enriched witlgh-fructose and
saturatedatty acidsc a u dae accumulation in the livgiPark et al., 2020Roumans et al.,

2020. This fat accumulation is visualised as lipid droplet$istologicalsections of hepatic

tissue. The condition is characterised as hepatic steatosis, which eventually leads to cirrhosis
on long-term exposure to thisombinedhigh-fructose andaturatedatty acid diet. Not only

are thee increased concentrations ofgisicerides, but there is also increased synthesis of
cholesterol in the hepatocyt@deida et al., 2021Horn et al., 202p

A high intake of saturated fatty acids has also been observed-algairolic steatohepatitis
patientsBer na and Ro me.rWwhen@oemoasumedaks n2he diet they are
instantly broken down into free fatty acids, monoglycerat®s cholesterol for ultimate
packing and transportatigiMalik et al., 2023. The liver secretes bile acids and bile salts,
which enter the intestinal lumen via the duct and act on the fat globules further breaking them
down (TorcelloGémez and Foster, 20L4Pancreatic lipases additionally act on these fat
globules, breaking them down further to produce surfqutemal free fatty acids,
monoglycerides and cholestef@hen et al., 2023 These surfaceptimal lipid components

(free fatty acids, monogteridesand cholesterol) are then bundled into micelles, which are
passively absorbedytsmall intestine enterocyte®ncefinally, in the enterocyte, free fatty

acids and monoglycerides are resynthesized into triglycerides by the endoplasmic reticulum
(Zhang et al., 202)bThese triglycerides are then packaged into chylomic{Bogen et al.,

2020 Rahmany and Jialal, 20},9which diffuse out of the basolateral membrane of the
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enterocyte into the lacteal systeihe lacteal system transports lipids into the circulation,
where they are transported to numerous tissues throughout the body, including the liver,

adipose tissue and muscle, where they are s{Malik et al., 2023.

As a result, consuming lipidch diets might result in the development of radcoholic fatty
liver disease. Saturated fatty acid metabolism in the liver generates substratesnforo
lipogenesiqHodson et al., 2020Roumans et al., 202@nd stimulates hepatic lipid synthesis

and storag€Mashek, 202}, resulting in an increase in liver mg3amer et al., 2020

When there is excess adiposity and insulin resistance, adipocytes generate more free fatty acids
(Ahmed et al., 2021 Following release, free fatty acids enter the circulation and may
overwhelm the liver's capacity to metabolize or export lipids, contributing to the development

of steatosis(Yustisia et al., 2022 The liver's intake of circulating fatty acids is mostly
dependent on fatty acid transporters, which include fatty acid transport proteins and the cluster
of differentiation 36, which are situated in the hepatocyte plasma menflpsee et al., 201,8

Keles et al., 2023 Fatty acid transport proteins 2 and 5 are largely located in the liver and
function as a facilitator of hepatic steatosis through fatty acid transport pno¢eiiated lipid

uptake (Ipsen et al., 2018 Additionally, the fatty acid translocase protein, cluster of
differentiation 36, aids in the transport of ledigain fatty acid¢Jia et al., 2023

We haveaddressed the mechanism by which dietary lipids are converted to fatty acids, as well
as how fatty acids are supplied to the liver from adipose. Dietary treatments to cure and/or
prevent and/or ameliorate liver problems are being sought after in medicine.

4.1.3 Stearic acid may be useful

Stearic acid is a saturated fatty acid that can be found in thelaauSampath and Ntambi,
2005. Diets high insaturated fat areonsideredletrimental to metabolic health given that they
have been associatedith the development of obesity, hepatic steatosis, metabolic
dysfunctionandtype Il diabetes in humarn®ishitani et al., 200,7Zhou et al., 2020 In vivo
studies show that feeding rats hifglt diets raises hepatic and plasmatic triglyceride
concentrationgLozano et al., 2016Roumans et al., 2020These findings are consistent with

those seen in human investigations.

Lifestyle changes are the major therapy method foralooholic fatty liver disease. Diet
appears to be vital for the development of Higlttose induced hepatic steatofisie to the

complicated pathophysiology of this disorder, there are currentlyentsp dietary suggestions
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for the treatment of nealcoholic fatty liver disease. It was predicted in the current study that

a stearic acid diet would decrease hepatic steatosis caused by excessive caloric consumption.

Unlike mostother saturated fats, the physiological effects of stearic acid on the human body
areinterestingStearic acid has hypolipgdmic actionBonanome and Grundy, 1988ensink,

2005 to it possessg a Salpha reductase inhibitactivity (Vadivel and Gopalakrishnan,
2011, which hindes 3-hydroxy-3-methylglutarytCoA reductase, a critical enzyme in the
cholesterol synthesis pathway.fact, contrary to the expected increase in fat deposition that
would occur whersaturated fat is consumed in excasdas been reported that stearic acid
decreases cholesterol accumulation in the liiMee et al., 2022Pan et al., 2000 Secondly,
stearic acid may operate as a natural ligand of the peroxisome prolHactt@ted receptor,
protecting cells against oxidative damg@alakumar et al., 201Montagner et al., 2016
Activation of the peroxisome proliferatactivated receptor protects byargeting
hypolipidemic fibrateeandh cr easi ng t he uptake otfoxidaiohty ac]
(Berger and Moller, 2002 Furthermore, stearic acideated hepatocytes generated higher
interleukin10, an antinflammatory cytokingNishitani et al., 2007Pan et al., 2000 The
antrinflammatory cytokine interleukid0 has hepatoprotective properti@éishitani et al.,
2007). Stearic acid has been shown to stimulaterleukin10 production in hepatocytes.
Stearic acid has been proven to protect the liver against cholesthgied damag@an et al.,

2010.

The body of literature on stearic adgdnot extensiveTherehasbeen verylittle research on

the influence of dietary fatty acids on the development ofalooholic fatty liver disease. We

opted to include stearic acid in the diet to test stearic acid's functppeventingthe effects

of a highfructose dietbased on studies that suggestepatic steatosi®wering activity of

stearic acid, which may also bepatoprotectiveSo we asked the questionDoes stear i c
enriched diet intakérom early in lifeprotect against the development of radooholic fatty

liver disease in gpwing female and male SpragDawley rat® This study's findings will

provide the groundwork for future research into the use of stearic acid to prevent the
development of higliructoseinduced noralcoholic fatty liver disease in people.

76



4.2 Aim and objectives

This study aimed to investigate the effect of a stearic acid alone and/or combinatoral high
fructose and stearic acid diet in the physiopathology of -frigitose dieinduced non

alcoholic fatty liver disease in growing female and male Spréveley rds.

Hypotheses

Ho: Administration of a stearic acid alone and/or combinatorial-fngttose and stearic acid
diet to growing SpraguBawley rats has no effect on the development of atmoholic fatty
liver disease.

Hi: Administration of a stearic acid alone and/or combinatorial-figttose and stearic acid
diet to growing SpraguBawley rats has an effect on the development of atmoholic fatty

liver disease.

The specific objectiveof this part of the study focused nan-alcoholic fatty liver disease by
assessing the effeat$ the dietary interventionsn:

4.2.1 Liver masses, both absolute and relative to body mass.
4.2.2 Hepatic lipid content and proélof liver fatty acids.

4.2.3 Hepatichistomorphologyby computinghepatic scores of steatosis as markers of non
alcoholic fatty liver disease and naitoholic steatosis.

77



4.3 Materials and methods

4.3.1Ethical clearance for the use of animals and study site

Details of ethical clearance and study site are as described in Chapter 3, subheading 3.3.3.

4.3.2 Animals, housing and feeding

Housing, feeding and care of the experimental rats were as described in Chapter 3, subheading
3.3.4.

4.3.3 Experimental design and treatments

The detailed experimental design and treatments administered to the rats was as described in

chapter 3, subheading 3.3.5.

4.3.4 Liver sample collection

The detailed liver sample collection was as described in chapter 3, subheading 3.3.7. The
collected livers were weighed to get absolute magdele the mass relative to body mass
(hepatosomatic index) waomputed by dividing the mass of each liver by the respective

terminal body mass of each rat and expressed as a percentage (%).

4.3.5 Determination of hepatic lipid content and fatty acid profiling

The previously stored, frozen €0 °C stored liver samples were allowed to stand at room
temperature for 20 to 30 minutes to thaw out. A portion of each liver was cut and pooled. About
50 g of liver samples (per treatment group) was weighed into-agghed plastic container

and then freeze dried using a desktop preconditioned freeze dryer (Specht Scientific
Engineering (SSE), Cologne, Germany) connected to a vacuum pump (Sogevac SV28, Leybold
GmbH, Cologne, Germany) with a conditioner temperatur&@C and shelf temperature of
26°C. The combined liver samples from each treatment regimen were then ground into powder
using a laboratory mortar and pestle. These were then weighed and packaged into ziplock
plastic bags and sent to the Agricultural Redea@ouncil Irene Analytical Services
Laboratories for hepatic fatty acid profiling and the analysis of the total hepatic lipid content
using the soxhlet method. The methods are listed by the South African National Accreditation
System (SANAS) with ASM 044f hepatic total lipid content using a Soxtec System HT 1043
Extraction Unit (Foss Analytical, Hillerdd, Denmark) and ASM 023 for fatty acid profiling.

See appendix for raw results.
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4.3.6 Processing of liver for histology analysis

For morphological analysis of liver samples, the previously formpakserved tissues were

used. The liver tissue samples were processed using an automatic tissue processor (Microm
GmbH STP 120, Walldorf, Germany) which lasted for 16 hours. Followingepsotg, each

tissue sample was embedded in paraffin wax using a waxing machine (Thermolyne, Histo
C e nt €N, Labotec, South Africa) and made into blocks and then sections of the liver were
cut at 3Im thickness using a rotary microtome (Leica Biosystemsgel RM2125 RTS,
Nussloch, Heildelburger, Germany) and MB35 Premier microtome bladé’§34mm).
Thereafter the sections were mounted on glass slides with frosted ends (Lasec Laboratories)
before staining. The slides were stained with haematoxylineasth (H & E) for tissue
architecture and Masson’'s trichrome (MT) for
described byBancroft and Gamble, 20n8The slides were then placed in mounting xylene

and mounted with DPX mounting media (Merck Chemicals, Pty Ltd) and cover slip

(Deckglaser 24 x 40 mm).
4.3.7 Liver histological analyses

4.3.7.1 NAFLD Activity Score

A light microscope (Reichert®, Austria) with CCD camera was used to view the slides at 400x
magnification. The H&E stained liver sections images were used to score for steatosis and
inflammation as described KfBrunt et al., 1999Kleiner et al., 200bmodified by(Liang et

al., 2014. Based on the total area affected and by analysing hepatocellular vesicular, steatosis
was determined. Both the macrovesicular steatosis (when vacuoles displaced the nucleus to the
side) and microvesicular steatosis (vacuoles not displaced the nudkeside) were scored

based on the percentage of the total area affected or field of the liver parenchyma. Both steatosis
and hypertrophy were assessed at a 100X magnification. The following categories (table 4.1)
were used to grade steatogBantiageRolén et al.,, 2016 By counting the number of
inflammatory cell aggregates in the liver parenchyma, inflammation was scored (at 100X
magnification) and graded using the criteria described by Liang &@l4)as shown in table

4.1 below
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Table 4.1 Grading system for rodent n@tcoholic fatty liver diseas@dapted from Liang et
al., 2014).

Histological feature Score

0 1 2 3
Macrovascular steatosis <5% 5-33% 3366% >66%
Microvascular steatosis <5% 5-33% 3366% >66%
Hypertrophy <5% 5-33% 33-66% >66%

Inflammation: # of inflammatory foci per field <0.5 0.5-1.0 1.0-2.0 >2.0

4.3.7.2 Quantitative analysisofhepati ¢ ybrosis by stereologic

Masson trichrome stained slides wertdized to analysethe fibrosis in the liver based on

images collected at 100x objective. The fibrosis was assessed using ImageJ software (ImageJ
1.47v/Java 1.6.0_045, Oracle America lii8ghneider et al., 20)2The area fraction (Aaction)

was utilized to provide quantitative information on the area per pop)t l&gth, numerical

density, and volume using a simple point counting metfiduatreafter, the point count
technique was used to calculate the area per poipa( area fraction (Action) Of cOnnective
tissue in each liver s ect ipp Mhe areaeperpdit wasg i n
determined using the following formu(brahim et al., 2019

A=Apx >p,

Ap = area per point (17.39)
A = area

>p = sum of points falling on the connective
(7339.52 pm2)

Distance in pixels was set Hb2.

The area fraction of an i mage measuring 5945
formula:
Afacion= [ (A + 594501. 7232 pPpm2) x 100].

Afraciion= area fraction
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A = area

4.3.8 Statistical analysis

Data analysis was done using GraphPad Prism 7 software (GadpBoftware Inc., San
Diego, USA).All normally distributedlatawere expressed as mean * standard deviateh
skewed daténonalcoholic fatty liver disease scoldAS) are expressed as median and range
(min, max).Group means for comparisons between different dietary treatment groups were
analysedising oneway analysis of variances (ANOVA) and mean comparison using a Tukey
posthoc test with statistical significance of p < 0.05 considefelruskalWallis test was

used to analyse neaicoholic fatty liver disease score (NAS) multiple group data followed by

a Dunns post hoc test to compare the mediBims.Dunns test was selected instead of other
posthoc tests taletermine exactly which groups are differeBiatistical significance was set

at p < 0.6. For the data presented in the table, the statistical level of significaivedu@ is

that of the overall group differences before applying post hoc test.
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4.4 Results

4.4.1Liver masses

The liver is an essential organ for the processing and storage of metabolitpsartiey of
metabolites stored can have an impact on liver mass. The absolute and relative (to body mass)
masses of the livers obtained from female rats following thevdek treatment intervention

are presented in table 4.2 A.

In female rats, overall absolute liver masses of the rats across treatment groups were
significantly different (p= 0.0246, oneway ANOVA, F«4, 34y= 3.204 The female rats whose

diet was supplemented with a hifflactose alone hasimilar absolute liver masses (p = 0.72)

when compared to the negative control rats fed a standard diet. Similarly, female rats that
received a treatment of combined stearic acid laigt-fructose diet (p = 0.87) and their
counterparts whose diet had stearic acid alone (p = 0.99) as well as those whose diet had
combined fenofibrate and highuctose (p = 0.06) lhsimilar absolute liver massen
comparison to th@egative control rats fed a standard diet (p > 0.05). However, stearic acid
alone as a dietary supplemeaiused dower absolute liver mass (p = 0.02) than female rats

fed a combined fenofibrate and hifflactose die(table 4.2 A)

In summary, a higliructose diet had no impact on absolute liver masses in female rats.
Furthermore, a combined stearic acid and 1iightose, stearic acid alone and a combined
fenofibrate and higliructose diets all resulted in similar absolute liver seas Stearic acid

alone fed rats, on the other hand, resulted in lower absolute liver masses than those fed a

combined fenofibrate and highuctose diet.

The overall differences observed in relative (to body mass) liver masses of the female rats
across treatment groups were statistically significant (p = 0.0068)wan@NOVA, F (4, 34)

= 4.250. As shown in table 4.2 A, there were insignificant differences (p > 0.05) in relative (to
body mass) liver masses of the female rats whose diet wadraggbse (p = 0.3014),
combined stearic acid and hiffuctose (p = 0.2704) as well as thosd & stearic acid alone

(p = 0.9951) when compared to the negativerobnats fed a standard diet. Rats administered

a combined fenofibrate and hidfuctose diet had significantly (p =0.0362) heavier relative (to
body mass) liver masses compared to the mass of the livers of rats administered a standard diet.
Stearic acidilone as a dietary intervention resulted in significantly (p = 0.0139) lower relative

(to body mass) liver masses than female rats fed a combined fenofibrate afrddtmge diet.
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In summary, the relative (to body mass) liver masses of the female rats fedfeubigbe,
combined stearic acid and hiffuctose and those fed stearic acid alone diets were similar. We
observed that a combined fenofibrate and fifgbtose diet, on thether hand, resulted in
significant higher relative (to body mass) liver masses compared to those fed a negative control
standard diet. We also observed heavier relative (to body mass) liver masses in female rats as
a result of administration of combin&hofibrate and higifructose diet than those fed a stearic

acid diet.

The absolute and relative (to body mass) masses of liver of the male rats followigeakl 3
dietary treatment period are presented in table 4.2 B. In males, overall absolute liver masses of
the rats across treatment groups were not significatifferent (p = 0.5809), onavay
ANOVA, F 4,34=0.7251

The overall, relative (to body mass) liver masses of the male rats across treatment groups were
significanty different (p = 0.0094), onavay ANOVA, F @4, 34)= 3.98 Male rats administered

a combined fenofibrate and hidtuctose diet had significantly (p 80092) heavier relative

(to body mass) liver masses compared to the masses of the livers of negative control male rats
administered a standard diet. On the other hand, the relative (to body mass) liver masses of the
male rats were similar (p > 0.05)timose whose diet was hidiuctose (p = 0.2096), combined

stearic acid and higfructose (p = 0.2320) as well as those fed stearic acid alone (p = 0.7354)
when compared to the negative control rats fed a standard diet. Male rats administered a
combined faofibrate and higtiructose diet had significantly (p = 0.0184) heavier relative (to

body mass) liver masses than the mass of the livers of rats administered stearic acid alone as a

dietary intervention.

In summary, the fenofibrateith high fructose dietarintervention induced heavier relative (to

body mass) liver masses in male rats compared to negative control male rats.
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Table 4.2 A The effects of stearic acid on absolute and relative to body mass (rBM), liver masses in growing Bandgydemale rats fed a

high-fructose dietand/or stearic acid for 13 weeks.

Parameter Treatment groups
Overall level of
Control Fructose Stearic acid +  Stearicacid  Fenofibrate + significance
Fructose Fructose
Liver mass (g) 7.6+0.3° 8.1+0.8° 8.0+0.9° 75+0.6 8.6+0.7 * (p = 0.0246)
Liver rBM (%) 2.8+0.2 3.0 £0.3° 3.1+0.2° 2.8+0.2 3.2+0.2° ** (p = 0.0068)

Data presented as mean * standard deviation. 2 Within rows, means with similar superscripts are not significantlyt gife@edf & ®Within

row means with different superscripts differ si gneivedstaadardratghoat ( P
and plain water to drink (n = 8); fructose group rats were fed standard rat chow and 20% falhatiosets drink (n = 8); stearic acid and fructose

group rats were fed standard rat chow enriched with 3% stearic acid and 20% fructose solution to drink (n = 7); straup aatd were fed

standard rat chow enriched with 3% stearic acid and plaiarto drink (n = 8); fenofibrate and fructose group is the positive control and the rats

in this group received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution@ylrink (n
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Table 4.2 B The effect of stearic acid on absolute and relative to body mass (rBM) liver masses in growing-Bpragyanale rats fed a high

fructose dietand or stearic acid for 13 weeks.

Parameter Treatment groups
Overall level of
Control Fructose Stearic acid +  Stearicacid  Fenofibrate + significance
Fructose Fructose
Liver mass (Q) 125+1.8 125+1.6 128+1.5 121+1.2 13.3+1.7 (p > 0.05)
Liver rBM (%) 2.8+0.3 3.0+£0.3° 3.0+0.2° 2.8+0.2 3.2+0.2 ** (p = 0.0094)

Data presented as mean + standard deviation. 2 Within rows means with similar superscripts are not significantly gife€e@5 at®Within

row means with different superscripts differ si gndstandardmttchoywandt ( P
plain water to drink (n = 7); fructose group rats were fed standard rat chow and 20% fructdse sotliink (n = 8); stearic acid and fructose

group rats were fed standard rat chow enriched with 3% stearic acid and 20% fructose solution to drink (n = 8); stpaup aatd were fed

standard rat chow enriched with 3% stearic acid and plain watieink (n = 8); fenofibrate and fructose group is the positive control and the rats

received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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4.4.2 Hepatic lipid content

Figures 4.1 A and B show the effect of combined diet enriched with stearic acid and high
fructose on hepatic lipid content of growing female and male Spilagudey rats following
13-week dietary treatments.

In female rats, the overall liver lipid content was statistically different (p < 0.0004ywaye

ANOVA, F @4, 10= 103.9 in all rats across treatment groups.

Female rats fed a higinuctose diet had the highest liver lipid content (p < 0.0001) compared
to negative control rats fed a standard diet, rats fed a combined stearic acid afndctogle

diet (p < 0.0001), rats given stearic acid alone diet (p = @)0@0d rats given a combined
fenofibrate and higifructose diet (p < 0.0001). The female rats given a combined stearic acid
and highfructose diet as well as the group to which a combined fenofibrate andringbse

diet was given had similar (p > 0.99&Fr lipid content but significantly lower when compared

to both the negative control rats (p = 0.0003) and the stearic acid only group (p < 0.0001).
Female rats administered a hifyjhctose diet exhibited a 22.9% significant increase (p <
0.0001) in heatic lipid content compared to negative control rats fed a standard diet, as shown
in figure 4.1 A, whilst those given stearic acid alone had a 6.6% higher (p = 0.0819) hepatic
lipid content. Female rats fed a combined stearic acid andftigtose diet§ = 0.0003), as

well as those provided a combined fenofibrate and-frigttose diet (p = 0.0003), exhibited a
155% decrease in hepatic lipid content when compared to negative control rats fed a standard
diet. While a higHructose diet increased (p < 0.0001) hepatic lipid content, female rats fed a
combined higHructose and stearic acid diet, as well as those ¢edrdined higHructose and
fenofibrate diet both as interventions, significantly decreased (p < 0.0001frindgbse
induced hepatic lipidaumulation byapproximately81%. When compared to negative control
rats on a standard diet, steaacid alone resulted in a 1%5edution in hepatic lipid content

in female rats.

In summary, a higifiructose diet increased hepatic lipid content. The administration of
combined stearic acid and hiffluctose diet prevented the hiffluctoseinduced hepatic lipid
contentaccumulation The hepatic lipid content of rats fed a stearic -aeily diet and those
fed a standard diet was similar. Fenofibrate, as an intervention, preventefitubigke
induced hepatic lipid contetven below théhepatic lipid contenbf negative control rats.

Additionally, fenofibrate, as an intervention, lowered hepatic lipid cortentpared tdhe
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stearic acid alone diet fed rats. The hepatic lipid content of the combined stearic acid and high

fructose diet was similar to that of the combined fenofibrate andftugtose diet.

In male rats, the overall hepatic lipid content of the rats across treatment groups were
significantly different (p < 0.0001), oneay ANOVA, F 4, 10)= 20.39. Male rats fed a high
fructose diet had the highest liver lipid conteompared tdhe rest of the rats in different
treatment groups. Male rats administered a {figbtose diet exhibited a 8.6% significant
increase (p = 0.0062) in hepatic lipid content compared to negative control rats fed a standard
diet, as shown in figure 4.1 A, wki those dministered a combined fenofibrate and kigh
fructose diets demonstrated a significant 6.6% decrease (p = 0.0305) in hepatic lipid content.
Combined fenofibrate and highuctose det significantly decreased (% p < 0.0001) the
hepatic lipid content induced by the hiffictose diet in male rats. On the other hand, figure
4.1 B shows that a combined stearic acid and-friggtose diet (p > 0.05), failed to prevent
high-fructose dieinduced hepatic lipid contérStearic acid alone diet showed a signiftqgn

= 0.0014, 1@%6) more hepatic lipid content than the combined fenofibrate andfhigtose

diet hepatic lipid content.

In summary, a higifructose diet increased hepatic lipid content in male rats when compared
to the control, but combined fenofibrate and kigicttose treatment significantly lowered
hepatic lipid content. Diet treatments of combirsearic acid and highuctosefailed to
attenuate higifructoseinduced hepatic lipid accumulatiofenofibrate treatment reduced
high-fructoseinduced hepatic lipid content. In compared to the combined fenofibrate and high
fructose treatment, the combined stearic acid anbd-finigitose treatment showed a higher
hepatic lipid content. Stearic acid alone dietary treatment resulted in increased hepatic lipid

content than fenofibrate and hiffluctose combined treatment.
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Figure 4.1 The effect of combined diet enriched with stearic acid and high fructose on hepatic lipid content of growing femalenél¢ &y

rats. Data presented as mean * standard deviation. AwaycANOVA test was used to analyse induction and terminal babses of the rats
across treatment interventions. * = significantly different at p < 0.05; ** = significantly different at p < 0.001 andigrtificantly different at

p < 0.0001. The control group is the negative control in which rats recemedard rat chow and plain water to drink (n = 7 for males and n = 8
for females); fructose group rats were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acidsangrérup rats were

fed standard rat chow enriched witto 3tearic acid and 20% fructose solution to drink (n = 8 for males and n = 7 for females); the stearic acid
group rats were fed standard rat chow enriched with 3% stearic acid and plain water to drink (n = 8) and the fenofituetiesargtoup rats

sewred as the positive control, rats were fed standard rat chow and fenofibrate (100 mg/kg body mass per day) and 208tutioottselisnk

(n =18).
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4.4.3 Fatty acid profile

The hepatic fatty acid profile of the female rats in each group aftenae&® dietartreatment

is shown in Table 4.3.

Total saturated fatty acid concentration in female rats was similar across treatment groups (p >
0.05, Fa,5y= 2.145). Palmitic acid and stearic acid constituted the majority of the total saturated
fatty acid composition. When compared to rats on a-frigttose diet, the combined stearic

acid and higHructose diet significantly (p = 0.0001) lowered palmiticdacontent in the

livers. Furthermore, the stearic acid alone diet resulted in a significant (p = 0.0008) drop in

palmitic acid content in thevers when compared to rats on a hkigittose diet.

In comparison to the control, the hiffuctose diet reduced stearic acid content significantly

(p =0.0003), but the combined stearic acid and-higttose diet increasestearic acid content
significantly (p = 0.0068). When compared to the Hgittosediet, the combined stearic acid

and highfructose (p < 0.0001), stearic acid alone (p = 0.0@08) combined fenofibrate and
high-fructose (p = 0.0001) diets significantly raised the stearic acid content in the livers. The
livers of female rats fed the gbination stearic acid and highuctose diet had a greater stearic

acid content (p = 0.0260) than those fed the stearic acid alone diet. The combined stearic acid
and highfructose group, as well as the combined fenofibrate andfhigtose group, had
differentstearic acid conterfp =0.0318).

In the current studygapric, lauric, myristicpentadecylic acidmargaric acid, arachidic acid,
heneicosylic acid and behenic aaittounted for less than 0.5% of the total saturated fatty acid

profile in the liverand while included in the data, they are not reported on in detalil

Total monounsaturated fatty acids content across treatment groups was different (p = 0.0013,
F 4, 5= 28.01) with oleic acid comprising the greatest proportion of the monounsaturated fatty
acid. When compared to the control, the Higlttose diet significantly (p = 0.0023) increased

the total monounsaturated fatty acid content. The combined stearanadmighfructose (p =
0.0019), stearic acid alone (p = 0.0028§ combinedenofibrate and higifructose (p =
0.0192) dietary groups significantly deased the total monounsaturated fatty acid content
resulting from the higlfructose diet.

The combinedenofibrate and higifructose (p = 0.0360) and highuctose (p = 0.0001)
dietssignificantly increased the oleic acid contentha livers compared to the control, but the
combined stearic acid and hiffiuctose diet decreased (p = 0.008% oleic acid content. The

oleic acid content, on the other hand, was similar (p > 0.05) between the control and stearic

89



acid alone groups of rats. The combiséehric acid and higfructose (p <0.000), stearic acid
alone (p <0.0001) and combined fenofibrate and higictose (p = 0.0008) diets all
considerably reduced the oleic acid contarthe liverscaused by the gh-fructose diet. The
oleic content in the livers of the stearic acid alone was lower (p = 0.0004) than that of the

combined fenofibrate and highuctose diet.

In the current study, myristoleic acid, pentadecenoic aeiptadecanoic aciglaidic acidand
gadoleic acicaccounted for less than 0.5% of tiseal monounsaturated fatty adatty acid

profile in the liver and hence are not reported on in detail

The total polyunsaturated fatty acid content differed significantly across treatment groups (p
0.05, Fu, 5= 10.29). In compared to the control, the polyunsaturated fatty acid content of the
livers of rats fed a higfructose diet (p = 0.0531), the combination stearic acid and high
fructose diet (p = 0.9934), the stearic acid alone diet (p = 0.7558) andtbaned fenofibrate

and highfructose (p = 0.1296) diets were similar. However, both combined stearic acid and
high-fructose (p =0.0371) and steaaicid alone (p = 0.0187) dietary interventions significantly
increased polyunsaturated fatty acid content compared to thdrbgjbse diet group. The
stearic acid alone diet had more (p 0.0406) polyunsaturated fatty acid conterartitzined

fenofibrate and higifructose diet.

Linoleic acid(C18:2n6c)and aiachidonic acid (C20:4n6) fatty acids made up the majority of
the total polyunsaturated fatty acid content. Linoleic acid concentration differed significantly
(p < 0.0001, onsvay ANOVA, F @4, 5y = 1164) across treatment groups. Linoleic acid
contentwas significantly lower in the livers of rats fed hifsbctose (p < 0.0001),
combinedstearic acid and higfructose (p <0.0001) and combined fenofibrate and high
fructose (p = 0.0024) diets in coampson with the control. Wherompared to higtiructose

diet fed group, the stearic acid alone diet significantly reduced (p < 0.0001) and the combined
fenofibrate and higlfiructose diet significantly increased (p = 0.0021) the linoleic acid content,
whereas the combined stearic acidl dnghfructose diet resulted in similar (p = 0.0921)
linoleic acid content. Linoleic acid contemgs significantly higher in the livers of rats fed
stearic acid alone diet (p = 0.0198) than those fed a combinefibfat® and higHructose

diet.

The arachidonic acid (C20:4n6) differed across treatment groupsO0(p0€1l, onavay
ANOVA, F 4,5 = 98.68). When compared to the control, a combstedric acid and high
fructose diet lowered (p 8.0001) arachidonic acid content, but a combined fenofibrate and

90



high-fructose diet raised (p= 0.0133) arachidonic acid content. When compared to the high
fructose fed group, both combinstbaric acid and higfructose diet (p < 0.000Bnd
combined fenofibrate and highuctose diets (p= 0.0038)gnificantly increasa arachidonic

acid. The livers from rats fed a combination of stearic acid andfhugtose diet had higher
arachidonic acid concentration €0.0001) than the livers of a stearic acid alone diet as well
as the livers of a combined fenofibrate and Higlttose diet (p =0.0324).

The currentstudy resuls showedthattransl i nol eni ¢ a c-Limblenic @dd8 : 2 n 6t
( C18: 3lmdenic acig (C18:3n6), Eicosadienoic acid (C20:2), Eicosatrienoic acid
(C20:3n3), Eicosapentaenoic acid (EPA) (C20:5n3) and Docosadienoic acid (DHA) (C22:2)
accounted for less than 0.5% of the tqtalyunsaturated fatty acid profile in the livéFhey

are therefore not expounded on further.

All treatment groups exhibited similgy > 0.05)trans fatty acid content in the livers of female
rats.

The combined stearic acid and hifybictose diet (p < 0.0001) and the combined fenofibrate
and highfructose diet (p = 0.0013) significantly reduced cis fatty acid content in the livers
when compared to rats on a control diet. Cis fatty acid content glasstiin stearic acid alone
diet than in a combined stearic acid and Higittose (p < 0.0001) armbmbined fenofibrate

and highfructose (p < 0.0001) diets.

Total omega 3 fatty acids content across treatment groups was similar (p > 0.05). The total
omega 6 fatty acid content differed significantly across treatment groups (p < 0.Q06)5 F
10.29). The higHructose (p = 0.0005) and @mbined fenofibrate and higluctose (p =
0.0024) diets had lowest omega 6 fatty acid content compared to the ddathotombined
stearic acid and higfructose (p =0.0004) and stearic acid alone (p = 0.0002) dietary
interventions significantly increasetnega 6 fatty adi content compared to the hifjluctose

diet group.

The total omega 9 fatty acid content differed significantly across treatment groups (p < 0.0001,
F 4, 5= 128.8). The combinef@nofibrate and higlfiructose (p = 0.0153) and higtuctose (p

= 0.0002) dietgreatly raised the omega 9 fatty acid content, but the combined stearic acid and
high-fructose (p =0.0005) significantly decreased it. The combistghric acid and high
fructose diet (p ©.0001), stearic acid alone (0<0001) and combined fenofibrate and Righ
fructose (p = 0.0021) diets all reddcine increase in omega 9 fatty acid content caused by the
high-fructose diet.
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The lowest ratio of omega 6: omega 3 fatty acid was observed in the livers of rats fed a stearic
acid alone diet, while rats receiving a combined fenofibrate andfhigtose had a highest

omega 6: omega 3 ratio fatty acid.

The saturated to unsaturated fatty acid ratio was lowest in the livers of the rats receiving a high
fructose alone diet and the highest in the livers of rats receavowmbined feofibrate and

high-fructose diet.

In summary, the total saturated fatty acid conterliviers of female rats was comparable
between treatment groupSemale rats on a higihuctose diet indicated increased hepatic
monounsaturated fatty acid contents compared to other treatment gte@sc acid alone as

a dietary supplement resulted in the highest hepatic total polyunsaturated fatty acid content in
female rats, followed by a standard diet fed female rats and those fed@atehand high
fructose dietAll treatment groups exhibitesimilar trans fatty acid and omeg8datty acid

levels in the livers of female rats.
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Table 4.3A. Fatty acid profile of the livers igrowing Spragudawley female rats fed a highuctose dietind or stearic acid for 13 weeks.

Fatty acid (% of total lipid)

Treatment groups

Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose

Saturated Fatty acids

Capric acid (C10:0) 0.01 + 0.0P 0.01+ 0.022 0.00+ 0.00? 0.10+ 0.092 0.07+ 0.10? ns (p =0.4628)
Lauric acid (C12:0) 0.04 £ 0.0C¢° 0.05+ 0.00% 0.06+ 0.03% 0.06+ 0.042 0.18+0.172 ns (p = 0.4304)
Myristic acid (C14:0) 0.40 = 0.0C¢° 0.43+ 0.06% 0.16+ 0.20° 0.39+ 0.017 0.37+ 0.05% ns (p = 0.1668)
Pentadecyliacid (C15:0) 0.10 £ 0.03 0.08+ 0.022 0.06+ 0.01° 0.55+0.712 0.07+£ 0.012 ns (p = 0.5330)
Palmitic acid (C16:0) 16.89 + 0.03°  18.82+0.84° 15.21+ 0.48>  15.59+ 0.31° 17.07£0.08%°  *p =0.0030
Margaric acid (C17:0) 0.38 £ 0.0C¢° 0.29+ 0.01° 0.23+ 0.00° 0.33+0.01% 0.25+ 0.042 *p =0.0027
Stearic acid (C18:0) 26.46 £ 0.1Z 22.12+ 0.53° 28.69+ 0.22%¢  27.06% 0.4%¢ 27.14+ 0.28%¢ *p <0.0001
Arachidic acid (C20:0) 0.09 £ 0.0% 0.07+0.01% 0.12+ 0.03% 0.07+ 0.022 0.04+ 0.05% ns (p = 0.2082)
Heneicosylic acid (C21:0) 0.26 + 0.02° 0.22+ 0.032° 0.19+ 0.15% 0.31+0.01° 0.00+ 0.00% *p =0.0395
Behenic acid (C22:0) 0.13 +0.02 0.03+ 0.05° 0.00+ 0.00° 0.00+ 0.00° 0.00+ 0.00° *p =0.0109
Total saturated fatty acid 44.78 + 0.26 42.11 £+ 1.57 4472 £ 1.13 4447 £ 1.62 45.19£0.78 ns (p = 0.2122)
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Treatment groups

Fatty acid (% of total lipid)

Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose

Mono-unsaturated fatty acids
Myristoleic acid C14:1 0.01 +0.0R® 0.07+0.032 0.04+0.012®*  0.06 + 0.02° 0.00+ 0.00° *p =0.0355
Pentadecenoic acid C15:1 0.01 £ 0.0 0.02+ 0.022 0.01+ 0.012 0.00 + 0.00 0.00+ 0.002 ns (p = 0.4246)
Palmitoleic acid (C16:1) 1.03 + 0.02 1.99+ 0.10° 1.21+0.03% 1.02+0.122 1.36+ 0.06° *p =0.0002
Heptadecanoic acid (C17:1 0.08 + 0.02 0.12+ 0.032 0.05+ 0.022 0.08 + 0.0 0.08+ 0.01? ns (p =0.1133)
Oleic acid (C18:1n9c) 17.04 £ 0.77 22.59+ 0.22° 14.24+0.29°¢ 15,98 + 0.1F¢ 19.35+ 0.34P¢ *p <0.0001
Elaidic acid (C18:1n9t) 0.10 £ 0.07% 0.15+ 0.00 0.09+ 0.12% 0.00 £ 0.0G¢ 0.00+ 0.00% ns (p = 0.1288)
Gadoleic acid (C20:1) 0.23 £ 0.03 0.23+ 0.01° 0.22+ 0.03% 0.23+£0.1C¢ 0.08+ 0.01% ns (p = 0.9953)
Nervonic acid (C24:1) 6.37 £ 0.29 6.58 £ 0.0¢° 8.71+ 0.72° 7.11 £ 0.1G® 6.63+ 0.092° *p =0.0058
]:I'otal _dmonounsaturated 2488 +1.16 31.78 + 0.44 24.56+ 1.232 2447 £ 043 27.50+ 0.522 *p =0.0013
atty acids
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Treatment groups

Fatty acid (% of total lipid)

Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose

Poly-unsaturated fatty acids
Linoleic acid (C18:2n6¢)  13.58 +0.12°  9.19+ 0.09"° 8.77+0.21° 14.60 + 0.08 8.14+ 0.09%° *p <0.0001
translinolenic acid 0.11 +0.02° 0.13+ 0.023° 0.17+ 0.082 0.07 £ 0.0F® 0.00+ 0.00° *p =0.0415
(C18:2n6t)
o-Linolenic acid (C18:3n3) 0.26 + 0.03 0.14+ 0.018 0.07+ 0.022 0.33+£0.02 0.19+ 0.03% ns (p = 0.9996)
y-linolenic acid (C18:3n6) 0.36 £ 0.03 0.47+0.21° 0.19+ 0.032 0.30 £ 0.32 0.00+ 0.002 ns (p = 0.2102)
Eicosadienoic acid (C20:2) 0.18 £ 0.0 0.51+0.19°2 0.39+ 0.032 0.21 £ 0.058 0.51+0.30° ns (p = 0.2530)
Eicosatrienoic acic 0.04 + 0.08 0.00+ 0.00% 0.00+ 0.00% 0.02 £ 0.03 0.00+ 0.00% ns (p = 0.6838)
(C20:3n3)
Dihomo-gammalinolenic 0.57 + 0.04° 0.65+ 0.06° 0.82+ 0.03° 0.49 £ 0.0F° 0.73+ 0.04° *p =0.0024
acid (C20:3n6)
Arachidonic acid (C20:4n6) 14.97 + 0.36 14.66+ 0.56% 19.89+ 0.09° 15.14 £ 0.23¢ 17.55+0.08%°  *p < 0.0001
Eicosapentaenoic aci 0.28 £ 0.03 0.29+ 0.06% 0.43+ 0.23% 0.32 £ 0.09 0.09+ 0.01% ns (p = 0.1931)
(EPA) (C20:5n3)
Docosadienoic acid (DHA 0.00 + 0.0¢* 0.37+0.41% 0.00+ 0.00% 0.06 + 0.09 0.10+ 0.15% ns (p = 0.4755)
(C22:2)
Total polyunsaturated 30.34 +0.77° 26.41 +1.67F 30.73+0.72 31.53+0.8% 27.31+ 0.68%° *p=0.0125
fatty acids
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Fatty acid (% of total lipid)

Treatment groups

Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose

Trans fatty acids 0.21 +0.03 0.28+ 0.022 0.26 £ 0.2¢° 0.07 £ 0.0F 0.00 + 0.00% ns (p = 0.0939)
Cis fatty acids 30.62 £ 0.65 31.78+ 0.132 23.00 + 0.09 30.58 £ 0.16 27.49 +0.42 *p <0.0001
Omega 3 0.58 + 0.06 0.43+ 0.062 0.50+ 0.212 0.67 £0.10 0.28 + 0.0 ns (p = 0.9999)
Omega 6 29.58 + 0.46 25.10+ 0.36 29.83+ 0.442 30.60 + 0.47° 26.41 + 0.04 *p =0.0001
Omega 9 17.15+0.78 22.77+ 0.26° 14.32+ 0.17 15.98 + 0.1F° 19.35 + 0.34 *p <0.0001
SFA: UFA 0.81:1 0.72: 1 0.81:1 0.79:1 0.82:1

Omega 6: Omega 3 51.0:1 58.4:1 59.7:1 45.7: 1 94.3:1

a.b.¢Means in the same row with different superscripts differ significantly at p <iis@5not significant with p > 0.0% = significantly different

at p < 0.05.Control group is the negative control which received standard rat chow and plain water to drink; fructose group ratstaederfed

rat chow and 20% fructose solution to drink; stearic acid and fructose group rats were fed standard rat chow ehrRHestedtic acid and
20% fructose solution to drink; stearic acid group rats were fed standard rat chow enriched with 3% stearic acid atet pdedinimkg fenofibrate

and fructose group is the positive control and the rats received standard rainchi@mofibrate (100 mg/kg body mass per day) and 20% fructose

solution to drinkn = 2. SFA, saturated fatty acids; UFA, unsaturated fatty acids.
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Table 4.3B shows the hepatic fatty acid profile of the male rats in each group following a 13
week dietary treatment. Fatty acids are expressed as mean * standard deviation of total fatty

acids within composite liver tissue sample with n = 2.

Total saturated fatty acidocentration in livers of themale rats was different across treatment
groups (p = 0.0103, 5= 11.21). The total saturated fatty acid content of the livers of rats
fed a highfructose diet and those fed a stearic acid alone diet were similar (p >vith@sgas
thecombined stearic acid and hiffuctose (p = 0.0164) and combined fenofibrate and-high

fructose (p = 0.084) diet interventiosignificantly dereased it.

Palmitic acid and stearic acid constituted the majority of the total saturated fatty acid
composition. When compared to rats on a control diet, thefhugtose (p = 0.0082) and
combined stearic acid and hiffiuctose (p = 0.0205) diets significantly deased palmitic acid
content in the livers. Furthermore, the hepatic palmitic acid content was similar (p > 0.05) in
the combined stearic acid and hifybictose diet and combined fenofibrate and Higittose

diet when compared to rats on a higictose det whilst stearic acid alone diets significantly

(p = 0.0002) increase it. The stearic acid alone diet had the highest liver palmitic acid content
than combined stearic acid and hiigiactose (p = 0.0039) and combined fenofibrate and-high
fructose (p = 0.004) diets.

The highfructose diet had similar (p > 0.05) hepatic stearic acid content to the control, but the
combined stearic acid and hiffluctose diet (p = 0.0237), stearic acid alone (p < 0.0001) and
combined fenofibrate and highuctose (p = 0.0003) diets sifjnantly decreased hepatic
stearic acid content. All the dietary interventions, including the combined stearic acid and high
fructose (p = 0.0017), the stearic acid alone (p < 0.0001) and the combined fenofibrate and
high-fructose (p < 0.0001) significdptreduced the higifiructose induced increase in stearic

acid content in the livers.

In the current study, capric acid, lauric acid, pentadecylic acid, arachidic acid, heneicosylic
acid and behenic acid accounted for less than 0.5% of the total saturated fatty acid profile in
the liver.

Total monounsaturated fatty acid content in the livers of male rats differed across treatment
groups (p = 0.0001, &, 5= 71.00), with oleic acid accounting for the highest amount of the
monounsaturated fatty acid. Total monounsaturated fatty acid content in male rat livers was

similar in the highfructose (p = 0.3291), combined stearic acid and -figttose (p =
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0.9038)as well as combined fenofibrate and higictose (p = 0.2761) dietary groups,
however increased significantly (p = 0.0003) in the stearic acid alone diet when compared to
control. When compared to the hifjiluctose diet, stearic acid alone (p H@1) and the
combined fenofibrate and highuctose (p = 0.0333) diets significantly increased the total
monounsaturated fatty acid content in male rat livers, whilst the combination stearic acid and
high-fructose diet resulted in similar (p > 0.05) totabnounsaturated fatty acid content.
Among the dietary interventions, stearic acid alone had the greatest total monounsaturated fatty
acid concentration (0.0004), followed by the combined fenofibrate andfriigiose group
(0.0007) and then combined steacid and higHructose group (0.0004).

With oleic acid accounting for the highest amount of the monounsaturated fatty acid, when
compared to the control group, the higihctose diet significantly (p = 0.0162) decreased oleic
acid content in male rats' livers, but the stearic acid alone dreased (p < 0.0001) oleic acid
content. The oleic acid content in male rats' livers of the combined stearic acid and high

fructose and combined fenofibrate diet were similar (p > 0.05) when compared to control.

Myristoleic acid, pentadecenoic acid, heptadecanoic acid, gadoleic acid and erucic acid
accounted for less than 0.5% of the total monounsaturated fatty acid fatty acid profile in the

liver.

Total polyunsaturated fatty acid content in the livers of male rats differed across treatment
groups (p < 0.0001, K, 5 = 323.3), withlinoleic acid (C18:2n6c) and arachidonic acid
(C20:4n6)accounting for the highest amount of the polyunsaturated fatty acid. When compared
to the control group, total polyunsaturated fatty acid content in male rat livers was significantly
(p = 0.05) higher in the higfiuctose (p = 0.0005), combinstearic aa and highfructose (p

= 0.0032)and combined fenofibrate ahtyh-fructose (p = 0.0071) dietary groups. The stearic
acid alone diet, on the other hand, significantly (p <0.0001) decreased the total polyunsaturated
fatty acid contenin male rat livers. In male rat livers, the combined stearic acid and high
fructosediet group showed equivalent (p > 0.05) total polyunsaturated fatty acid ctinteat
high-fructose diet group. When compared to the Hrglotose diet group, both the stearic acid
alone (p < 0.0001) and the combined fenofibrate and-tnigitose (p = M216) dietary
treatments significantly decreased the total polyunsaturated fatty acid content in male rat livers.
Stearic acid alone dietary treatment had the lowest total polyunsaturated fatty acid content in
male rat livers than combined stearic acid and Hfigbtose (p < 0.0001) and combined
fenofibrate and higifructose (p < 0.0001) diets.
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Linoleic acid concentration differed significantly (p < 0.0001,-way ANOVA, F @4 5 =

743.6) across treatment groups. In comparison with the control, the linoleic acid aotient
livers of male rats was fed a hifjuctose diet (p = 0.0031), combinstkaric acid and high
fructose diet (p = 0.0038) and those combined fenofibratéighefructose diet (p < 0.0001)

was significantly increased. However, the stearic acid alone diets significantly reduced (p <
0.0001) the linoleic acid conteintthe livers of male rats in comparison with the control. When
compared to higlfiructose diet goup, the combined stearic acid and higictose diet had
similar (p = 0.9968) amount of linoleic acid, whilst the stearic acid alone diet significantly
reduced (p < 0.0001) and the combined fenofibrate and-fhugtose diet significantly
increased (p ©.0090) the linoleic acid content in the livers of male rats. The livers of male
rats fed stearic acid alone diet had the lowest linoleic acid content (p < 0.05) than the livers of
male rats fed a combined stearic acid andffrigttose diet (p < 0.0001)avell as those fed
combined fenofibrate and highuctose diet (p < 0.0001).

The arachidonic acid (C20:4n6) difed across treatment groups <®.0001, onevay

ANOVA, F 4, 5= 1068). When compared to the control, a Higittose diet (p < 0.0001), a
combinedstearic acid and higfructose diet (p 9.0001) and a combined fenofibrate and high

fructose diet (p = 0.0356) significantly increased the arachidonic acid conteetintha | e r at s
livers whilst a stearic acid alone diet significantly (p < 0.0001) decreased the arachidonic acid
content. The combinestearic acid and highuctose (p = 0.0164), stearic acid alone (p <

0.0001) and combined fenofibrate and highctose (p< 0.0001)dietary interventions
significantly decreased the higtuctose diet induced increase of arachidonic acid content in

the livers of the male rats.

Transl i nol eni ¢ ac-LdndICelBi: 2 n & t-hndlenig &itd FC1B3InG),) , %
eicosadienoic acid (C20:2), eicosatrienoic acid (C20:3n3) and eicosapentaenoic acid (EPA)
(C20:5n3) accounted for less than 0.5% of the total polyunsaturated fattyrafiid in the

liver.

The cis fatty acid content in the livers of male rats differed across treatment group9Qp %
oneway ANOVA, F @4, 55 = 100.4). Compared to control diet, the higictose diet
significantly reduced (p = 0.0268) the cis fatty acid content. However, the stearic acid alone (p
= 0.0002) and the combined fenofibrate and Hrgltose diet (p = 0.0311) dietary
interventions gnificantly increased cis fatty acid content in the livers of male rats. All the
dietary interventions, including the combined steacid and higHructose (p = 0.0337), the
stearic acid alone (p < 0.0001) and the combined fenofibrate andrhagbse (p = 0.0013)
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significantly increased cis fatty acid content in the livers of male rats when compared-to high
fructose diet group. The livers of male rats fed a stearic acid alone diet had the highest cis fatty
acid content (p < 0.05) than the livers of male rats fsahabined stearic acid and hiffiuctose

diet (p = 0.0002) as well as those fed combined fenofibrate andrhigbse diet (p = 0.0012).

The omega 6 fatty acid content in the livers of male rats differed across treatment groups (p
<0.0001, onevay ANOVA, F 4,5 = 1293). When compared to the control, a Higittose

diet (p < 0.0001), a combined stearic acid andfigbtose diet (p = 0.0001) and a combined
fenofibrate and higifructose diet (p = 0.0010) significantly increased the omega 6 fatty acid
contentint he mal e rat s’ l i vers whil st a stearic
decreased the omega 6 fatty acid content. Dmebined stearic acid and hidfuctose (p =
0.0190), stearic acid alone (p = 0.0001) and combined fenofibrate andruotgise (p =
0.0010) dietary treatments all significantly reduced the-fngttose diet caused rise in omega

6 fatty acid content in nba rats' livers. Stearic acid alone diet showed significantly lower
omega 6 fatty acid concentration in male rats' livers than combined stearic acid and high
fructose (p < 0.0001) and combined fenofibrate and-frigttose (p < 0.0001).

The content of omega 9 fatty acids in male rat livers differed across treatment groups (p <
0.0001, onevay ANOVA, F 4, 5) = 184.9). A higkfructose diet significantly decreased (p =
0.0082) the quantity of omega 9 fatty acids in male rat livers as compared to the control. A
stearic acid alone diet, on the other hand, significantly increased (p < 0.0001) the content of
omega9 fatty acids in male rat livers, whereas a combined stearic acid anétigbse (p =
0.3600) and combined fenofibrate and higictose (p = 0.5923) diet were similar (p > 0.05).
When compared to the highuctose diet group, all the dietary interventions, including the
combined stearic acid and hiffluctose (p = 0.0428), the stearic acid alone (p < 0.0001) and
the combined fenofitate and higtiructose (p = 0.0031) significantly increased omega 9 fatty

acid content in the livers of male rats.

The lowest ratio of omega 6: omega 3 fatty acid was observed in the livers of rats fed a
combined fenofibrate and highuctose diet, while rats receiving a standard diet (control) had
a highest omega 6: omega 3 ratio fatty acid.

The saturated to unsaturated fatty acid ratio was lowest in the livers of the rats receiving fed a
combined fenofibrate and highuctose diet and the highest in the livers of rats receiving a

standard diet (control) diet.
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In summary, the total saturated fatty acid content in livers of male rathiglasst in the
standard diet fed rats, followed by rats fed a Higictose diet and those fed a stearic acid alone
diet as a soplement.Male rats fed a stearic acid alone dibbweda significant increasm

hepatic total monounsaturated fatty acid contents compared to other treatment groups.
Meanwhile, the total monounsaturated fatty acid content of male rats' livers was comparable
across the control, highuctose, combinedtesaric acid and higfructose and combined
fenofibrate and higifructose diets group male rats, the higfructose diet exhibited highest
hepatic total polyunsaturated fatty acid level, followed by rats fed a combined stearic acid and
high-fructose diet and those fed a combined fenofibrate andfhigtose dietAll treatment

groups exhibited similar omegafatty acid levels in the livers ahale rats.
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Table 4.3B. Fatty acid profile of the livers igrowing Spragud®awley male rats fed a highuctose dietind or stearic acid for 13 weeks.

Fatty acid (% of total lipid)

Treatment groups

Overall level of

Control Fructose Stearic acid +  Stearic acid Fenofibrate + significance
Fructose Fructose

Saturated Fatty acids

Capric acid (C10:0) 0.02+ 0.002 0.01+0.022 0.02+ 0.002 0.04+0.032 0.03+0.042  ns(p =0.7715)
Lauric acid (C12:0) 0.06+ 0.012 0.03+ 0.012 0.05+ 0.012 0.08+ 0.012 0.05+ 0.07*  ns (p = 0.6666)
Myristic acid(C14:0) 1.40+ 0.242 0.30+ 0.01° 0.47+ 0.02°¢ 2.42+ 0.28° 0.55+0.04%®  *p =0.0004
Pentadecylic acid (C15:0) 0.39# 0.052 0.10+ 0.01° 0.09+ 0.01° 0.43+ 0.03% 0.13+0.01®®  *p =0.0001
Palmitic acid (C16:0) 24.25+0.892  19.63+0.57° 20.52+ 0.36° 25.96+ 1.112 21.58+0.52° *p=0.0016
Margaric acid (C17:0) 0.76+ 0.042 0.32+ 0.00° 0.24+ 0.01° 0.93+ 0.03% 0.28+0.02%®®  *p < 0.0001
Stearic acid (C18:0) 22.29+ 0.63° 23.54+ 0.25° 20.75+ 0.17¢ 14.56+ 0.12¢ 18.14+ 0.01*° * p < 0.0001
Arachidic acid (C20:0) 0.15+0.012 0.09+ 0.052 0.06+ 0.022 0.14+0.032 0.09+0.012  ns (p = 0.0974)
Heneicosylic acid (C21:0) 0.33+0.01% 0.42+ 0.03% 0.33+£ 0.01° 0.22+0.13% 0.40+ 0.022 ns (p =0.1090)
Behenic acid (C22:0) 0.23+0.012 0.20+ 0.042° 0.06+ 0.01%° 0.05+ 0.08° 0.16+0.042®  *p=0.0297
Total saturated fatty acid  49.90 + 2.02 44.65+ 1.012 42.60 + 0.6F° 44.85 + 1.85° 41.38 +0.76°¢ *p =0.0103
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Treatment groups

Overall level of

Fatty acid (% of total lipid) Control Fructose Stearic acid +  Stearic acid Fenofibrate + significance
Fructose Fructose
Mono-unsaturated fatty acids
Myristoleic acid C14:1 0.15+ 0.04% 0.04+ 0.00% 0.06+ 0.00° 0.83+ 0.10% 0.07+0.01%*  *p < 0.0001
Pentadecenoic acid C15:1 0.18+ 0.012 0.01+0.02° 0.01+0.01° 0.19+ 0.002 0.00+0.00°  *p<0.0001
Palmitoleic acid (C16:1)  1.30+ 0.10° 1.24+ 0.04° 2.17+0.01% 3.57+0.182 2.40+ 0.01° *p <0.0001
Heptadecanoic acid (C17:1 0.18+ 0.03° 0.07+ 0.01° 0.07+ 0.02° 0.71+ 0.052 0.07+ 0.04° *p <0.0001
Oleic acid (C18:1n9c) 19.43+ 0.61°¢ 13.21+ 0.52° 18.01+ 0.35° 39.61+ 2.43%¢ 22.14+ 0.40° *p < 0.0001
Elaidicacid (C18:1n9t) 0.97+ 0.02° 0.21+0.03° 0.10+ 0.06% 1.96+ 0.10° 0.01+ 0.022 *p <0.0001
Gadoleic acid (C20:1) 0.21+ 0.02% 0.20+ 0.04% 0.34+ 0.082° 0.24+ 0.032 0.40+ 0.02° *p =0.0215
Erucic acid C22:1 n9 0.03+ 0.04% 0.01+ 0.02% 0.01+ 0.02% 0.00+ 0.00% 0.00+ 0.00% p = 0.6653
Nervonic acid (C24:1) 4.71+ 0.592 8.79+ 0.22° 7.74+0.21° 0.67+0.03% 5.72+ 0.17°¢ *p <0.0001
;I'otal _dmonounsaturated 27.16+ 1.472 23.78+ 0.902 28.50+ 0.752 47.79+ 2.91° 30.81+ 0.66%° * p =0.0001
atty aci
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Treatment groups
Overall level of

Fatty acid (% of total lipid)

Control Fructose Stearic acid +  Stearic acid Fenofibrate + significance
Fructose Fructose

Poly-unsaturated fatty acids
Linolenic acid (C18:2n6¢c) 9.58+ 0.17° 10.77+ 0.08° 10.72+ 0.07°¢ 4.27+0.232 11.71+ 0.16"° *p < 0.0001
translinolenic acid 0.10+ 0.042 0.10+ 0.03? 0.10+ 0.042 0.36+0.12° 0.11+0.04%®  *p =0.0313
(C18:2n6t)
a-Linolenic acid (C18:3n3) 0.15+ 0.04° 0.12+0.01° 0.13+0.01° 0.17+0.02° 0.26+0.008  *p =0.0061
y-linolenic acid (C18:3n6) 0.07+ 0.03?% 0.32+ 0.09° 0.05+ 0.01° 0.21+ 0.052 0.00+ 0.00° *p =0.055
Eicosadienoi@cid (C20:2) 0.14+ 0.06° 1.05+ 0.03% 0.56+ 0.01° 0.05+ 0.08° 0.67+£0.03*  *p <0.0001
Eicosatrienoic acic 0.04+ 0.022 0.01+ 0.022 0.03+ 0.01° 0.00+ 0.00% 0.40+ 0.492 p =0.4108
(C20:3n3)
Dihomo-gammalinolenic 0.68+ 0.08" 1.09+ 0.012 0.95+ 0.01° 0.18+ 0.00° 1.02+ 0.052 *p <0.0001
acid(C20:3n6)
Arachidonic acid (C20:4n6) 12.17+ 0.452 17.40+ 0.10° 16.02+ 0.01° 2.12+ 0.10¢ 13.31+ 0.34° *p <0.0001
Eicosapentaenoic aci 0.00+ 0.002 0.41+ 0.05"° 0.15+ 0.17% 0.03+ 0.042 0.24+0.06*  *p =0.0236
(EPA) (C20:5n3)
Total polyunsaturated 22.93+ 0.892 31.56+ 0.42° 28.76+ 0.35° 7.38+ 0.64° 27.80+1.17° *p<0.0001

fatty acid
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Fatty acid (% of total lipid)

Treatment groups

Overall level of

Control Fructose Stearic acid +  Stearic acid Fenofibrate + significance
Fructose Fructose

Trans fatty acids 1.06+ 0.01% 0.31+0.01° 0.20+ 0.09° 2.32+ 0.222 0.12+ 0.02° *p <0.0001

Cis fatty acids 29.01+ 0.78° 23.99+ 0.432 28.73+ 0.28° 43.88+ 2.18% 33.85+ 0.25° *p < 0.0001
Omega 3 0.19+ 0.062 0.55+ 0.102 0.29+ 0.182 0.20+ 0.032 0.90+ 0.452 ns (p = 0.0974)
Omega 6 22.60+ 0.362 29.68+ 0.10° 27.85+ 0.09¢ 7.12+ 0.50¢ 26.15+ 0.49°% *p <0.0001
Omega 9 20.44+ 0.602 13.43+ 0.57° 18.13+ 0.282 41.58+ 2.32° 22.15+ 0.42°  *p < 0.0001
SFA: UFA 0.99:1 0.81:1 0.74: 1 0.81:1 0.71: 1

Omega 6: Omega 3 118.9:1 54.0:1 96.0: 1 35.6:1 29.1:1

a,b.cd. e Means in the same row with different superscripts differ significantly at p < 8s05.not significant with p > 0.05.= significantly

different at p < 0.05Control group is the negative control which received standard rat chow and plain water to drink; fructose group rats were fed
standard rat chow and 20% fructose solution to drink; stearic acid and fructose group rats were fed standard rat cllowitar8ihstearic

acid and 20% fructose solution to drink; stearic acid group rats wereafethstl rat chow enriched with 3% stearic acid and plain water to drink;
fenofibrate and fructose group is the positive control and the rats received standard rat chow and fenofibrate (100ymugglsg bed day) and

20% fructose solution to drink. n =3FA, saturated fatty acids; UFA, unsaturated fatty acids.
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4.4.4 Hepatic histomorphology, fat accumulation and fibrosis

Having consideredhe fatty acid profile of the liversit is important tocharacterise the
microscopic distribution of the lipids in the liv@nacrovesicular and microvesicukieatosis
Figures 4.2 show representative haematoxylin and eosin (H & E) stained liver
photomicrographs (100x magnification) of female (A) and male (B) rats followingekk
treatment period. Each group had one photomicrograph selected at ramdbisplay in the
figures below

Female rats in the control group (I) fed conventional rat chow for the duration of the study had
normal typical hepatocellular architecture with no evident histomorphological abnormalities.
Notably,female rats fed higfructose (ll), a combination of stearic acid and Higtctose (lII)

and a combination of fenofibrate and highctose (V) dietshowedmore pronounced micro
vesicular hepatic steatosis, disordered arrangement of hepatocytes and inflammatory cell
infiltration (figure 4.2 A). The rats fedstearic aciebnly (1V) diet developed both micrand

macroevesicular hepatic steatosis (figure 4.2 A).

The hepatocellular architecture of the male rats geserally normahkcross the treatment
groups. However, the higihuctose fed (Il) and the combination of stearic acid and-high

fructose (II) groups showed some evidence of mi@sicular hepatic steatosis (figure 4.2 B).

Figures 4.3 show representative Masson’s tri
magnification) of female (A) and male (B) rats following-@8ek treatment period. Each
group had one photomicrograph selected at rantlmtably, female rats fed higinuctosediet

(I, stearic acid alone (1V), a fenofibrate plus hifghictose diet (V) had greater fibrosis in their
livers. Meanwhile, female rats' livers in the control (I) and combined stearic acid and high
fructose (Ill) groups exhibited no fibrasiMale rats fed combinestearic acid and high
fructose die(lll) and those fed atearic acid alone di€kv) developed similar pronounced
fibrosis. Male rats on combined fenofibrate and higictose diets (V) showed minimal
fibrosis. However, no fibrosis was seen in either the control group (1) or thérbbse group

(1N rats.
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Figures 4.2 A The representatiegaematoxylin and eositd(& E) stained liver histology photomicrographs (100x magnification) of female rats

from different treatment groups. Blue arrows indicate hepatic rviestcular steatosis and black arrow point to magsicular steatosis. The

control group (1) is the negatiwentrol in which rats received standard rat chow and plain water to drink; fructose group (Il) rats were fed standard
rat chow and 20% fructose solution to drink; stearic acid and fructose group (Ill) rats were fed standard rat chowvithr@¥esteac acid

and 20% fructose solution to drink; the stearic acid group (IV) rats were fed standard rat chow enriched with 3% staadipladdwater to

drink; the fenofibrate and fructose group (V) rats served as the positive control, rats were fed séaictiaw and fenofibrate (100 mg/kg body

mass per day) and 20% fructose solution to drink. Bl ue arrow =
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Figures 4.2 B The representative haematoxylin and eosin (H & E) stained liver histology photomicrographs (100x magnification) of male rat

from different treatment groups. Blue arrows indicate hepatic aviesecular steatosis. Control group () is the negative cbimtravhich rats

received standard rat chow and plain water to drink; fructose group (ll) rats were fed standard rat chow and 20% léniotosedsink; stearic

acid and fructose group (lll) rats were fed standard rat chow enriche@%ittearic acid and 20% fructose solution to drink; the stearic acid
group (IV) rats were fed standard rat chow enriched with 3% stearic acid and plain water to drink; the fenofibrate aadyfougqV) rats

served as the positive control, rats wekdtandard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink.

Bl ue arrow = |lipid droplets. Scale bar = 100 pupm.
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Figures43A The representative Masson’'s trichrome (MT) stained |iver
different treatment group8lack arrows indicatéibrosis. The control group (l) is the negative control in which rats received standard rat chow

and plain water to drink; fructose group (Il) rats were fed standard rat chow and 20% fructose solution to drink;idtaaddractose group

(111 rats were fed wndard rat chow enriched with 3% stearic acid and 20%idse solution to drink; the stearic acid group (IV) rats were fed
standard rat chow enriched with 3% stearic acid and plain water to drink; the fenofibrate and fructose group (V) ratsteergeditive control,

rats were fed standard rat chowand tef i br ate (100 mg/ kg body mass per day) and 20% f
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Figures43B The representative Masson’'s trichrome (MT) stained |iver
different treatment group8lack arrows indicate fibrosid.he control group () is the negative control in which rats received standard rat chow

and plain water to drink; fructose group (Il) rats were fed standard rat chow and 20% fructose solution to drink;idtaaddractose group

(111 rats were fed wndard rat chow enriched with 3% stearic acid and 20%oacsolution to drink; the stearic acid group (IV) rats were fed
standard rat chow enriched with 3% stearic acid and plain water to drink; the fenofibrate and fructose group (V) ratsteergeditive control,

rats were fed standard rat chow and femobr at e (100 mg/ kg body mass per day) and 20% fr
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4.4.5Non-alcoholic fatty liver disease activity score (NAS)

The nonalcoholic fatty liver disease activity scores of the female rats for the different dietary

groups are illustrated in table 4/

In female rats, the overall microvesicular steatosis of the rats across treatment groups were
significantly different (p = 0.0029), ongay ANOVA, F @, 34 = 4.972). Rats fed a high
fructose diet had significantly increased (p = 0.0082) microvesicular steatosis when compared
their counterparts control rats fed a standard diet. However, the female rats fed a combined
stearic acid and higfructose (p = 0.9999 counterpart fed stearic acid alone (p = 0.8145) as
well as counterpart fed a combined fenofibratel fructose diet (p > 0.9999) had similar
microvesicular steatosis compared to the control rats fed a standard diet. Both the female rat
groups fed a combined stearic acid and kigittose (p = 0.0076) as well as those administered
combined fenofibrate and highuctose (p = 0.0082)adsignificantly preventededuced high
fructose diet induced microvesicular steatosis. Whilst the stearic acid ditbm®t induce

microvesicular steatosis (p = 0.1088).

Overall, there were no significant changes in female rat macrovesicular steatosis scores across
treatment groups (p = 0.3542, emay ANOVA, F 4,34 = 1.14). In female rats, there was no
significant difference in hepatocyte hypertrophy scores (p > 0.05) across treatment groups. In
the female rats, there was a significant difference (p = 0.0002waneANOVA, F 4, 34) =

7.979) in the inflammation scores of the hepatocytes across the treatment groups. When
compared to control rats fed a standard dietafemats fed a higfructose diet (p < 0.0001),

rats fed a combined stearic acid and Higittose diet (p = 0.0030), rats fed stearic acid alone
diet (p = 0.0313) and rats fed a combined fenofibrate andfhigltose diet (p = 0.0459) had
significantly irduced inflammationThe overall differences observed in the hepatic fibrosis
scoresacross treatment groups was statistically significant (p < 0.00inwayeANOVA, F @,

34)= 8.09). Asshownin table 4.4 Athe female rats fed a highuctose diesignificantly (p =
0.003)induced fibrosis when compared to control rats fed a standard diet. Female rats fed a
combined stearic acid and hiffuctose diet in their diet had significantly (p = 0.001) mitigated

the highfructose induced fibrosis. Female rats whose diet was comsiieadc acid and high
fructose and their counterparts whose diet had combined fenofibrate anflulcigise had
different(p < 0.05) fibrosis. Stearic acid alone as a supplement had higher fibrosis (p < 0.05)
compared to theicountepartsfed a standardiet but the fibrosis was similar (p > 0.05) to the
high-fructose fed rats.
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In summary, a higifructose diet caused microvesicular steatosis whereas a @irbiof

stearic acid and higfructose anda combiration of fenofibrate and higifructose diets all

failed to prevent this higfructose induced microvesicular steatosis. There were no differences
in macrovesicular steatosis across the treatment groups. Hepatic inflammation developed in all
dietary treatment gugps. A high-fructose diet induced fibrosis that was mitigated by stearic
acid. Fenofibrate failed to prevent the tiguctose induced fibrosis. Stearic acid alone as a

supplement induced fibrosis.

The nonalcoholic fatty liver disease activity scores in the male rats for the different dietary

groups are illustrated in Table 4B4

In male rats, the overall microvesicular steatosis of the rats across treatment groups were
significantly different (p = 0.0001), ongay ANOVA, F (4, 34y= 7.774). The microvesicular
steatosis for higlfructose (p = 0.4316), combined stearic acid and-fngttose (p = 0.8945)

as well as stearic acid alone (p = 0.1197) diets were similar. Only combined of fenofibrate and
high-fructose diet significantly (p=0.0374) did not show microvesicular steatosis when
compared to control male rats fed a standard. Betaric acid alone diet fed male rats
microvesicular steatosis was lower (p = 0.0010) than microvesicular steatosis of the high
fructose diet fed male rats. Combined of fenofibrate andnigiiose as a dietary intervention
resulted in significantly loer (p = 0.0002) microvesicular steatosis when compared to the

control.

Male rats' macrovesicular steatosis scores did not change significantly (p > 0.05) across
treatment groups. In male rats, there was no significant difference in hepatocyte hypertrophy
scores (p > 0.05) across treatment groups. In the male rats, theresigasieant difference

(p = 0.0029, onavay ANOVA, F 4, 3= 4.979) in the inflammation scores of the hepatocytes
across the treatment groups. The inflammation of the hepatocytes fofruagise (p =
0.5447), combined stearic acid and hfgictose (p= 0.6511), stearic acid alone (p > 0.9999)

as well as combined of fenofibrate and hfgictose (p = 0.0997) diets were similar when
compared to inflammation of the hepatocytes for control male rats fed a standard diet. A
combined stearic acid and hifftuctose diet significantly decreased (0.0368) the-figtiose

diet induced inflammation of the hepatocytes. Additionally, combined stearic acid and high
fructose diet resulted in lower (p = 0.0023) inflammation of the hepatocytes than the combined
of fendibrate and higkructose dietThe overall differences observed in the hepatic fibrosis
across treatment groups was statistically significant (p < 0.001w@yeANOVA, F 4, 34)=

4.12). Male rats fed a higfinuctose diet had similar (p > 0.05) fibrosis when compared to the
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control rats fed a standard diet. A combined stearic acid anefhictiose induced fibrosis (p

< 0.05) when compared to the male rats fed a-frigttose diet. A combined fenofibrate and
high-fructose diet had similar (p = 0.07) fibrosis whemparedo the male rats fed a high
fructose diet. However, when compared to the combined stearic acid arfdicigise fed rats,
the combined fenofibrate and hiffuctose had significantly lower (p < 0.05) fibrosis. Stearic
acid alonded rats induced (g 0.05) fbrosis in comparison with the control rats fed a standard
diet.

In summary, a higlructose, combined stearic acid and hfgkctose, as well as stearic acid
alone diet treatment had similar microvesicular steatosis when compared to control diet.
Whereas, combined of fenofibrate and hfgictose diet induced microvesilar steatosis

when compared to control diet. There were no differences in macrovesicular steatosis across
the treatment groups. Wigh-fructose diet induced inflammation of the hepatocyfés. high

fructose diet did ot lead to fibrosisinstead, the aobination stearic acid and higluctose

diet induced fibrosis. Fenofibrate similéibrosis as the male rats fed highuctose Steaic

acid as a supplemecausd fibrosis.
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Table 4.4 A. Liver micro-steatosis, macrsteatosis, hypertrophy and inflammation scores of female Sprague Dawley rats after 13 weeks of

receiving either normal rat chow or a hiffhctose diet and/or stearic acid or fenofibrate

Parameter Treatment groups
Overall level of
Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose

Microvesicular steatosis 0.5 (0, 2)? 2 (1, 3)P° 1(0, 1)2 1 (0, 2)2° 1(0, 1)? ok x
Macrovesicular steatosis 0 (0, 0)2 0 (0, 1)2 0 (0, 2)2 0 (0, 2)8 0 (0, 0)2 ns

Hypertrophy 0.00 (0;02 1.00 (1;1) 0.00 (0;02 0.50 (0;1)2 1.00 (0;1) ns
Inflammation 0 (0, 2)2 1 (0, 2)° 1(0, 2)° 1 (0, 2)° 1 (0, 2)° Hoxx

Fibrosis (%) 3.49+ 1.042 7.43+ 1.05° 3.07+0.932 7.59+ 144" 6.75+ 1.08° *x

Dataarepresented as median (interquartile rang2Within row medianswith different superscripts are significantly different at p < 0*0%

<0.001 and *** p < 0.000IThe control group is theegative control which received standard rat chow and plain water to drink (n = 8); fructose
group rats were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose groupettstardaifd rat chow
enriched with 3%stearic acid and 20% fructose solution to drink (n = 7); stearic acid group rats were fed standard rat chow enriched with 3%
stearic acid and plain water to drink (n = 8); fenofibrate and fructose group is the positive control and the rat®uptiesejved standard rat

chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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Table 4.4B. Liver micro-steatosis, macrsteatosis, hypertrophy and inflammation scores of male Sprague Dawley rats after 13 weeks of receiving

either normal rat chow or a higtuctose diet and /or stearic acid or fenofibrate.

Parameter Treatment groups
Overall level of
Control Fructose Stearic acid +  Stearicacid  Fenofibrate + significance
Fructose Fructose

Microvesicular steatosis 1 (0, 1)2° 1 (0, 2)° 0.5 (0, 12 0 (0, 1)2 0 (0, 0)3 Kok
Macrovesicular steatosis 0 (0, 0)2 0 (0, 0)2 0 (0, 0)2 0 (0, 0)2 0 (0, 0)2 ns
Hypertrophy 0.00 (0;02 1.00 (0;1) 0.00 (0;1)2 0.00 (0;02 0.50 (0;1)2 ns
Inflammation 0 (0, 1)2° 1 (0, 2)° 0 (0, 1)? 0 (0, 1)2° 1 (0, 2)° *x
Fibrosis (%) 2.69+ 1.552 2.58+ 1.492 6.68+1.78" 6.55+ 1.94° 2.31+1.322 *

Dataarepresented as median (interquartile rang&) Within row medianswith different superscripts are significantly different at .05 ** p

< 0.001 and *** p < 0.0001Control group is the negative control which received standard rat chow and plain water to drink (n = 7); fructose
group rats were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose groupeaatstavetaréfl rathow
enriched with 3% stearic acid and 20% fructose solution to drink (n = 8);cséeadli group rats were fed standard rat chow enriched with 3%
stearic acid and plain water to drink (n = 8); fenofibrate and fructose group is the positive control and the ratstacdareldrat chow and

fenofibrate (100 mg/kg body mass per day) abth2ructose solution to drink (n = 8).
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4.5 Discussion

In a normal liver, less than-BX of the fresh liver mass should be made up of lipid
droplets/storegyounossiet al., 2019Chalasani et al., 2018Any more lipid stored in the liver

is classified as steatosis. Naltoholic fatty liver disease develops when the lipids accumulate
in the hepatocytes without a history of alcohol excessive drinking or other underlying
pathological disorders that mightluce steatosi€oronati et al., 2022The histological range

of nontalcoholic fatty liver disease is broad, comprising from simple steatosis alcamolic
steatohepatitis, nealcoholic steatohepatiti€lated cirrhosis and hepatocellular carcinoma
(Hliwa et al., 202). Non-alcoholic steatohepatitis is distinguished from simple steatosis by
ballooning hepatocyte degeneration with or without fibrosis. Consumption offroiciose
diets raise liver triglycerideshis causes the development of hepatic steaf¥sistisia et al.,
2022. Additionally, highfructose consumptioimduceshepatic steatosislue toincreasedle

novo lipogenesigGeidlFlueck and Gerber, 2023reduced hepatic fatty acid oxidation and
increased triglyceride inflow into the liver from extrahepatic mobilization of fatty acid from
adipose tissugSoftic et al., 2016Yu et al., 202).

In the presentstudy, onsumption of a higifructose dietover along term had no effect on
absolute and relative (to body mass) liver massgsncreased hepatic lipid content in both
female and male rats. In both female and male rats, dtigtose diet induced micreesicular
hepatic steatosis, inconsistent hepatocyte organization and inflammatory cell infiltration.
Furthermore, a higfructose diet caused fibrosis in female rats but not in maldmatentrast

to our findings, research suggestattimen are more likely than womendevelop hepatic
fibrosis Sabir et al., 2022 This sex bias was also detectegrisviousexperimentn rats
(Tacke and Weiskirchen, 20Rlindicating that men's higher vulnerability to hepatocellular

carcinoma is unlikely to be related to increased exposure to one or more metabolic risk factors.

The findings of the current studgvealed thah combined stearic acid and hiffhctose diet
had no effect on absolute and relative (to body mass) liver masses but preventadtogke

induced hepatic lipid content in female rats, micesicular hepatic steatosis amtluced
inflammation. This studyalso observed thaa combined stearic acid and hiffhctose diet

mitigated highfructoseinduced fibrosis in female rats while inducing fibrosis in male rats.

We also found that combined fenofibrate and Higlstose caused heavier relative (to body
mass) liver masses, inhibited hiffactoseinducedincrease irhepatic lipid content, inhibited

high-fructoseinduced micrevesicular hepatic steatosis and induced inflammation. Reported
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in the current study, dietary supplementation with stearic acid alone had no effect oo hepati

lipid concentrationsHowever, itresulted in inflammation.

4.5.10n the bright side, a highfructose diet and/or stearic acid had no effect on the
liver masses, suggesting its unlikeliness to cause hepatomegaly.

Evidence from studies on both humans and animals demonstrate thétubtgke diets are
associated with increased lipogenesis, visceral obesityaleoholic fatty liver disease in

growing children, adolescents and ad(litsen et al., 2018ensen et al., 201Be et al., 202

An enlarged liver, also known as hepatomegaly, is a symptom of an underlying disease caused
by accumulation of lipid and/or metabolic substrates such as glycogen, hepatic inflammation
(hepatitis), or a result of cell damage, cancer and hepatocellulartiogbgr, all of which

induce higher liver massé3ensen et al., 202Rubitz et al., 2009. The results of the present

study show that thiemale and maleats after 13 weeks of receiving either a higlttose diet

and /or stearic acidid nothave arincreasen their liver massedvly results demonstrate that
following a highfructose diet for 13 weeks has no effect on liver mass. Similarly,
administering stearic acid to bdigmale andnale rats had no effect on liver mass@s.the

other hand, after 13 weeks of receiving fenofibrate, the rats showed an increased the liver
masses (table 4.2 A and B). Previous research has revealed tHdtréémoncreases liver
massegAbdelmoneim et al., 20311 t i s hypot hesi z el fehofibmate PP ARC
promotes hepatic tissue growtsulting in hepatomega(§Berger and Moller, 200Zhang et

al., 20223 Also, Hong et al. (2007)ound that fenofibrate exacerbated hepatomegaly caused

by a highfat diet, which supports the current study's finding of increased liver iDassto
unfavourable results, fenofibrate should be used with caution as an intervention therapy, since

it may have trophic effects on organs includihg liver.

On the bright side, a combinatorial diet of highctose diet and /or stearic acid had no effect

on their liver masses, suggestihg unlikelinessof stearic acido cause hepatomegaly.

Liver mass alone does not give full insights into the actual composition and structure of the
liver. In order toassess the treatments' possible lipotoxieftgcts, this study looked at their

impact on hepatic lipid levels.

4.5.2 Stearic acid reduced the hepatic lipid content caused bylagh-fructose diet

The results of the present investigation demonstrated that female rats feefradtioge diet

had hepatic lipid contents that sesignificantly greater (22496) than those of the negative
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control group. According to published research, consumption offhuglose diet causes
hepaticdenovd | pi d synt hesi s an eoxidatiomto gegeag®Rowmansi s e a
et al., 2020 Softic et al., 201p Therefore, in this study, female rats' hepatic lipid content
significantly increased after consuming a 20figh-fructose solution for 13 week3he
findings from the current investigation are consistent \(@tanhope et al., 201%¥o0s and
Lavine, 2013 who reported that the consungti of a 20% higHructose dietresulted in
increased hepatic lipid. Fructolysis in the liver proceeds much more quickly than glycolysis
does because the route skips the-liatéing step phosphofructokinasmtalysegCoronati et

al., 2023, leading to an increase in triglycerides generationdendovdipogenesis, both of
which prolong unregulated production lead in firegression bnon-alcoholic fatty liver
diseasdAttia et al., 2022Ipsen et al., 2008 which substantiates the increased hepatic lipid
findings of the present study

In addition, in female rats, we found that after stearic acid was added Hfrintse diet
(combinatorial effects); stearic acid managed to decrease the hepatic lipid content induced by
high-fructose diet by 31.25%. In contrast to our findings, earsearch has found that the
synergistic effects of fructose and added fat result in metabolic alterations that lead to the
development of nolcoholic fatty liver diseas@m et al., 2021 We were unable to find
literature directly explaining the mechanisms by which stearic acid could reduce lipid content
in nonalcoholic fatty liver diseaseHowever, potentially thgastreintestinal tractmicrobiome

could play a role in altering the hepatic lipid content. In a studyibyet al. (2022)ndicated

that stearic acid prevented alcofirmdiuced liver damage bgontrollingthe gut microbiota to

limit lipid productionandincrease livetipid oxidation output.

In a research biPan et al. (2010}t indicated that stearic ac@buldact as a hepatoprotective
agent through decreasing cholestaistiiced hepatic damagdeaning that, pplonged stearic

acid intake was observed to prevent liver damage by raising serum biochemicals, ductular
response, fibrosiand inflammatory pathophysiologic chandgBsin et al., 2000 This might
explain why the combined stearic acid and Higittose diet in female rats reduced high
fructose dietinduced fibrosis, as seen in this styfigure 4.3A). Previous study found that
stearicacidsanfii br oti c effects wer e -smoothonosplaactined by
positive matrixproducing cells and production of the key fibrogenic cytokine transforming
growth factor betd (Pan et al., 200)0Unfortunately, we did not extend this study to evaluate
circulating transforming groth factorbeta 1 as a marker of hepatic function impairment in the
liver (Chen et al., 201 Flisiak et al., 200D

118



While saturated fatty acids are typically thought as unhealthy, some saturated fatty acids, in the
opinion of nutritionists, may be advantageous. In our study, stearic acid stands out since its
steatosis inducingffect in the livewas minimalin bothfemale and male rats (table 4.4 A and

B). According toAthira et al. (2022) Stearic acid has a hypolipidemic impact because it
contains a f&alpha reductase inhibitor, which may have hind&agdroxy-3-methylglutary}

CoA reductasga critical enzyme in the cholesterol synthesis path{Agye et al., 2015
Vadivel and Gopalakrishnan, 2011

Similar effects were obseed in rats fed a combindenofibrate and higiiructose diet in which
fenofibrate ameliorated hepatic lipid content induced by-figttose diet by 31.25%. Multiple
studies have found that fenofibrate reducesidaiticed liver lipid accumulation by increasing
hepatic fatty oxid&on (Abdelmoneim et al., 202Mahmoudi et al., 202Zhang et al., 2023a

Thus, itis likely that fenofibrate reduced the liver lipid higictose higkfat dietinduced liver

lipid accretion in female rats in the current investigation through increasing hepatic fatty
oxidation.Despite the rise in liver mass in rats administered fenofibrate, lipids seem unlikely
to be the cause.

The lipid threshold in fresh liver is less thaii®% of its mass. Beyond is associated with an
increased risk of developing steatodis the current study, the hepatipids conent were
measured in dried hepatissue.The current study observed that across dietary interventions,
the male rats' hepatic lipid contemas within the §10% threshold foclinically diagnosing
steatosis. Thereforene can infer that this amount of fat is likely not to cause steatosis since
male rats were less than 10% even on a dry matter baf@snale rats the hepatic lipid content
ranged from 915% on a dry matter basis which although higher than males, on a wet basis
would be less than the 105 threshold.

In the current study, the general summary of the hepatic lipid content is that female rats are
prone to the detmental effects of supplied highuctose diets, whereas male rats are
unaffected by the adverse repercussidierefore, our next task was to lookfatty acid

profilesof the livers.

4.5.3 Fatty acid profile

Having considerethe hepatic lipid content, it vdamportant to look and analyse the hepatic
fatty acid profile. Saturated fatty acids, monounsaturated fatty acids and polyunsaturated fatty

acids are the three primary types of fatty acid species defined by their degree of saturation.
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According to hepatic lipid profiling of female rats, the highctose diet had no effect on total
saturated fatty acid content, increased total monounsaturated fatty acid, decreased
polyunsaturated fatty acid, had a significant cis fatty acid contentased omegafatty acid

and decreased omegdaty acid content. Furthermore, hepatic lipid profile of female rats

revealed a lower amount of stearic acid and a higher concentration of oleic acid.

Total saturated fatty acidCapric acid has antiviral characteristi®aehler, 202}, whereas
myristic andlauric acids are linked to higher blood cholesterol levels in humans and has been
shown in several studies to increasgghdensity lipoproteircholesterol by at least as much as
low-density lipoprotein cholester(@hramko et al., 2020

Consumption of a combined stearic acid and {ifghtose diet resulted in no increase in
saturated fatty acid content, a decrease in m@mhounsaturated fatty acid content and an
increase in polyunsaturated fatty acid content in female rat livers. Furthermore, omega 6
content increased in female rat livers fed a stearic acid andrhictbse diet.

A diet high in stearic acidnly fed to female rats had no effect on their hepatic saturated fatty
acid contentHowever, we observed thatearic aciebnly female rat livers had identical
palmitic acid and stearic acid concentration to those fed a standaiyéiatiditionally noticed

that a stearic acidnly diet had the same total monounsaturated fatty acid cagdiné¢ control

group. This was demonstrated by a comparable oleic acid fatty acid concentration in female rat
livers.

The total polyunsaturated fatty acids in the livers of female rats fed a high stearic acid diet
significantly increased as compared to the control group rats. However, the linoleic acid as well
asarachidoniconcentrations were comparable.

According to hepatic lipid profiling of male rats, the highctose diet had no effect on total
saturated fatty acid level botuseda lower concentration of palmitic fatty acid and a higher
content of stearic acid. In addition, the male rats' livers showed no effect on total
monounsaturated fatty acid content, with increased stearic acid content and decreased oleic
acid contentThe highfructose diet raised total polyunsaturated fatty acid levels, as seen by
increases in linoleic acid and arachidonigdan male rats' livers. The hepatic lipid profile of
male rats fed a higfructose diet revealed a decrease in cis and omega 9 fatty acids, as well as

an increase in omega 6 fatty acids.

A combination stearic acid and hiffuctose diet reduced total saturated fatty acids
significantly, with stearic and palmitic acids being lower than t@mtrol groupcounterparts

in male rats' livers. Total monounsaturated fatty acids in the liversale ratsfed combined
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stearic acid and higfructose diet were unaffect@zhen compared to the control growteic

acid content was similar to controls but significantly greater than the male rats livers-in high
fructose fed ratsThe combined stearic acid and hifyhictose diet raised total polyunsaturated
fatty acid levelavhen compared to total polyunsaturated fatty acid levels of the control group
rats as seen by significant increases in linoleic acid and arachidonic acid.

The cis fatty acid content in the livers of the male fata combined stearic acid and high
fructose dietvere raisedvhen compared with the highuctose diet fed male a tivers. The

omega 6 fatty acid content in the livers of the male rats fed a combined stearic acid and high
fructose diet were raised when compared with the standard diet fed radlesrs. The omega

9 fatty acid content in the livers of male rats fed a combined stearic acid arducigise diet

was similar to that of male rats fed a standard diet, but higher than that of male rats fed a high
fructose diet.

We also found that the group fed a stearic-atily diet had the same total saturated fatty acid
content as those fed a hiffuctose diet only and a combination stearic acid and-tigitose

diet, as well asimilar palmitic fatty acid content than its counterpddd a standard diet
Despite being fed a stearic acid diet, male rats' livers had the lowest stearic acid content in all
treatment groups.

As indicated by an increase in oleic acid fatty acid content, the overall total monounsaturated
fatty acid contenbf the male rats fed a stearic acid only dietreasedcompared to its
counterparts across treatment groupstal polyunsaturated and omega 6 fatty acids were
drasticallylower in the livers of male rats fed a stearic amndy diet than in any other dietary
treatmenigroups Male rats fed only stearic acid exhibited considerably greater cis fatty acid
and omega 9 fatty acid content in tHeiers than the other dietary treatment groups.

The fatty acid concentration, length and degree of saturation of dietary lipids influence their
physicachemical propertiegFave et al., 2004 Diet has a profound impact on the kind of
lipids that exist in animal being®apotti et al., 2021 The fatty acid profile of the liver is
regulated by the dietary fat consumed by the rats during development phases, which influences
metabolism and eventual lipid depositifinan et al., 202 Saturated fatty acids in the diet

are detrimental to metabolic health because they contribute to the development of metabolic
dysfunction and noialcoholicfatty liver disease, obesignd chronic inflammation. Actually,

the presence of excessive amouwitsaturated fatty acids in the diet triggers the increase lipid
storage within adipose tissues. Several studies have discovered clear correlations between high

caloric and saturated fatty acid diets and the prevalence of obesity, hepatic steatogie and ty
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Il diabetes in human beindkian et al., 202pMelanson et al., 200%iri-Tarino et al., 2010

Zhou et al., 2020

It is well known that a high fructose and saturated diet alters the distribution of fatty acids in
the liver(Lian et al., 2020 However, there has been little evidence on the impact of a long
term diet on liver fatty acid distributiofula SilvaSanti et al., 2016 In the current study, we
showed changes in liver fatty acid composition after 13 weeks of the consumption of stearic
acid alone and/or combined hifjluctose and stearic acid diet. We discovered that after 13
weeks of feeding, a combined hifjiactose dietand a higkstearic acid diet had no effect on

the saturated fat level of female rats' livers while decreasing the total saturated fat content of
male rats' livers.

Despite an increase in the combined stearic acid andfhigtose diet (female rats' livers), as

well as highfructose alone and combined stearic acid and-fiigttose diet (both female rats’
livers and female rats' livers), pelynsaturated fatty acidsre healthy. Polyunsaturated fats
comprise omeg& and omeg® fatty acids, both of which are required for brain function, blood
sugar regulation and the prevention of type Il diab@taszy et al., 202¥Xapoor et al., 2021
Omega 3, are essential fatty acids that provide a number of health benefits. Diets high in omega
3 fatty acids have favourable metabolic effects by lowering blood lipid levels while increasing
levels of hearprotective highdensity lipoprotein cholestel; inflammation and blood
pressure, therefore maintaining cardiovascular h€@ltdvington, 2004 Omega6 are also
necessary and have metabolic characteristics that differ from eBrfagist acidgDjuricic and
Calder, 2021 While the human body is unable to synthesize or3egyad omeg® fatty acids,

it may metabolize them through elongation and desaturation pro¢8asgsand Keum, 2038

In the current study, compared to the control, a{figbtose diet only and a combined stearic
acidand higf ruct ose diet increased the omega 6
whilst a stearic acid alone diet decreased the omega 6 fattyoet@ht. On the other hand, the
combined stearic acid and hiffuctose dietary intervention and stearic acid alone dietary
intervention reduced the highuctose diet caused rise in omega 6 fatty acid content in male
rats' livers. Nevertheless, of notewwyr is that the stearic acid alone diet showed significantly
lower omega 6 fatty acid concentration in both female and male rats' livers. These results imply
that dietary stearic acid supplementation reduced oidgtly acid levels. These decreases in
omegab fatty acid content corresponds directly to lowering the oréetgaomega 3 ratio,

which may be a useful technique for lowering inflammatiad autoimmune respondés et

al., 2021 Simopoulos, 200R Indeed, in the current study, dietary supplementation with stearic
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acid alonesignificantly lowered the omegato omega 3 ratios in both the female and male
rats’ l i ver s. Previous resear c-btobnegaBrdte monstr
induces supraphysiologic inflammatory responses and maintains chiftanonration and that

a low omega 6 to omegaratio reduces the risk of autoimmune disorders, asthma and allergies
(Arayaetal.,,200Di Ni col ant oni o ,Paomghtel., ROQCEdrteermor2,@h2 1
corcentration of omegé polyunsaturated fatty acids, such as linoleic acid and arachidonic

acid, in the livers of rats fed a stearic aomy diet were significantly lower in the current

study than in the control group.

o-linoleic acid, an omega& polyunsaturated fatty acid and linolenic acid, an omega 6
polyunsaturated fatty acid, are competitors for three enzymes that convert them, i-&-, delta
desaturase, del&desaturase and elongggezapowfirouzi, 2017 Vagner and Santigosa,
201]). These enzymes are a bottleneck because they have limited conversion ¢apaaty

al., 2016 Vagner and Santigosa, 2Q1The important point is that the pmaflammatory
molecules are derived from omega 6 fatty acids andraldmmatory molecules from omega
3fattyaciddBal i ¢ e tKang and Weyl2rait22008

Our bodes need both and the right mix of omega 6 and omega 3 is important because an
imbalance could promote a development of a lot of metabolic related diseases particularly
cardiovascular diseas€he omega 6 to omegaratiois a measure that has been used as an
indicator to assess if a person is consuming the proper types of fat in the right atmoaints.
diet, generdl, the recommetied omegda to omega3 fatty acid ratio is 41for the cardie
protective purpose@iuber et al., 201&rebs, 2008 This implies that an individual should
strive to consume 1gf omega3s for every 4@f omegab. Furthermore, it is suggested that
adults consume between 1.1g to 1.6g of oregaach day. However, westernized diets have
asignificantly greater ratio.

In the current study, stearic acid alone as a dietéeyiention decreased the oméga omega

3 fatty acid ratio in both female (45. 7: 1)
recommended ratio. Whereas a combined stearic acid andraajbse diet increased the
omega6toomega3 f atty acid ratio in both female (
Perhaps, the extremely low fatty acid content of eicosapentaenoic acid and docosahexaenoic
acid in both f emal e omtribdingredr fer this ntreased dmegaebr s i s
to omega3 fatty aids ratios. Furthermore, ome@apolyunsaturated fatty acids, such as
docosahexaenoic acid and eicosapentaenoic acid, provide health professionals an alternative

therapeutic option for nealcoholic fatty liver diseasgicero et al., 202Rizzo et al., 2023b
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Our study results showed extremely low fatty acid content of eicosapentaenoic acid and
docosahexaenoic acid in both female and mal e
which includes fatty fish or through marine and synthleéised supplement

Palmitic and stearic acids were the most prevalent among total saturated fatty acids in the
current investigation. In the current study, although the rats were fed a high stearic acid diet,
liver fatty acid profiling revealed that the combination of steacid and higHructose diet, as

well as the stearic acid alone diet, dramatically reduced stearic acid concentration while the
high fructose diet increased it. It has been reported that stearic acid has a considerable
cholesterclowering impact (Bonanome and Grundy, 1988/lensink, 200% but other
saturated fatty acids, such as myristic acid and palmitic acid, are positively related with hepatic
inflammation(Saraswathi et al., 2023araswathi et al., 202tearic acid is involved in many
different liver activities, including cholesterol metabolism and lipoprotein biogeftesiadel

et al., 201%. Unlike oleic and linoleic acids, eating stearic acid has been shown to lower obesity
(Sampath and Ntambi, 2003ndeed, as shown earlier in figure 3.4 A (), stearic acid alone
diet decreasedsceral fat in female rats. In agreement with other previous researchers, dietary
stearic acid raises oleicid levels as shown in table 484 most likely by activating hepatic

enzymes.

In the current study, as demonstrated in table 4.3 A and B, oleic acid content (in
monounsaturated fatty acids) is comparable to omega 9 codteefja 9 fatty acid is another
name for oleic acidOleic acid is more oxidatively stable than its polyunsaturated counterparts
are and has been related to a number of health advamtatjeing positive influence on
cholesterol levels and promotes proper inflammatory responses in theltbaldp. provides
favorable health effects such as reducing atherosclerdsiseasing insulin resistance,
improving immunological functiomnd protecting against some types of caif@éang et al.,

2022. In the current study, thenoe g a wakuie high in the profiles of both female and
males.Though not considered essential fatty acids, they can be produced in small amounts if
omega 3 and omega 6 are availablee findings of this study support the idea that if the body
lacks omega 3 and/or omega 6, it will be unable to produce enough omega 9. This study
reported the highest omega 9’ s Beitcanvesset t he L

into an imporant fatty acid.

Unsaturated fats reduce the amount of-temsity lipoprotein in the blood, which lowers the
risk of cardiovascular diseag8haya et al., 2022Tindall et al., 202D However, not all

saturated fats are equal, with trans fats being the most detrimental since they increase low
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density lipoprotein cholesterol "bad cholesterol" while reducing -Hegimsity lipoprotein
cholesterol "good cholesterol." As a result, a Higimsfat diet increases the risk of heart
disease(Perry et al., 2023 In the current investigation, it is of the utmost importance to
highlight that a combined stearic acid and fructose dietary intervention, as well as stearic acid
alone, reduces the trans fatty aaddl of the female rats' livers,hile cis fatty acids were
dramatically increased in the liveeof both female and male rats.

After analysing the rats' hepatic fatty acid profile, this study assessed histological alterations in

liver lipid accumulation.

4.5.4 Histology

Histopathological examination of riwers was performed to determine thmpactof stearic

acid in highfructose induced pathological changes in growing Spr&tawley female and

male rats fed a higfructose diet and or stearic acid for 13 weeks (figure®\Aa@d B; figure

4.3A and B. It was also important to characterise the nature of the fat deposition in the liver.
Non-alcoholic fatty liver disease is a typical characteristic of metabolic dysfunction,
characterized by hepatic steatosis, hypehypmflammationand fibrosis(Caturano et al.,
2021). With the liver being the primary site of fructose metabolism, an expanding body of
research suggests that a higictose diet affects hepatic lipid metaboliggir k1 j aci ¢ et
2019. Studies on rats have revealed a variety of histological changes in liver tissue following
high-fructose diet consumptigiDemirci et al., 2021l ee et al., 201>aki et al., 2012 Huang

et al. (2004)pbserved increases in hepatic fat content in rats after six weeks of high fructose
diet. The current studgbservedmore evidence ofiepatic pathologyn females than males
(figure 4.2 A and B).

Histomorphological examination of the liver revealed the existence effsaific steatosis in

rats from treatment grougBallestri et al., 201,A.onardo and Suzuki, 2020

Both male and female rats on hiffbictose diets developed microvesicular steatosis, with
female rats also developing macrovesicular steatosis. As a result, our findings suggest that
long-term high-fructose consumption may have distinct effects on metabolic function in male
and female ratd/ila et al. (2011found that female rats responded more negatively to hepatic
metabolic changes than male rats, which is consistent with our findings. The disparities could
possibly be attributed to variances in male and female reactivity tefuigiose caused by sex

hormone levels. In a sense théie male rats have more microsomal oxidative enzymes,
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whereas female’s rats have (ManrTkiel and Gavales o ma |
1992.

The combination of stearic acid and a hfginctose diet resulted in a reduction in dieduced
hepatic lipid conten{figure 4.1 A) as demonstrated by a substantial reduction in hepatic
steatosis scores in female rétgble 4.3 A) Suggesting that stearic acid intalezluced fat
caused by the subsequent higictose overload-emale rats administered stearic acid alone

as a supplemerdeveloped microvesicular and macrovesicular steatosis, yet maleacats
general normal hepatocellular architecture. The current study's findings imply that stearic acid
alone had no effect on liver dysfunction in male rats. However, its usage in fehalés lse
cautiously monitored. Th&enofibrate diet effectively prevented hifuctose dietinduced
microvesicular steatosis in botanfale and male rats. This implies that fenofibrate tends to
increase fatty acid oxidation rather than adipogenesis, which contributes to Hewpithg
propertiesOur findings suggest that stearic acid could serve as a hepatoprotective agent, its
inclusion could attenuate neaicoholic fatty liver induced by higfructose diet especially in

females.

4.6 Conclusion

This study foundthat a highfructose diet couldcause fatty liver diseas&exspecific
variations have been noted in response to high fructose M@tsalcoholic fatty liver disease
in female rats was characterized by increased hepatic lipid accumulation, amidronacre
vesicularhepatic steatosis, inflammati@nd fibrosis. In male rats, it was characterized by
microvesicular steatosis and hepatic inflammatidris study also showed, for the first time,
that stearic acid treatment reduced the deareknt of fructosenducednonalcoholic fatty
liver diseasdy lowering hepatic lipid contenit.is worth noting that stearic acid was effective
in substantially lowering higfructose dieinduced hepatic steatosiBhese results suggests
that stearic acid may protect against the development ealeoholic fatty liver disease. As a
result,stearic acid supplementation hhspotentialpreventive effecagainst on fructose diet
induced noralcoholic fatty liver disease.

High-fructose consumption can also lead to development of nephropathy. The next chapter will
explore the potential protective effects of stearic acid against irapairment caused by a

high-fructose diet in both male and female rats.
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CHAPTER 5

THE COMBINED EFFECTS OF A DIET ENRICHED WITH STEARIC
ACID AND HIGH -FRUCTOSE ON KIDNEY FUNCTION OF
GROWING FEMALE AND MALE SPRAGUE -DAWLEY RATS
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5.1 Introduction

The previous chaptdocusedon the combined effects of a diet enriched with stearic acid and
high-fructose on the development of raltoholic fatty liver disease of growing female and
male Spragu®awley rats. Long term and excessive consumption oftiigitose and/or high

fat digs can potentially damage essential organs such as kidaisysy et al., 20211 In

addition to filtering blood, kidneys produce and regulate essential hormones in the body that
serve to manage blood pressure, maintain body fluid levels necessary for the body to operate
and govern body chemist(izee and Mather, 2022These regulatory actions controlled by the
kidney are accomplished by managing the quantity of salt, water and other chemicals
circulating around the body.ee and Mather, 2022Therefore, this current chapter will focus

on the impact of a diet enriched with stearic acid and-fiigttose concentrations on the

possible development of nephropathy on Spredawley rats.

According to the International Society of Nephrole@iobal Kidney Health Atlas, chronic
kidney disease affects roughly 850 million individuals globéDguejiofor et al., 2021 Due

to high treatment costs and widespread effects on the health arokwejlof persons living

with kidney disease, the worldwide burden of kidney failure remains enormous. According to
the Pan American Health Organization, kidney disorders causgaPBF4talities in the region

in 2019, with men accounting for 131,008 deaths and women accounting for 123,020 deaths
(PAHO, 2021). Furthermore, in most nations, men outnumber women in terms of kidney
disease mortalityvan de Luijtgaarden et al., 201%sing a populatiorased studyGeorge

et al., 2019 evaluated the prevalence of chronic kidney disease in fouSahbran African
countries: Burkina Faso, Ghana, Kenya and South Africa. Chronic kidney disease was found
in 10.7% of the populatio(George et al., 2039In comparison to East and West African

countries, South Africa had the highest frequency of 1ZMéusa et al., 2021

Diabetic nephropathy is one of the chronic consequences of diabetes mellitus that occurs more
frequently in patients who have had diabetes for a long(@agoo and Gnudi, 20pand has
become the main cause of chronic kidney disd#se d o S e k Hoj % Diabetic al . |,
nephropathy affects 20% to 40% of diabetic people and is a significant impediment to the
patient's quality of lif§fHamza and Burton, 2023Research suggests that the burden caused

by excessive plasma glucose, which then has a deleterious impact on kidney fJostioet

al., 202}, leads to the development of diabetic nephropéitlymenteSuarez et al., 2032
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5.1.1 The mechanisms of renal damage frorhyperglycaemia

Hyperglycaemianhibits the polyol and hexosamine pathways from being activated, resulting

in irregular glucose metabolis(®hiagu et al., 2091Renal structural changes and dysfunction

are caused by abnormal glucose metabolism. The polyol pathway converts glucose to fructose
in two steps. Glucose is reduced to sorbitol, which is then oxidized to fructose in this process
(Ohiagu et al.,, 2021 Excessive activation of the polyol pathwdgads toexcessive
accumulation of sorbitol in cells, which disrupts the antioxidant capability of the cells
(Yagihashi et al., 201@hang et al., 202)a8As a result, the activation of many cellular damage
processes is accelerated, leading taltheslopment of a variety of ithetabolic complications

including diabetic nephropati{iNellaiappan et al., 2022

Whereas, the hexosamine pathvisyan important anabolic pathway whose product, uridine,
is required for glycosylation activitig®aneque et al., 2023 he latter, hexamine pathwasy

a mediator of the effect of excesstwgperglycaemian thebuild-up of the mesangial and renal
tubular matrix(Ohiagu et al., 202Paneque et al., 20p3Previous research has revealed that
hexamine pathway is implicatedlwyperglycaemianduced synthesis of transforming growth
factorl (Robson et al., 2018un et al., 2021 which facilitateshyperglycaemianduced
mesangial and tubular matrix development, hence speeding up the nephrosclerosis process in
diabeticnephropathyKokény et al., 2021 Glycosylation is the process by which glucose
undergoes a series of nenzymatic reactions that result in advanced glycation end products
(Lee and Mather, 2022The increased development of advanced glycation end products in
patients with diabetic nephropathy may be connected to the exposure of kidnegglto a
glucose environment over kengthy period of time, which enhances the likelihood of
glycosylation and accumulation of advanced glycation end progRearsvani and Mandal,
2023 Thomas et al., 2005

5.1.2 Fructose metabolism in the kidney

In the kidney, fructose is primarily metabolized at the proximal tuf@ji&rkman and Felig,

1982 GonzalezVicente et al., 201%and uses glucose as a substrate of gluconeogenesis during
normal physiologic conditions; contributes to maintaining systemic glucose concentrations
under starvatiorfCirillo et al., 2009a Longterm and excessive highuctose consumption
disrupts normal metabolism and becomes deleterious, eventually leading startend
developmenbf chronic kidney disease. Fructose metabolism in the liver produces glucose,
lactate and elevated uric acid. Excessive uric acid production, which ipr@dhyct of high
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fructose consumption causes oxidative stress and kidney digesagear et al., 2016 This
uric acid can caugeibuleinterstitial scarring and kidney fibrosis, increasing pressures within

the kidneys and causing kidney damégighnson et al., 2018ang and Nakagawa, 2005

Furthermore, high saturated fat and high cholesterol diets are linked to the development of
chronic kidney diseaséochan et al., 2020dermatt, 20111 A significantnumber of animal
studies have shown that eating a dieth in saturated fat and cholesterol daad tokidney
damage(GarciaArroyo et al., 2021 Thongnak et al., 2020High-fructose diets have been
demonstrated to induce as monocyte chemotactic prbt@iproximal tubular cell€Chan and

Lin, 2023 Wang et al., 2023 Monocyte chemotactic proteih recruits inflammatory
mediators that eventually lead to tubule damagecanttibue to kidney injury development
(Cirillo et al., 202).

5.1.3Kidney injury molecule-1

Kidney injury moleculel is a type 1 transmembrane protein that is increased in the renal
proximal tubule following acute kidney damage in r&sveral additional studies have shown
that KIM-1 might be a useful biomarker for detecting and diagnosing acute kidney injury
caused by nephrotoxin exposure. Kidney injury moleduls involved in kidney tissue
development and regeneration. Thus, dunidmtar injury, kidney cells produce kidney injury
moleculel, which is recognized as a distinct biomarker fdrular injury evaluatiorfTanase

et al., 201)

5.1.4 The function of stearic acid in the prevention of highfructose-induced kidney

damage.

The fast growth in the prevalence of chronic kidney disease is cause for great concern and thus
there is a need for disease protection. Stearic acid inctineent study & shown
hypolipidaemic and hepatoprotective effects and thus might suggest the potential role in the
protection against higfructose induced kidney injury. Furthermore, stearic acid is of
relevance in this study since no studies have investigatptbtective effects against kidney

injury in high-fructose diefied ratsas an experimental model for translation to humans
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5.2 Aim and objectives

This study aimed to investigédtee effects of a stearic acid alone and/or combinedfnigtiose
and stearic acid diet in the pafiitysidogy of highfructose dieinduced kidney dysfunction

in growing female and male SpragDawley rats.

Hypotheses

Ho: Administration of astearic acid alone and/or combined hfgictose and stearic actiet
to growing Spragu®awley rats has no effect on nephropathy.
Hi: Administration of astearic acid alone and/or combined hfglctose and stearic actliet

to growing Spragu®awley rats has an effect on nephropathy.

The specific objective of this part of the study focused on:

5.2.1 Nephropathy by assessing

5.2.1.1 kidney (absolute, relative to body mass and relative to tibial) masses.

5.2.1.2 kidney histanorphometry.

5.2.1.3 the circulating surrogate marker of renal tubular damage (plasma kidney injury

molecule-1).
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5.3 Materials and methods

5.3.1Ethical clearance for the use of animals and study site

Details of ethical clearance and study site are as described in Chapter 3, subheading 3.3.3.

5.3.2 Animals, housing and feeding

Housing, feeding and care of the experimental rats were as desar{Beadpter 3, subheading
3.3.4.

5.3.3 Experimental design and treatments

The detailed experimental design and treatments administered to theergsdescribeth

chapter 3, subheading 3.3.5.

5.3.4Kidney sample collection

The detailed kidney sample collection was as described in chapter 3, subheading 3.3.7. The
collected kidneys were weighed to get absolute masses and mass relative to body mass was
computed by dividing the mass of kidneys by the respective terminal body mass of each rat
and expressed as a percentage (%). Relative to tibial length (rTL) masses of the wakeys
computed by dividing the mass of kidn€g3 by the respective tibia length (mm) of each rat

and expressed ganmm.

5.3.5Processing of kidneysamplesfor histology analysis

For morphological analysis of kidney samples, the previdosigalin-preserved tissues were

used. The kidney tissue samples were processed using an automatic tissue processor (Microm
GmbH STP 120, Walldorf, Germangyer a duration 016 hours. Following processing, each
tissue sample was embedded in paraffin wax using a waxing machine (Thermolyne, Histo
Cent eN, Labotec, South Africa) and made into blocks and then sections of the kidney
were cut at 5pm t hrotorkenleisaBiosysems, giodal RM24a5 &FSy mi ¢
Nussloch Heildelburger, Germany) anMB35 Premier microtome blade (3430 mm).
Thereafter the sections were mounted on glass slides with frosted ends (Lasec Laboratories)
before staining. The slides were stained with haematoxylin and eosin (H&Bylansls o n ' s
trichrome (MT) for general tissue architectuaad fibrosisexaminationrespectively(Reyes

Gordillo et al., 200Y. The slides were then placed in mounting xylene and mounted with DPX

mounting media (Merck Chemicals, Pty Ltd) and covelpsith
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5.3.6Kidney histological analysesand fibrosis

A light microscope (Reichert®, Austria) with CCD camera (AxioCam BR&ev.2; ZEISS,
Germany) was used to view the slides at 400x magnificalioplicate digital images of the
kidney sections were obtained from different fields. Changes to kidney morphology were
analysed by measuring renal corpuscle area and glomerulus arealrmagey) software
(ImageJd 1.47v, Java 1.8.0_191; LOCI, University of Wisconsin). The area of Bowman's space

also known as urinary space was determined using these measurements:
Bowman's space = renal corpuscle area?jizglomerulus area (uf (Demirci et al., 202D

Glomerular density was calculated as follows:

Glomerular density =

A

To avoid bias, in the histopathological examination, the scorer was blinedndependent
histologists scoredone fromthe School of Anatomical Scienceat the University of
Witwatersrand and the other frotine Department of Human and Animal Physiologytta
University of Johannesburdhe histologists were blinded to both the sex and theé rats
treatmentegimers (identity) and scoring was done independenitigiso scored blindlyusing

r a husnbesinstead of a tremtiment regimendhe supervisors did not score however, they

crosschecked the final scores.

ImageJ software (ImageJ 1.47v/Java 1.6.0_045, Oracle America Inc.) was used to quantify the
development of fibrosis in the kidneys using MfRined slides at a 40x objecti{®&chneider

et al., 2012 To determine the area per pointJAand area fraction (Action) Of each kidney
section with connective tissue at 10x objective, the point count technique was used to calculate
t he s um @)fThegasnmula tised td c@lculate the apea point was:

A = Ap x >p,

Ap = area per point (17.39)

A = area

>p = sum of points falling on the connective
(7339.52 pmz2)

Distance in pixels was set at 162.

The area fraction of an i mage measuring 5945

formula:
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Afraction = [(A + 594501.7232 um2) x 100].
Afraction = area fraction

A = area

5.3.7 Determination of surrogate marker of kidney health

The plasma kidney injury molecule (pg/mL) concentration was measured using a kidney
injury moleculel (ELISA) kit for rats (Elabscience Biotechnology Co, Wuhan, Hubei
Province, China). A detailed description of the protocol used is attached in appéndix V
standard curve was constructed using known concentrations. The concentrations of kidney
injury moleculel in the samples were then determined from the constructed standard curve.
The control group rats had plasma kidney injury moledué®ncentrations below the lower
reportable limit for a rat kidney injury moleculeassay, hence they were assigned the lowest
detectable ELISA KIML1 concentration of 11.72 (pg/mL) of a healthy plagionin order to

perform the statistical comparisons as recommended by the kit manufacturer

5.3.8 Statistical analysis

Data analysis was done using GraphPad Prism 7 software (GadpBoftware Inc., San
Diego, USA).All normally distributedlata are expressed as mean * standard devi&tioop

means for comparisons between different dietary treatment groups were analyzed using one
way analysis of variances (ANOVA) and mean comparison using a Tukeh@osest with
statistical significance of p < 0.05 consideriédr the data presented in the table, the statistical
level of significance (fvalue) is that of the overalrgup differences before applying post hoc

test.
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5.4 Results

5.4.1 The effect of oral administration of stearic acid on absolute, relative to body mass
and relative to tibial length masses of the kidneys in growing female and male

Sprague- Dawley rats fed a highfructose diet.

The absoluterelative to body mass (rBM) and relative to tibial length (rftgsses of the
kidneys obtained from female rats following thevi@ek treatment intervention are presented
in table 5.1 A.

In female rats, the overall absolute kidney masses of the rats across treatment groups were
significantly different (p = 0.0372), ongay ANOVA, F 4, 3s= 2.88). The female rats whose

diet was supplemented with a hifflactose alone had no significant difference in absolute
kidney masses (p = 0.9996) when compared to the negative control rats fed a standard diet.
Similarly, female rats that received a traant of combined stearic acid and highctose diet

(p =0.2397) and their counterparts whose dgt btearic acid alone (p = 0.9970) as well as
those whose diet had combined fenofibrate and-frigdtose (p = 0.7389) had similar absolute
kidney masses in comparison to the negative control rats fed a standard diet (p > 0.05).
However, female rats fed @ombined fenofibrate and highuctose diet had significantly
higher absolute kidney mass (p = 0.0186) than female rats fed a combined stearic acid and
high-fructose diet (table 5.1 A).

The overall differences observed in relative to body mass kidney masses of the female rats
across treatment groups were statistically significant (p = 0.0464)wvan@NOVA, F (4, 34)

= 2.71). As shown in table 5.1 A. The hiffhctose diet had no effect (p > 0.05) on relative (to
body mass) kidney masses in female rats when compared to the negative control rats fed a
standard diet (p = 0.9710). Similarly, female rats that receivezhinient of combined stearic

acid and higffructose diet (p £.5525) ad their counterparts whose diet had stearic acid alone

(p = 0.8838) as well as those whose diet had combined fenofibrate anrfiucigise (p =
0.4923) had similar absolute kidney masses in comparison to the negative control rats fed a
standard diet (p >.05). The female rats that were fed a combined fenofibrate andrhiggbse

diet had significantly higher (p = 0.0299) relative (to body mass) kidney masses when
compared to the female rats fed a combined stearic acid anériogbse diet (table 5.1 A).
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In female rats, the overall relative to tibial length masses of the kidneys across treatment groups
were not significantly different (p > 0.05), om&y ANOVA, F 4, 34= 0.976). In summary, in
female rats, fenofibrate as an intervention resulted in a significantly heavier absolute and
relative (to body mass) masses of the kidneys when compared to stearic acid intervention.
The absolute and relative (to body mass) masses of kidney of the male rats following a 13
week dietary treatment period are presented in table 5.1 B. In males, the overall absolute kidney
masses of the rats between the five treatment groups were nataigtyfdifferent (p > 0.05),
oneway ANOVA, F @4, 34)= 0.476). Similarly, the overall, relative (to body mass) kidney
masses of the male rats between the five treatment groups were not significantly different (p =
0.2522), onavay ANOVA, F@,34= 1.438). In male rats, overall relative to tibial length masses

of the kidneys across treatment groups were not significantly different (p > 0.05)agne
ANOVA, F @4,34= 1.76).

In summary, in male rats, a higfuctose diet, stearic acid and fenofibrate interventions as well
as stearic acid alone as a dietary supplement resulted in similar absolute, relative (to body mass)

and relative to tibial length masses of kidney

136



Table 5.1 A The effects of stearic acid on absolute, relative to body mass (rBM) and relative to tibial length (rTL) kidney maegesgn g

female Spragu®awley rats fed a higfructose diet and or stearic acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid + Stearic acid Fenofibrate + Overall level of
Fructose Fructose S|gn|f|cance
Kidney mass (g) 1.83+0.11° 1.81 +0.16" 1.69 £ 0.112 1.85+0.09° 1.90+0.1% *(p =0.0372)
Kidney rBM (%) 0.67 + 0.04° 0.68+0.03*  0.65+0.03 0.69+0.03* 0.70 £ 0.0%4 * (p = 0.0464)
Kidney rTL (g/mm) 5.20 + 0.32 5.40 + 0.42 5.28 + 0.62 554+ 0.49 5.60+0.58 ns (p = 0.4333)

Data presented as mean * standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar s@vensotipignificantly

different at p < 0.05* within row means with different superscript were significantly different at p < 0.05. The control group is the negative
control which received standard rat chow and plain water to drink (n = 8); fructose group rats were fed standard raROBbWwsrtbe solution

to drink (n = 8); stearic acid and fructose group rats were fedatd rat chow enriched with 3% stearic acid and 20% fructose solution to drink

(n =7); stearic acid group rats were fed standard rat chow enriched with 3% stearic acid and plain water to drin&r(ofibi@)}efand fructose

group is the positive cortand the rats in this group received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose

solution to drink (n = 8).
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Table 5.1 B The effects of stearic acid on absolute, relative to body mass (rBM) and relative to tibial length (rTL) kidney messegjimagle

SpragueDawley rats fed a higfructose diet and or stearic acid for 13 weeks.

Treatment groups
Overall level of

Parameter i ; i ; ;
Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose
Kidney mass (Q) 2.87 £0.1% 2.73+0.222 2.73+0.32 2.74 +0.222 2.74 +0.222 ns (p = 0.7531)
Kidney rBM (%) 0.64 £ 0.03 0.64 £ 0.03 0.62 £ 0.04 0.64 £ 0.03 0.67 £ 0.04 ns (p = 0.2522)
Kidney rTL (g/mm) 8.03+0.72 7.43+0.87 7.15+0.8% 7.24 +0.522 7.52 + 0.56 ns (p =0.1591)

Data presented as mean * standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar swpensosjgnificantly
different at p < 0.05. Control group is the negative control which received standard rat chow and plain water to djinkuctesé group rats

were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid argkfgrotgp rats were fed standard rat chow enriched
with 3% stearic acid and 20% fructose solution to drink (n = 8); stearic acid group rats were fed standard rat chowihr@estearic acid

and plain water to drink (n = 8); fenofibrate and fructgsip is the positive control and the rats received standard rat chow and fenofibrate (100
mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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5.4.2 The effect of oral administration of stearic acid on kidneyhistomorphometry in

growing female and male Sprague Dawley rats fed a highfructose diet.

Now that we have investigated renal mass as part of determining some of the negative
consequences of diets, it is time to look at kidney histology. Table 5.2 A shows the
guantification of the renal corpuscle area, glomerular area and area of the Bounnams/
space in female rats. Figures 5.1 A shows representative haematoxylin and eosin (H & E)
stained kidney photomicrographs (400x magnification) of female rats after 13 weeks of
treatment. One photomicrograph was randomly chosen for each fpouppresentative

inclusion in the images below

The renal corpuscle area of female rats did not differ significantly among treatment groups (p
> 0.05) when compared to female rats fed a standard rat diet. There was no statistically
significant difference in the area of the glomermlfemale rats across treatment groups (p >

0.05). Female rats' Bowman's/urinary space was also not significant (p > 0.05). The glomeruli

density of rat kidneys wasmilaramong treatment regimens (p > 0.05).

Table 5.2 B shows the renal corpuscle area, glomerulus area and area of the Bowman's/ urinary
space in male rats. Figure 5.1 B shows representative haematoxylin and eosin (H & E) stained
kidney photomicrographs (400x magnification) of male rats after Eksvef treatment. One
photomicrograph was chosen at randoepresentativefor each group. Overall, across
treatment regimens, male rats' renal corpuscle area, glomerulus area, Bowman's/ urinary space

and glomeruli density were similar (p > 0.05).

Figure 5.2 shows representative Masson’ s tri
(100x magnification) of female (A) and male (B) rats followingwl&ek treatment periods.

Each group had one photomicrograph selected at raridegne was no significant difference

in liver fibrosis scores between female (p > 0.09-wag ANOVA F 4, 34 = 0.63) and male

(p > 0.05, oneavay ANOVA, F4,34)= 0.78) rats following the different dietary treatments.
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Table 5.2 A The effects of stearic acid on the kidriestanorphometry of the female SpragDawley rats fed a higfructose diet and or stearic

acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid + Stearic acid  Fenofibrate + Overall level of
Fructose Fructose significance

Renal cor puscl 8626+2372 8836+2252 8471+ 2407 8533 £ 2108 8912 +238F ns (p =0.985)
Gl omer ul us ar e 5540+2176 5826 +2188 5436+ 2176 5257 + 200B 5686 + 2023 ns (p = 0.660)
Bowman' s/ ur i na 3086+198% 3010+ 168¢ 3035 + 1534 3276 £ 1783 3226 £1809? ns (p =0.434)
Glomeruli density (N/um2.10f  7.20 + 1.32 6.40 £ 1.42 6.28 £ 1.62 554 +1.49 7.20 £ 1.57% ns (p = 0.175)
Fibrosis (%) 3.64 +1.5¢ 3.83+2.38¢ 328+1.52 3.56 + 0.8% 3.03+1.4%8 ns(p = 0.092)

Data presented as mean + standard deviation. ns = not significant with p > 0.05. 2 Within rows meandavittuperscripts are not significantly
different at p < 0.05. The control group is the negative control which received standard rat chow and plain water to 8Jirfkugtose group

rats were fed standard rat chow and 20% fructose solution to(dring); stearic acid and fructose group rats were fed standard rat chow enriched
with 3% stearic acid and 20% fructose solution to drink (n = 7); stearic acid group rats were fed standard rat chowihr@estearic acid

and plain water to drink (m 8); fenofibrate and fructose group is the positive control and the rats in this group received standard rat chow and

fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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Table 5.2 B The effects of stearic acid ¢ime kidney histmorphometry of the male SpragDawley rats fed a higfructose diet and or stearic

acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid +  Stearic acid  Fenofibrate + Overall level of
significance
Fructose Fructose

Renal cor puscl 10007+ 3351% 10469+ 3217% 10757 £3407 10469+ 36422 1175% 43552 ns (p =0.347)
Gl omer ul us ar e 7816+3142% 8826+ 290G 7636 +2176 8257 £2130% 9902+ 3622* ns (p = 0.250)

Bowman' s/ uri na 2191+1898 1643+ 138G 3121+ 123F 2212 + 1552 1855 +1809% ns (p = 0.243)
Glomeruli density (N/um2.10f  5.65 + 1.22 7.12 +2.88 5.24 + 1.5C¢° 5.70 £ 0.99 6.86 + 1.97 ns (p = 0.103)

Fibrosis (%) 5.76+ 0.93% 5.46+ 1.444 5.86+ 3.07° 5.58+2.775% 5.74 £ 3.38 ns(p = 0.054)

Data presented as mean + standard deviation. ns = not significant with p > 0.05. 2 Within rows means with similar sugwensotipitgnificantly
different at p < 0.05Control group is the negative control which received standard rat chow and plain water to drink (n = 7); fructose group rats
were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic acid and fructose group rats were fedtstaodaedriched

with 3% stearic acid and 20% fructose solution to drink (n = 8); stearic acid group rats were fed standard rat chowihr@estearic acid

and plain water to drink (n = 8); fenofibrate and fructose group is the positive control aais$ tleeeived standard rat chow and fenofibrate (100

mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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Figures 5.1 A Photomicrographs of the kidney histological sections, stainedthW&HE, from representative female Spragu@awley rats (one
from each dietary group) after 13 weeks of receiving standard rat chow and plain water to drink (I) or a standard rat 26@wfraictose
solution to drink(ll) or a standard rat chow enriched with 3% stearic acid and 20% fructose solution {®lkirimla standard rat chow enriched
with 3% stearic acid and plain water to drink (IV) or a standard rat chow and fenofibrated/i@Obody mass per day) and 20% fructose solution

todrink (V). The i mages were obtained at 400x magnification. Scale bar

142



Glomerulus

Bowman's space

Bowman's space

Figures 5.1 B Photomicrographs of the kidney histological sections, stainedHtiE, from representative male Sprague Dawley rats (one from
each dietary group) after 13 weeks of receiving standard rat chow and plain water to drink (I) or a standard rat chovrestdsz086lution to
drink (I1) or a standard rat chow enriched with 3% stearic acid and 20% fructose solution tgljrotka standard rat chow enriched with 3%
stearic acid and plain water to drink (IV) or a standard rat chow andifestef(100 mg/kg body mass per day) and 20% fructose solution to drink

(V).The i mages were obtained at 400x magnification. Scale bar = 20
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Figures5.2A The representative Masson’'s trichrome (MT) stainedmkidney
different treatment groupdhe bluegreen stairshowsthe extent of fibrosis in the cortical region of the kidn€lge control group (l) is the

negative control in which rats received standard rat chow and plain water to drink; fructose group (ll) rats were fddatahday and 20%

fructose solution to drink; stearic acid and fructose group (Ill) rats weradedasd rat chow enriched with 3% stearic acid and 20% fructose
solution to drink; the stearic acid group (IV) rats were fed standard rat chow enriched with 3% stearic acid and plaidnm&tehe fenofibrate

and fructose group (V) rats served asgbsitive control, rats were fed standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20%

fructose solution to drink. Scale bar = 100 pm.
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Figures52B The represent at i v stainkhkidisep mstokwgy photondchographsg40X madn)fication) of male rats from
different treatment groupShe bluegreen stairshowsthe extent of fibrosis in the cortical region of the kidn€lge control group (l) is the
negative control in which rats received standard rat chow and plain water to drink; fructose group (Il) rats were fdd atamday and 20%

fructose solution to drink; stearic acid and fructose group (lll) rats werddedasd rat chow enriched with 3% stearic acid and 20%o&act
solution to drink; the stearic acid group (IV) rats were fed standard rat chow enriched with 3% stearic acid and plaidrimétehe fenofibrate
and fructose group (V) rats served as the positive control, rats were fed standard rat chow ianatéefi@f0 mg/kg body mass per day) and 20%
fructose solution to drink. Scale bar = 100 pm.
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5.4.3 The effect of oral administration of stearic acid on kidney injury moleculel in

growing female and male Sprague Dawley rats fed a highfructose diet.

After assessing the kidney histologywas critical to monitor the animals' health by evaluating
any toxicity associated with the treatments. As a result, the concentration of kidney injury
moleculel, a surrogate marker of kidney function, was measured in this investigation. The
plasma concenttians of kidney injury moleculel of female and male rats are shown in Tables
5.3 A and B, respectively.

In female rats, overall kidney injury molectleconcentrations across the treatment groups
showed significant differences (p < 0.0001, -oveey ANOVA, F 4, 34)= 3.77). The KIM1
concentration in the female rats whose diet was standard rat chow and plain water to drink was
not detected. The female rats whose diet was-fiigtiose and their counterparts whose diet

had fructose but supplemented with stearic arid/or fenofibrate as well as the rats fed a
stearic acid alone diet had significantly increaged 0.0001) plasma concentration of KIM
compared to the female rats fed the standard diet. However, female rats that Haacltogk

and their counterparts whose diet had fructose but supplemented with stearic acid and/or
fenofibrate as well as thats fed a stearic acid alone diet had similar (p > 0.05)-KIM

concentrations.

In summary, the higifructose diet increased tipbasmakKMI -1 concentration. However, the
stearic acid and fenofibrate intervention failed to protect against thefroigfbse induced

increase in KIM1 concentration.

In male rats, overall kidney injury molectleconcentrations across the treatment groups
showed significant differences (p < 0.0001, -oveey ANOVA, F 4, 32)= 2.44). The standard

di et f ed ma torcentraidnss’signKidamMly differe(p < 0.0001)compared to
high-fructose fed and their counterparts whose diet had fructose but supplemented with stearic
acid and/or fenofibrate. Although, highuctose diet significantl{p < 0.0001)ncreased KIM

1 concentration when compared to the control, istesaric acid and fenofibrate interventions
failed to decrease the KHI concentration(p > 0.05) Stearic acid alone as a dietary
intervention significantly increased KH#l concentration compared to the male rats fed the
standard diefp < 0.0001)
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Table 5.3 A The effects of stearic acid &uney injury moleculé€l in growing female Spragui@awley rats fed a higfructose diet and or stearic

acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid +  Stearic acid Fenofibrate + Overall level of
Fructose Fructose significance
KIM -1 (pg/mL) -a 201.10 + 0.59 200.30 +0.0.7% 201.50 + 0.38 201.80 £ 0.63  * (p < 0.0001)

Data presented as mean * standard deviatibelow the assay detection lipiherefore lowestetectable concentration was used for statistical
analysesns = not significant with p > 0.05. 2 Within rows means with similar superscripts are not significantly differentG.p &vathin row
means with different superscript significantly different at p < 0.05. The control group is the negative control whicth seaeileed rat chow and
plain water to drink (n = 8); fructose group rats were fed standard rat chow and 20% fraktiee ® drink (n = 8); stearic acid and fructose
group rats wee fed standard rat chow enriched with 3% stearic acid and 20% fructose solution to drink (n = 7); stearic acid gragpfedts we
standard rat chow enriched with 3% stearic acid and plain water to drink (n = 8); fenofibrate and fructose grouptiselmptsi and the rats

in this group received standard rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution@lrink (n
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Table 5.3 B The effects of stearic acid &rdney injury moleculel in growing male SpraguPawley rats fed a higfructose diet and or stearic

acid for 13 weeks.

Parameter Treatment groups
Control Fructose Stearic acid + Stearic acid Fenofibrate + Overall level of
Fructose Fructose Slgnlflcance
KIM -1 (pg/mL) -a 181.08 + 0.0%  181.09 + 0.04 181.10 + 0.10 181.13 +0.06  * (p < 0.0001)

Data presented as mean * standard deviatibelow the assay detection limiherefore lowest detectable concentration was used for statistical

analysesns = nosignificant with p > 0.05. 2 Within rows means with similar superscripts are not significantly different at p < 0.05.¢Coumprol
is the negative control which received standard rat chow and plain water to drink (n = 7); fructose group rats wedar@dastelnow and 20%
fructose solution to drink (n = 8); stearic acid and fructose group rats were fed standard rat chow enriched with a#dsteati20% fructose
solution to drink (n = 8); stearic acid group rats were fed standard rat chow enithe2?o stearic acid and plain water to drink (n = 8);
fenofibrate and fructose group is the positive control and the rats received standard rat chow and fenofibrate (100ymgglsg ped day) and

20% fructose solution to drink (n = 8).
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5.5 Discussion

The study aimed to investigédtee effects of a stearic acid alone and/or combinedinigtiose

and stearic acid diet in the pathophysiology of Higictose dieinduced kidney dysfunction

in growing female and male SpragDewley rats. Previous research has revealed that
prolonged hyh-fructose consumption predisposes rats to kidney disease. We found that the
high-fructose diet had no influence on kidney mass, renal corpuscle area, glomerulus area,
Bowman's/urinary space, glomeruli density in both fenaalé male ratsFurthermore, the
stearic acid intervention had no effect on absolute kidney mass and did not protect the rats from
the highfructose dieinduced elevation ikidney injury molecul€l. In female and male rats,
fenofibrate intervention increased kidney mass but did not impair renal fucctiopared to

the other intervention groupStearic acid alone had no impact on kidney mass, renal corpuscle
area, glomerulus area, Bowman's/ urinary space or glomeruli density in rats, but it did elevate

kidney injury moleculel compared to the negative contiofemale and male rats.

5.5.1 Morphometry of the kidneys in stearic acid alone and/or combined highructose
and stearic acid dietfed growing female and male Spragudawley rats

Increased kidney mass is associated with chronic renal disease and implies abnormal kidney
growth (Hsu et al., 2006 Given that, higHructose intake aloneanalter kidney function via
glomerulonephritigfSanchezd ozada et al., 200AVu et al., 202p there is aconsiderable
chance of combined higHructose and/or fat diet consumption, which has been linked to
kidney damage via systemic release of-ipftammatory triggers such as uric acid and
oxidative stresgl.ubawy and Formanowicz, 202Russo et al., 2030The highfructose diet

had no effect on kidney masses in female or male rats across the treatment groups, according
to this study. According to (table 5.1 A)hile the kidney masses of the female rats fed a
combined fenofibrate and highuctose diet were significantly higher (p < 0.05) compared to

the kidney masses of the female rats fed a combined stearic aridutigise diet, the kidney
masses of the fematats from other treatment interventions were similar (p > 0.D&gse

finding suggests that treatment with stearic acid alone or as an intervention did not cause
damage to the kidneylhe current investigation found that kidney masses when expressed
relative to tibial length, fenofibrate had no significant differences across treatment groups in
both female and male rats (Table 5.1 A and™@vious studies have indicated that fenofibrate

is renoprotective in rat metabolic syndrome mod@faribeygi et al., 2018 In addition,

fibrates have been associated with decreased cardiovascular risk and are commonly used
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alongside statins to trelypertriglyceridemigHadijivasilis et al., 2022 Their use is typically
limited due to a reduction in glomerular filtration rate at the start of treatment.

Kidney massloneis an unreliable diagnosis for kidney diseas®a result, we next decided
to evaluate general renal attelcture assessment using histwrphometry.

5.5.2 Changes in kidney histomorphometry of the rats fed stearic acid alone and/or

combined highfructose and stearic acid diet.

The current study's kidney histological analysis revealed that the renal corpuscle area,
glomerulus area, Bowman's/urinary space and glomeruli density were similar in female and
male rats across the different treatment groups. As a result, -fringbsediet did not cause
kidney impairment. This study's findings contradict thosékmétowicz et al., 2011 who

found that higHructose consumption promotes kidney hammarifested as glomerular
fibrosis. Although there was a tendency tigbtly increasedfibrosisin the currentstudy;
especially in male ratgherewas no significant difference in the degree of fibrosis in the
cortical area of the kidneys between treatment groups in both male and femdleeawrdfore,

our data suggest that treatment regimens did not result in the deposition of connective tissue in
the glomerular tufbecausef glomerular sclerosif?erhaps dongerterm study could have

produced different results in line with previous studied used longer intervention durations

Furthermore, fenofibrate has been linked to nephrotoxicity in investiggtidtrgige et al.,

2013 HernandeZzArroyo et al., 2022 Nephrotoxicity can be caused by an imbalance in drug
influx and efflux into and out of renal cells, resulting in an increase in intracellular drug
concentration(lzzedine et al., 2005 The consistent size of the renal corpuscaeross
treatment groups could imply that Bowman's capsule did not expand due to glomerular
hyperfiltration (Kotyk et al., 2016 Sutherland et al., 2021Furthermore, the size of the
glomerular region in female and male rats was similar across treatment groups. These findings
may imply that no inflammation occurred in the kidneys because of podocyte hypertrophy and
aberrant mesangial enlargement becausglasherular hypercellularityAkhtar et al., 2020

Gusev et al., 2091

KIM -1 is a sensitive marker of renal damage which might not be discernible histolodically.
was therefore important to assess renal damage in the rats by determiningkudasyanjury

moleculel concentrations.
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5.5.3 A high-fructose diet, stearic acid alone and/or combined higfructose and stearic

acid diet increases plasm&idney injury molecule-1 concentrations

Research has confirmed that KIMas a biomarker is adequate for assessing nephrotoxicity in
a variety of chronic renal disorde(slassan et al., 2023/aidya et al., 2006 Therefore,
increased plasma levels of kidney injury moleelileave shown to be indications of kidney
damage(Vaidya et al., 2006 Increased plasma KIM levels in rats correlate with severe
kidney damage, both histological and functional. KIMevels in healthy renal tissue are
extremely low, if not undetectab{&honsha et al., 2024

In the current study, female and male rats were fed afhigtose diet for 13 weeks, which
resulted in an increase in the concentration of kidney damage meledulethermore, stearic
acid alone or irombination with a higtiructose and stearic acid diet, as well as fenofibrate
as a dietary intervention, failed to reduce kidney damage molgdelels. These data imply
that the higHructose diet was nephrotoxar induced tubular damagevhile intervention
treatment with stearic acid alone or in combination with a-frigttose and stearic acid diet as
well as fenofibrate failed to protect the kidneys. Our findings correspond with thbae eif

al. (2023) Yustisia et al. (2022)who found that feeding saturated fats and/or cholesterol to
adult male rats for eight weeks predisposed to kidney damage, as seen by higher than normal
kidney injury moleculel levels.Furthermore, the results from the current study are consistent
with Cirillo et al. (2009b)who reported that higfructose diet causdsnctionalrenal tubule
damage.

Although the kidney histomorphometry data indicated that there was no inflammation in the
kidneys, we cannot infer that steaaicid,as a dietary intervention in this study is safe for the
kidneys.The present study demonstrated that stearic acid did not prevedfittutgseinduced
proximal tubular damage, as evaluated by plasma renal injury moleadacentrations in
female and male rats fed a combined stearic acid andthigtose diet. My inestigation found

that supplementing with stearic acid radoraised plasma kidney damage moledulevels.
However it must be noted that increaseshal proximal tubular epithelial cell regeneration has
been linked to an increase in kidney injury mole€u{eim et al., 2013Stamellou et al., 2031

It is uncertain if stearic acid increased kidney injury moledwe nephrotoxicity or proximal
tubular epithelial cellegenerationas we were unable to probe for specific mark&ssa result,
further investigation is necessary.

Kidney damage moleculg is a more specific, sensitive, as well as accurate measure of kidney

injury in rats, outperforming creatinine and urea as predictors of histopathological alterations
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in response to toxican{€haturvedi et al., 200®bert et al., 2021 Therefore, in the present
study, only plamakidney damage moleculewasdetermined as a surrogate marker of kidney
health.

5.6 Conclusion

The studyfindings confirm thepreviousreportsthatlong term consumption @t highfructose

dietcan produce renal dysfunction in both female and male rats as demonstrated by elevated
kidney injury moleculel concentrationsKidney injury moleculel concentrations were
expressedat low levels below detection in the normal kidnéjowever, there were no
discerniblevariations in renal corpuscle area, glomerulus area, Bowman's/urinary space or
glomeruli density were seen between treatment groups in female and maleheattudy
findings also imply that stearic acid supplementation like fenofibrate indyce kidney

abnormalities and should hembe administered with caution

Having shown that longerm consumption of stearic acid in growing female and male Sprague
Dawley rats maynduce kidney dysfunctiothe nexsupplementarghapter presents the effect
of stearic acid on the gastrointestinal tract and visceral organ morphometry in growing female

and male rats.
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CHAPTER 6

THE COMBINED EFFECTS OF A DIET ENRICHED WITH STEARIC
ACID AND HIGH FRUCTOSE ON GASTROINTESTINAL AND
VISCERAL ORGAN MORPHOMETRY IN GROWING FEMALE AND

MALE SPRAGUE -DAWLEY RATS
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6.1 Introduction

The preceding chapter examined the combined effects of a stearic acid afrdidtioge diet
on the development of nephropathy in growing female and male Sgbeyuey rats. Oral
delivery of dietary interventions is known to have the ability to changduthetion and
structureof organs of the gastrointestinal tréGawat et al., 2023 Common changes include
altered (reduced/increasedyrowth and developmente.g. impaired transport processes)
(Hargreaves et al., 202Rloelscher et al., 2002As the initial point of contact for digestion
and absorption of any orally ingested dietary f¢@@dwat et al., 2023t is therefore prone to
toxic insults which can damage tigastrointestinal trac{Shahsavari and Parkman, 2022
Ingested substances can also alter the microbiome cagmirtgand longterm unfavorable
metabolic effects includg excessive lipogenesis, obesity, cardiovascular disegse, Il
diabetes and hypercholesterolaenfidoelscher et al., 2002Stefan, 202D Examining
gastrointestinal tract and visceral organ morphometnyyides a simple tool texplore the

possiblenegative/positivémpact of diets on the structure of the gastrointestinal system

Therefore, the present chapter will focus on the effect of a diet rich in stearic acid and high
fructose concentrations on the potential changeadtrointestinal tract morphometry on

SpragueDawley rats.

The impact of oral administration of teearicdietary intervention is not known in the present
study. The reason this study is important, is to determine whether or not, the dietary
intervention will be harmful or protective towards organs of the gastrointestinal tract. Evidence
on the impact of diery changes and nutrition made early in childhood on neonatal growth and
physiology has been shown to be significant over the life of thé@aifoteau et al., 2009
LangleyEvans, 2006 During this critical stage of developmental plasticity, changes that
occur during the neonatal phase may have a positive health impact by reducing the
development of metabolic and developmental disorders later i{Difarden et al., 201&hu

et al., 201)

6.1.1 How dietary fatty acids affects the gastrointestinal tract

Dietary fatty acids areessential for the normal functioning of the gastrointestinal syetem
et al., 202). Theyinfluences a variety of factors, includiafsorption and digestiqiXu et al.,
2021, nutritional bioavailabilityFave et al., 2004 microbiotaand gut healtliMachate et al.,
2020. Given that the intestine is the nutritional supply organ, dietary fatty acids can have an
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impact onimpairing nutrient absorption in the intestinse et al., 2022 Dietary fatty acids
regulates the rate at which nutrients enter the circulatory system, which can be beneficial to
health (Machate et al., 2020 Previousresearchhas revealed thafat can slow stomach
emptying, disrupting the overall absorption procédbumrad and Davidson, 2012In
addition, fat intake might affect the availability of digestive enzymes in the colon, hence
influencing nutritional digestion and absorpti@gtavindran et al., 201&u et al., 202). The
digestibility of fatcontaining diets impacts the absorption and use of nutrients by tissues,
affecting their bioavailabilit{Fave et al., 2004 Furthermore, the physical structure of meals,
especially fat content, influences their functional impact and the availability of chemicals in

thegastrointestinal tragiViaxton et al., 1989

The caecum, small and large intestines and storfsaxchpancreas as an accessory organ) are
the organs thatvere measuredThe fatcomposition of the diahfluences the growth and
development of the various organs of the gastrointestinal system in rats and other animals. In
animal studies,Gill et al. (2021) showed thatdiets containing 3% fibre stimulate

gastrointestinal tract development and the synthesis of digestive enzymes

6.1.2 Gastrointestinal tract macromorphometery is an important toxicological measure

In summarydietaryfat influences thgastrointestinal tracts f unct i oni ng, nutr
and overall health. Understanding these mechanisms helps us appreciate the coanplay int
between diet, digestioand weltbeing Therefore, gstrointestinal tract macromorphometery

is an essential toxicological assessment, especially when determining the effects of drugs as
well as compounds on the digestive syst@vaxton et al., 1980 By examining the
macroscopic aspects of tgastrointestinal tradh the current study, we may get insight into

the possiblgrotective and/oharmful effects of stearic acid, as well as completely examine its
safety and influence ogastrointestinal healtbAs a result, the dietary implications of the
combined consumption of stearic acid and Higittose, as well astearic acid alone, are

unknownand this is the reason for this chapter.
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6.2 Aim and Objectives

This study aimed:
To investigate the lonterm effects of a stearic acid alone and/or combinatoriatinigitose
and stearic acid diet fed to growing female and nsgdeagueDawl ey rat’' s gastr

visceral organ morphometry.

Hypotheses
Ho: Administration of a stearic acid alone and/or combined-frgttose and stearic
acid diet to growing Spragtl@awley rats has no effect gastrointestinal and visceral
organ morphometry
Hi: Administration of a stearic acid alone and/or combined-fngttose and stearic
acid diet to growing Spragt®awley rats has an effect on gastrointestinal and visceral

organ morphometry

The specific objectives of this part of the study focused on:

6.2.1 Gastrointestinal and visceral organ morphometry

6.2.1.1 To assess the structure of the gastrointestinal tract which is the first point of contact
of orally administered substances by assessing gastrointestinal tract and visceral organ
absolute and relative (to body mass) masses and lengths of the smallerdestin

large intestine.
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6.3 Materials and methods

6.3.1 Ethical clearance for the use of animals and study site

Details of ethical clearance and study site are as described in Chapter 3, subheading 3.3.3.

6.3.2 Animals, housing and feeding

Housing, feeding and care of the experimental rats were as described in Chapter 3, subheading
3.3.4.

6.3.3 Experimental design and treatments

The detailed experimental design and treatments administered to the rats was as described in

chapter 3, subheading 3.3.5.

6.3.4 Determination of gastrointestinal tract and viscera organ morphometry

The abdomen was cut open by a midline incision after blood was collectestoiachsmall

and large intestinesaecum an@ancreas werearefully dissected ouThereaftethe stomach,

small and large intestines and caecum were all gently engfteshtentand weighed using an
electronic balance (Presica 310M, Presica Instruments AG, Switzerland). The small and large
intestine lengths were measured using a ruler attached to the dissectiondvgardmass
relative to body mass (rBM) was computed bxiding the mass of each organ by the respective

terminal body mass of each rat aagressed as a percentage (%).

6.3.5 Statistical analysis

Data analysis was done using GraphPad Prism 7 software (GadpBoftware Inc., San
Diego, USA). All normally distributed data are expressed as mean + standard deviation. Group
means for comparisons between different dietary treatment groups were ansiygedne

way analysis of variances (ANOVA) and mean comparison using a Tukeph@o$tst with
statistical significance of p < 0.05 considered. For the data presented in the table, the statistical
level of significance (fvalue) is that of the overalrgup differences before applying post hoc

test.

157



6.4 Results

Table 6.1 shows the effects of stearic acid on gastrointestinal tract and visceral organ absolute
and relative (to body mass) masses and lengths of the small intestine and large intestine in

growing female SpraguPawley rats fed a higfructose diet andfostearic acid for 13 weeks.

There was no significant difference (p > 0.05) in caecum absoluteM@n@&NOVA, F 4, 34
= 1.149) and relative to body mgsseway ANOVA, F@,34=1.102) masses across treatment
groups, indicating that the diet treatments had no effect on the caecum.

The large intestine absolute (eway ANOVA, F 4, 34= 2.665) and relative body mass (ene
way ANOVA, F@4,34)= 2.374) masses and large intestine lengths\@meANOVA, F 4, 34)=
0.2584) were similar (p > 0.05) across treatment groups.

The pancreas absolute (eway ANOVA, F 4, 349= 0.8323) andelative to body mass (one

way ANOVA, F 4, 34)= 2.265) masses were similar (p > 0.05) across treatment groups.

Across the treatment groups for female rats, there were no significant difference (p > 0.05) in
small intestine absolute (omeay ANOVA, F 4, 34)= 2.387) andelative to body mass (one
way ANOVA, F4,34= 1.603) masses across treatment groups.

Additionally, the stomach absolute (emay ANOVA, F @4, 32 = 1.115)andrelative to body
mass (onavay ANOVA, F 4, 34 = 1.340) masses were not significantly different (p > 0.05)

across treatment groups.

In summary, in female rats, a hiffuctose diet, stearic acid and fenofibrate interventions as
well as stearic acid alone as a dietary supplement did not affegastr®intestinal tract and
visceral organ absolute and relative (to body mass) masses and lengths of the small intestine

and large intestines.
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Table 6.1 The effects of stearic acid on gastrointestinal tract and visceral organ absolwg&atwnel (to body magsnasses and lengths of the

small intestine and large intestine in growing female Spr&aweley rats fed a higfructose diet and/or stearic acid for 13 weeks.

GIT Parameters

Treatment Groups
Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + o
Fructose Fructose significance

Caecum mass (Q) 1.22+0.47 1.04£0.18 0.99+0.12 1.02 £ 0.07 1.02+0.18 ns (p = 0.3504)
Caecum rBM (%) 0.45+0.16 0.39 £ 0.04 0.38 £ 0.04 0.38 £ 0.03 0.38 £ 0.0 ns (p = 0.3713)
LI length (mm) 212.50 + 25.63 217.50 £ 19.27 217.10+ 12.86 209.00 + 14.38 215.00 £ 18.13 ns (p = 0.9025)
LI mass (g) 1.49+0.14 1.34+0.14 1.36 £ 0.2 1.54 +0.09 1.39+0.168 ns (p = 0.080)

LI rBM (%) 0.55+ 0.0 0.50 £ 0.0 0.52 £ 0.0 0.57 £ 0.03 0.51 £ 0.0 ns (p = 0.0716)
Pancreas mass (Q) 1.04 £0.3P 1.15+0.16 1.08 £ 0.2¢ 1.02+£0.18 1.17+0.13 ns (p = 0.5141)
Pancreas rBM (%) 0.38 £ 0.1 0.43£0.08 0.41 +£0.08 0.37 £ 0.07 0.43£0.08 ns (p = 0. 405)
Sl length (mm) 1263 + 39.18 1268 + 73.38 1248 + 81.34 1266.00 £ 77.28 1298 + 68.66 ns (p = 0.6015)
Sl mass (Q) 7.32 £ 0.5¢ 7.45 £ 0.56 6.90 £+ 0.96 7.03+0.73 7.70£0.67 ns (p = 0.0697)
SI rBM (%) 2.69+0.1PF 2.81+0.32 2.63 £ 0.29 2.60+0.17 2.83+0.18 ns (p = 0. 196)
Stomach mass (g) 144 +0.14 148 +0.17 1.43+0.19 1.48 +0.2F 1.59+0.1¢ ns (p = 0.3656)
Stomach rBM (%) 0.53+0.08 0.56 £ 0.03 0.54 £ 0.0 0.55+0.07 0.58 £ 0.04 ns (p = 0.2751)

Data presented as mean + standard deviation. ns = not significant with p > 0.05. * p < 0.05. @ Within rows means wsthpsirsdapts are not

significantly different at p < 0.05. The control group is the negative control which received standard rat chow andesl&indmiak (n = 8);

fructose group rats were fed standard rat chow and 20% fructose solution to drink (n = 8); stearic actdosedgitoup rats were fed standard

rat chow enriched with 3% stearic acid and 20% fructose solution to drink (n = 7); stearic acid group rats were fedasteimalarenriched with

3% stearic acid and plain water to drink (n = 8); fenofibrate and Baawooup is the positive control and the rats in this group received standard

rat chow and fenofibrate (100 mg/kg body mass per day) and 20% fructose solution to drink (n = 8).
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Table 6.2 shows the effects of stearic acid on gastrointestinal tract and visceral organ absolute
and relative (to body masmasses and lengths of the small intestine and large intestine in

growing male SpraguBawley rats fed a higfructose diet and/or stearic acid for 13 weeks.

There were no significant differences in absolute and relative caecum masses (p > 0.05).
However, the rats given a combination of stearic acid and fructose, had a lower caecum
absolute (p = 0.0497) and relative to body mass (p = 0.0486) masses tharsgitenastearic

acid alone.

Male rats had similar large intestine lengths (@ ANOVA, F 4, 349= 1.450) and large
intestine masses relative to body mass {wag ANOVA, F 4, 34)= 1.985) across treatment
groups (p > 0.05). However, rats given a combination of fenofibrate and fructose had
significantly decreased absolute large intestine mass (p = 0.0250) than male rats receiving a
standard diet.

The pancreas relative to body mass across all treatment groups was similar (p > 0.05).
However,rats administered combined stearic acid and fructose had significantly (p = 0.0366)
heavier pancreas absolute masses than the pancreas masses from rats administered stearic acid

alone.

Across the treatment groups for male rats, there were no significant differences (p > 0.05) in
small intestine absolute (oveay ANOVA, F 4, 34)= 1.574)andrelative to body mass (one

way ANOVA, F @4, 34)= 1.340) masses across treatment groups. There were no significant
differences in the lengths (mm) of the small intestines (p = 0.2776yap@&NOVA, F 4, 34

= 2.263) of the male ratross treatment groups.

There was no significant difference (p > 0.05) in stomach absoluteM@an@&NOVA, F @4, 34
= 0.5165)and relative to body mass (oreay ANOVA, F (4, 32y = 2.441) masses across
treatment group®r male rats.
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Table 6.2 The effects of stearic acid on gastrointestinal tract and visceral organ absolute and relative (to Hadgssassand lengths of the

small intestine and large intestine in growing male Sprédawley rats fed a higfructose diet and/or stearic acid for 13 weeks.

GIT Parameters Treatment Groups

Overall level of

Control Fructose Stearic acid + Stearic acid Fenofibrate + significance
Fructose Fructose
Caecum mass (g) 1.31 £ 0.24° 1.50 £ 0.2F° 1.25+0.17 1.54 +£0.27 1.28 +0.16° *(p=0.0166)
Caecum rBM (%) 0.29 + 0.0%° 0.36 + 0.06° 0.29 +0.05 0.36 + 0.06 0.31+0.02 * (p = 0.0088)
LI length (mm) 242.90 +15.77 238.10 £ 13.61 231.30+18.85 245.60 + 8.21 234.40 £ 9.80 ns (p = 0.450)
LI mass (g) 1.99+0.18 1.84+0.2% 1.81+0.2% 1.98 +0.28 1.66 + 0.08 *(p =0.0169)
LI rBM (%) 0.44 £ 0.08 0.43+0.08 0.42 +£0.02 0.46 = 0.06 0.40 £ 0.08 ns (p = 0.1189)
Pancreas mass (g) 1.51 + 0.25° 1.58 +0.18° 1.65+0.19 1.36 £ 0.1% 1.42 +0.22° *(p =0.0323)
Pancreas rBM (%) 0.33+£0.04 0.37 £0.08 0.38 £0.08 0.32£0.08 0.35+0.06 ns (p = 0.0825)
Sl length (mm) 1478 + 104.60 1463 +97.93 1394 + 68.43 1448.00 + 110.60 1383 + 119.10 ns (p = 0.2770)
Sl mass (Q) 9.79 £1.17 9.89 £1.5% 9.23+0.76 9.24 £ 0.64 8.74 £ 0.98 ns (p =0.2035)
SI rBM (%) 2.17+0.22 2.32+0.3% 2.13+0.18 2.15+0.18 2.11+£0.16 ns (p = 0.2754)
Stomach mass (Q) 1.96 +0.19 2.03+0.2% 211+0.22 2.02+0.2F 1.97 £ 0.27 ns (p = 0.7241)
Stomach rBM (%) 0.43+0.08 0.48 £0.04 0.49 £0.03 0.47 £0.04 0.48 £0.08 ns (p = 0.0655)

Data presented as mean + standard deviation. ns = not significant with p > 0.05; * p < 0.05. @ Within rows means wstpgiradapts are not
significantly different at p < 0.05:® Within rows means with different superscripts are significantly different at p < 0.05. Control group is the
negative control which received standard rat chow and plain water to drink (n = 7); fructose group rats were fed starmaahch?0% fructose
solution to drink (n = 8); stearic acid and fructose group rats fedrstandard rat chow enriched with 3% stearic acid and 20% fructose solution
to drink (n = 8); stearic acid group rats were fed standard rat chow enriched with 3% stearic acid and plain watgnte 8jinlenofibrate and
fructose group is the posie control and the rats received standard rat chow and fenofibrate (100 mg/kg body mass per day) antb28% fruc
solution to drink (n = 8).

161



6.5 Discussion

It is critical to quantify the organ masses because of the possibility of toxicological
consequences when using or testing new dietary intervenMyasused masses of the
gastrointestinal tract and visceral organs adjusted byy bmass for normalizing
gastrointestinal tract and visceral organ weight (%BM). In the current Stotgdyyentions

include consuming a high fructose diet and/or combining it with fenofibrate and/or stearic acid
had no effect on caecum (female rats), large intestine (female rat€yeps (female rats),
stomach (both female and male rats), small intestines (both female and male rats) absolute and

relative to body masses of thetsacross treatment groups.

In male rats, a combined high fructose with stearic acid as an intervetgmeased caecum
mass (relative tdody mask compared to higiiructosefed caecum massaecum is an
essential site for fermentation and ttreationof short chain fatty acids, whiatreatesmore
energy forthe body (Zacchetti et al., 2007 Consumption o# fiberrich diet canthe mass of
the caecum andhcreass the volume offaecespassing through the cecurflso, dronic
inflammationandbr infections in the cecum can induce edéhiassan et al., 2021Given the
caecum's major purpose which is to absorb fluids and saltethain after intestinal digestion
and absorptiorfSvihus et al., 20)3the existence of osmotically active chemicals that may
impact the caecum mass is possible. Howeverptitential negativeffectsof fructose and
stearic acidon growth factors in cell proliferation and migrati¢Alison and Sarraf, 1994
Zhang et al., 2029bshould not be overlooked as a possible explanation for the decreased
caecum massbserved in the combined stearic acid and {igbtose diet fed male rat§he

mechanism behind our study's findingsinknown.

In this study, we observed that the large intestine mass (absolute) of male rats fed a combined
fenofibrate and high fructose diet as an intervention was lighter than that oéipautied the

control diet (table 6.2)The observed reduction in large intestine mass might be attributable to
altered gut microbiota and consequent reduced short chain fatty acids which normal have a
trophic effect on the large intestifiglachate et al., 202@®gus et al., 2020 Although fluid
consumption was not precisely assessed, this study noted that the rats fed fructose drank
significantly more than those fed plain wattrus providing a substrate (fructose) which is
known to have aegative impact on the gut microbiomfg(s et al., 2020

Interventions including consuminghagh fructose diet and/or a high fructose diet combined

with fenofibrate and/or stearic acid as interventions had no effect on the pancreas when
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compared to the male rats fed a standard diet, combined stearic acid and high fructose fed to
male rats resulted in much heavier pancreas than male rats fed stearic acid alone. However,
when expressed relative telative body massthere was no difference compared across
treatment groups. Therefore, the observed difference in absolute mass, which is not normalised
to body massmay not be biologically significant. This finding suggests that stearic acid, as an

intervention did nogrossly impacthe pancras.

The small intestines and stomach masses were not significantly difference across treatment

groups suggesting a lack of toxicity to these two organs.

The lack of differences in absolute and relative visceral macngphometry organ masses
between the negative controls and stearic almdeassupplementn both female and male
rat’' s stggestdhatomleadministration of stearic aatbne,asa supplementlid not

cause visceral organ atrophy or hypertrophy.

6.6 Conclusion

This studylooked intothe longterm effects of a stearic acid alone and/or combinatorial high
fructose and stearic acidiet fed to growing female and male Sprajua wl ey r at '

gastrointestinal visceral organ morphometry.

An unrestricted highiructose diet (for drinking) was utilized;hich has been shown ilmduce
metabolic impairment in dighduced ratnodels A dietary saturated fatty acid was also fed to

the rats as an intervention. An exciting finding was that there were no adverse effects observed
with the administration of combinatorial higluctose and stearic acid diet in both female and

mal e rt@ihtéstinal giswesal organ morphometry except for caecum (rTL).

The following chapter begins by summarizing the primary findings of this current research.
Following that, the limits of the current research are noted and lastly, recommendations for

further research are made.
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CHAPTER 7

OVERALL CONCLUSIONS, LIMITATIONS AND
RECOMMENDATIONS
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7.1 Overall conclusions

The overall aim of this study wds investigate the lonterm effects of a stearic acid alone
and/or combined higfructose and stearic acid diet fed to growing female and male Sprague

Dawley rats against highuctose dieinduced metabolic dysfunction.

In this study, both female and male ratsrefed a highfructose diet for 13 weeksvhich has
beendemonstrated to be a successfperimental intervention in diet induced models for the
development ometabolic abnormalities, neadcoholic fatty liver disease and produced renal
dysfunction.However, in the current studyhe interventions did not result in development of
all the characteristics of metabolic syndronthee were notablesexually dimorphic
differences in the outcomes to the interventiditgerefore highlighting the need for research
to experimental models to not be confined to a single sex (often njBEs)y and Zucker,
2011, Shansky and Murphy, 20pas this leaves out key sex related informationraitdrates

the fact that findings in males cannot be extrapolated to females and vice versa.

Metabolic dysfunction in female rats was characterized by hypercholesterolemia,
hypertriglyceridemiaand increased visceral adiposity, whereas hypoadiponectinaemia was
identified in males. The higfructose dieinduced noralcoholic fatty liver disease in female

rats was characterized by increased hepatic lipid content, microvesicular steatosis aad hepa
inflammation. Meanwhilemale rats with a higifructose diet developed naicoholic fatty

liver diseasecharacterized by increased hepatic lipid contéithough there was not a
noticeable kidney morphometry characterized by no variations in renal corpuscle area,
glomerulus area, Bowman's/urinary space or glomeruli density across treatment groups. A
high-fructose dietinduced nephropathy was confirmeg bigher kidney injury molecui¢

concentrations in both female and male rats.

As a dietary intervention, the combined stearic acid and-finigihose diet protected female

and male rats from highiuctose dieinduced metabolic dysfunction, nahcoholic fatty liver
disease and renal dysfunction. When rats were fed a comdteadc acid and higfructose

diet, it causedhyperadiponectinaemia but had no effect on visceral fat (female rats), fasting
glucose concentrationsinsulin, Homeostasismodel assessment of insulin resistance.
Furthermore, this study found that combining stearic acichagtdfructoseprotected against
micro-steatosis and lowered hepatic lipid content therefore having no negative effects on liver
and kidney function. Overall, this study found that stearic acid protects against the development
of some clinicallyimportantelements ometabolic dysfunctin including non-alcoholic fatty
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liver disease and renal dysfunction caused by a long term and excessive consumption of a high

fructose diet.

Stearic acid, as a dietary supplement, had no effect on rats' growth performance, visceral and
epididymal (male) obesitgndgastrointestinal visceral organ morphomettys worth noting

that when rats were administered stearic acid, total cholesterol (both sexes) did nobahange
total triglyceride concentrations decreased (femaleggmale and male rats, this study found

that a diet that included stearic acid increased plasma adiponectin concentrations while having

no negative effects on glucosesulinand HOMAIR.

Furthermore, this study discovered that stearic acid had no negative effects on hepatic and
kidney morphology and function in males. However, in female rats, it caused hepatic micro
and macrovesicular steatodifferencesobserved could bdue to different steroid hormone
profile, adiposity and metabolrates, whicthave an impact on tissue/organ fat accrefldre

hepatic fatty acid profilekaveshown that the female rats administered stearic acid had the
highest amount of total polyunsaturated fattida and the lowest omega 6 to omega 3 ratio,
whereas male counterparts had increased total monounsaturated fatty acids but lower total
polyunsaturated fatty acids and omega 6 to omega 3 ratiesall, this study found that stearic

acid alone, as a dietary supplement, may have a significant benefit in mitigating metabolic
dysfunction. In the fight against metabolic dysfunction, this study suggests using stearic acid

instead of moradverselymetabolically active saturated fats found in food additives.

This is, to the best of my knowledge, the first study to report on the preventive benefits of a
stearic acidenricheddiet againsthigh fructoseinduced metabolic dysfunction and Ron

alcoholic fatty liver diseasas well as hepatifatty acid profiling

7.2 Limitations and recommendations

It is a limitation that the study was descriptive in nature. Therefateref research should
examine employing cellular and molecular approaches to clarify the various pathways by
which stearic acid exhibited iteemarkable werall health positive effectdzor example,
experimental studies involving stearic acid at various doses and assessing renal tissue a) nuclear
factor kappa B expression, a transcription factor that activates mesangial cells leadingyto kidne
injury, b) neutrophil gelahaseassociated lipocalin (NGALand c)interleukinl8, a potent
inflammatory cytokine constitutively expressed in kidney tubular epithelia, are required to back
up the current study findings. Additionally, there is a need fdeootar studies to investigate

the underlying mechanisms of these pathologies, such as mechanisms involving activation of
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adenosine monophosphaetivated protein kinasend sterol regulatory binding element
protein 1, which are involved in the development of hepatic stealbsisalso proposed that
future studies look at urine composition, as it may contain extra protein, toxins, and blood after
renal failure.lt is also suggested that future research should consider analysis of the gut

microbiome since it has been intricately associated with metabolic dysfunction.

Stearic acid dietary treatments protected the rats in a sexually dimorphic masewezral of

the study targets emphasizing the significance of future investigations assessing possible
preventive agents in males and femalBlsere is need for future studies to also consider
investigating potential epigenetic changes including assessment of DNA methylation,
microRNAs, histone modification and chromatin remodelling so as to investigate whether the

protective effects of stearicid can be intergenerational

It is also recommended that future research should consider-Micfor a more detailed

investigation of the impact of stearic acid on bone structure as well as fat distribution.

The takehome messagieom this study's findings is that saturated fatty acids in oils should be
partially substituted with stearic acid to create modified oils rich in stearic acid. Stearic acid
rich modified oils can be used in a range of culinary appbos to combat metabolic
dysfunction and the nealcoholic fatty liver disease pandemic. However, it is recommended
that stearic acid be used as a dietary supplement with cauttbmonitoring of their health
especially in females where it could prgutiseto the development of steatosensidering that
other health risks associated with metabolic dysfunction were not alleviated.
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Appendix 1: Animal Ethics Screening Committee Clearance Certificate

\J
STRICTLY CONFIDENTIAL
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Appendix 2: Enzyme Linked Immuno-Sorbent Assay (ELISA) Rat INS (Insulin) and Rat ADP/Acrp30 (Adiponectin) kits

assay procedure

I Elabscience

www.elabscience com

6th Edition, revised in June, 2015
(FOR RESEARCH USE ONLY. DO NOT USE IT IN CLINICAL DIAGNOSIS 1)

Rat INS (Insulin) ELISA Kit
Catalog No: E-EL-R2466
96T

This manual must be read attentively and completely before using this product.
May you have any problems, please contact our Technical Service Center for help.
Phone: 86-27-87805095

techelabscience@gmail com
Website: www:elabscience.com

Please kindly provide us the lot number(on the outside of the box) of the kit for more efficient service.
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Intended mse

This ELISA kit spplies to the mvitre quamtitstive detemcnation of RatlNSconomtrations & sengs,
plase and other biclogical fhids.

Sensitiviry
The minimims detectable dose of RalNSn 187 egml (The semmtiaty of thos assay, orbowest

detectable Il DL) waes defimed 25 the losvest protem concentrabion that coald be &iferentiated from
e~ =18

Dietection Range
30251 ng el

Specificity

This ki recopnizes natonl wd recombmaniPalNG. No sgniflesst cross-resciniy of inberference
betoeen FatiN% and amalogues was chasrved.

Mode

Lomrted by existmi tackengues, cross reachon may shil enst, as of o impoeable for s to complete the
cross-fesctivity detection betwesn a5 sl all the snalapoes.

Repeatabilicy

Coefbicient of vanahion were=10%50

Statemsent: Thank: you for chocsang our prodacts. Thas product is produced by nsing rew materialfrom
world-renpwned marmfachurer and profiessicnal masafascheing techaology of ELISA lofs. Plesse read
the mstructims carefilly before use and check all the rezgent compeastions? B m dioubt, please contact
Elsbariencs Bistechmalogy Co, Lid

Storapr: All the reapents in the kit shewdd be mored sccoeding to the labeds oo visds Utniesd
wallssbeald bereturned fo the foil pooach nith the dessscast pack snd resealed aloag sntre adpe of
zip-seal Substrate Feapent shouldnt be kept at 2077 (Check!). Exposure of reagents fo stroeg light
should beavoided i the process of incubation and storage. Al the taps of reagents should be tightened
fo preventevaporstion and emcrobial contwmuegtion. If not fo dore reagemds according fo shove
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Kit Components:

Item Specifications Storage

Micro ELISA Plate 8 wells X2 strips 47T/20°CE
Reference Standard 2 vials 47T/20°CE
Reference Standard & Sample Diluent Ivial 20mL 4%

Concentrated Biotinylated Detection Ab Ivial 120ul 47T/20°CE
Biotinylated Detection AbDilusnt Ivial 10mL 41

Concentrated HRP Conjugate Ivial 120ul 4 (shading light)
HEF Conjugate Diluent Ivial 10mL 41

Concentrated Wash Buffer (2539 Ivial 30mL 4%

Substrate Reagent Ivial 10mL 47 (zhadinz light)
Stop Solution Ivial 10mL 4%

Plate Sealer Jpleces

Marmal 1 copy

Certificate of Analysis 1 copy

#: keep the kit at 47T if it’s used within 30 days, keep at -20°C for longer storage.
Test principle

This ELISA kit uses Sandwich-ELISA as the method. The micro ELISA plate provided m this kit has
been pre-coated with an antibody specific to INS. Standards or samples are added to the appropriate
micro ELISA plate wells and combined with the specific anbbody. Then a hietmylated detection
antibody specific for INSand Avidin-Horseradish Peroxidase (HEF) conjugate is added to each micro
plate well successively and incubated Free components are washed awav. The substrate sohmtion is
added to each well. Only those wells that contain INS, biotimylated detection anfibody and Avidm-HEP
conjugate will appear blue in color. The enzyme-substrate rezction is terminated by the addition of a
sulphuric acid solution and the color tums wvellow. The optical demsity (OD) is measured
spectrophotometrically at a wavelength of 450 nm =2 mm The OD value 1= proportional to the
concentration of INS. You can caleulate the concentration of INSm the samples by comparing the 0D
of the =amples to the standard curve.

Sample collection and storage

Samples should be clear and transparent and be centrifuged to remove suspended solids.

Serum: Allow samples to clot for 2 hours at room temperature or overnight at 4 Chefiore centrifugation
for 15 minutes at 1000°g. Collect the supematant and carry out the assay immediately. Blood cellection
tubes should be disposable, non-pyrogenic, and non-endotoxin.

Plasma: Collect plasma using EDTA or heparin as an anticoagulant. Centrifiige samples for 15 mimutes
at 1000>g at 2 - 8"Cwithin 30 minutes of collection. Collect the supematant and camry out the assay
immediately. Hemolysissamples are not suitable for ELISA assay!

Céell culture supernate: Centrifuge supemate for 20 mirmtes to remove msoluble mpurity and cell
debris at 1000+ at 2 - 8€. Collect the clear supernate and carry out the assay immediately.

Tissue homogenates: You'd better get detailed references from other literatures before assay aiming at
different tissue types. For general information, hemolysiz blood may affect the result, =0 you should
mince the tissues to small pieces and rnse them m ice-cold PBS (0.010, pH=7.4) to remove excess
blood thoroughly. Tissue pieces should be weighed and then homogenized m PBS (the volume depends
on the weight of the tissue) with a glass homogemzer on ice. To further break the cells, you can
somicate the suspension with an ulirasomc cell disrupter or subject it to freeze-thaw cycles. The
homogenates are then centrifugated for Smimutes at 3000*& to get the supemate.

Other biological fluids: Centrifige samples for 20 mimutes at 1000sg at 2 - 8. Collect the
supernatant and cary out the assay immediately.

Note:

1. Samples should be used within 7 davs when stored at 2-8°C, othernise samples must be divided
and stored at -207C (=lmonth) or -80°C (=fmonths) to avoid the loss of bicectivity and
contamination. Avoid repeated freeze-thaw cyeles.

Please take the samples to room temperature (18-257C) without extra heatmg before performing the
as5AY.

Please predict the concentration before assaying. If the sample concentration is not within the range
of the standard curve, users must determine the optimal sample dilutions for ther particular
experiments.

I[\J

Ly

Sample preparation

1. Elabscience is only responsible for the kit itself but not for the samples consumed during the
experiment. The user should calculate the possible amount of the samples needed in the whole test.
Reserving sufficient samples in advance is recommended.

2. If the samples are not mentioned in this mamual, a pre-experiment to determine the vahidity of the

kit 1s necessary.

Tissue or cell extraction samples prepared by chemical lysis buffer may canse unexpected Elisa

results due to the impacts of certain chemicals.

4. Due to the possibility of mismatching between antigen from other origins and antibodies used in

L
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our kits, some native or recombinant proteins from other manufzcturers may not be detected by our
kits.

3. Influenced by factors inchuding cell viability, cell mumber or sampling time, molecular from cells
culture supermatant may not be detected by the lat.

6. Grossly hemolyzed samples are not surtable for use in the assay.

7. Fresh samples without long time storage are recommended for the test. Otherwise, protein
degradation and denaturalization may occur in those samples and finally lead to wrong results.

Other supplies required

Microplate reader with 4350mm wavelength filter

High-precision transferpettor, EP tubes and disposable pipette tips
37°C Incubator

Detonized or distilled water

Absorbent paper

Loading slot for Wash Buffer

Reagent preparation
Bring all reagents to room temperatire(18-23C) before use.

Wash Buffer - Dilute 30 ml of Concentrated Wash Buffer into 750 mL of Wash Buffer with deionized
or distilled water. Put unused solution back at 4°C. If crystals have formed in the concentrate, you can
warm it with 40°C water bath (Heating temperzture should not exceed 50°C) and mix it gently until the
crystals have complately dissolved. The solution should be cooled to room temperature befors use.
Standard — Prepare standard within 15 minutes before uze. Centrifuge at 10,000>g for 1 minute, and
reconstitute the Standard with 1.0mL of Feference Standard &Sample Diluent. Tighten the lid, let it
stand for 10mmutes and tumn it upside down for several times. After it dissolves fully, mix it thoroughly
with a pipette. This reconstitution produces a stock selution of 200ng/mL. Then make serial dilutions as
needed (making serial dilution in the wells directly 15 not permitted). The recommended concentrations
are as follows:200. 100, 50, 25, 12.5, 6.25, 3.135. 0 ng/ml. If vou want to make standard solution
at the concentration of 100ng/mL, vou should take0.5mL standard at 200ng/mnL, add it to an EP tube
with (.5mL Reference Standard &Sample Diluent, and mix it.Procedures to prepare the remained
concentrations are all the same. The umdihited standard serves as the highest standard (200ng/mL). The
Reference Standard &Sample Diluent serves as the zero (0 ng/mL).

(Standards can also ke diluted zccording to the actual amount, such as 200uL tube)

4% Edisce revised &= Jene, N015

Lo0 L. 00 ul. %00 L

(‘i“d
r.-::::;i.'; BB T

1 2 3 4 b 6 7 g tube
200 100 0 25 125 625 3125 0 ngml
Biotinylated Detection Ab — Calculate the required amount before experiment (100pL well), In actual
preparation, you should prepare 100-200ul more Centrifiuge the stock tube before use, dilute the
concentrated BaotinylatedDetection Ab to the working concentration usingBictmylated Detection
AbDrloens(1:100).
Conceatrated HRP Conjugate — Calculate the required amount before experiment (100uL well). In
actuzl preparaticn, you should prepare 100-200ul more. Daute the Concentrated HRP Coegugate to
the working concentration uang Concentrated HRP ConpagateDiluent(1:100).
Saebstrate Reagent: As 1t is sensitrve to light and contanumants 50 you shouldn't open the 1ial wtil you
need 2! The needed dosage of the reagent cam be aspurated with stenlized tips and the umased residual
reagent shoukdn't be dumped back mto the vial agun.
Note: Please doa't prepare the reagent directly in the Diluent vials provided m the lot. Contarmunated
water o contamer for reagent preparation will mfiuence the result
Washing Procedure:
1. Antomated Washer: Add 350ul wash buffer mto each well the mterval between imection and
suction should be set about 60s.
2. Manual wash: Add 350ul Wash Buffer into each well, soak it for 1~2minutes. After the last wash,
decant any rexuimang Wash Buffer by muerting the plate and blotting it dry by rapping it firmly
against cleas and toweling absocbent paper ca a hard srface.

L0l Sl S0l

~~4 4
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Assay procedure

Brng all reagents and samples to room temperature before use. Centrifuge the sample agam after
thawing before the assay. All the reagents should be mixed thoroughly by gently swirling hefore
pipetting. Avoid foaming. It's recommended that all samples and standards be assaved in duplicate.

L

ey

Add Sample: Add 100uL of Standard, Blank, or Sample per well. The blank well iz added with
Reference Standard & Sample diluent. Solutions are added to the bottom of micro ELISA plate
well, avold mside wall touching and foaming as possible. Mix it gently. Cover the plate with
sealer we provided. Incubate for 90 mimutes 2t 377C.

Biotinylated Detection Ab: Remove the ligmd of each well, don't wash. Immediately add 100uL
of Biotinylated Detection Ab working solution to each well. Cover with the Plate sealer. Gently
tap the plate to ensure thorough mixing. Incubate for 1 hour at 37C.

Wash: Aspirate each well and wash, repeating the process thres times. Wash by filling each well
with Wash Buffer (approximately 330pL) (a squirt boftle, mmlti-chanme]l pipette, manifold
dispenser or utomated washer are nesded). Complete removal of liqud at each step 1s eszential
After the last wash, remove remamed Wash Buffer by aspirating or decanting. Invert the plate and
pat it against thick clean absorbent paper.

HRF Conjugate: Add 100pL of HEP Conjugateworking solution to each well. Cover with the
Plate sealer. Incubate for 30 minutes at 37€.

‘Wash: Repeat the wash process for five times as conducted in step 3.

Substrate: Add 90yl of Substrate Selution to each well. Cover with a new Plate sealer. Incubate
for about 15 minutes at 37€. Protect the plate from light. The reaction time can be shortened or
extended accordmng fo the actual celer change, but not more than 30minutes. When apparent
gradient appeared in standard wells, user should terminate the reaction.

Stop: Add J0uLof Stop Solution to each well. Then, the color tums to vellow immediately. The
order to add stop solution should be the same as the substrate solution.

OD Measurement Determine the optical density (0D wvalue) of each well at once, using a
micro-plate reader set to 430 nm. User should open the micro-plate rezder in advance, preheat the
instrument, and set the testing parameters.

After expermment. put all the unused reagents back mto the refrizerator according to the specified
starage temperature respectively until their expiry.

Important Note:

1. ELISA Plate: The just opened ELISA Plate may appear water-like substance, which 13 nonmal and

2

will not have any impact on the experimental results.

Add Sample: The interval of sample adding between the first well and the last well should not be
too long, otherwise will cause different pre-meubation time, which will significantly affect the
experiment’s accuracy and repeatability. For each step in the procedure, total dispensing fime for

dth Editon revised in fune 30135

additien of reagents or samples to the assay plate should not exceed 10 minutes.
Parallelmeasurement 13 recommended.

Incubation: To prevent evaporation and ensure accurate results, proper adhesion of plate sealers
durmg mcubation steps is necessary. Do not allow wells to sit uncovered for extended penods
between incubation steps. Do not et the strips dry at anv time during the assay. Strict compliance
with the grven incubation time and temperature,

Washing: The wash procedure is eritical. Insufficient washing will result in poor precision and
falsely elevated absorbance readings. Residual Liquid i the reaction wells should be patted dry
against absorbent paper in the washing process. But don't put absorbent paper into reaction wells
directly. Note that clear the residual liguid and fingerprint in the bottom before measurement, so as
not to affect the micro-titer plate reader.

Reagent Preparation: As the volume of Concentrated BiotinylatedDetection Ab and Concentrated
HRFP Comjugate is very small, liquid may adhere to the tube wall or tube cap when being
transportad. You better hand-throw it or centrifgal it for 1 minute at 1000rpm. Please pipette the
solution for 4-3 times before pippeting. Please carefully reconstitute Standards, working solutions
of Detection Ab and HRP Conjugate according to the mstructions. To nunimaze imprecision caused
by pipetting, ensure that pipettors are calibrated. It is recommended to suck mere than 10uL for
once pipettmg. Do not reuse standard solution, working sohution of Detection Ab and HRP
Conjugate, which have been diluted. If vou need to use standard repeatedly, vou can divide the
standard into a small pack according to the amount of each assay, keep them at -20~--30°C and
avoid repeated freezing and thawing,

6. Reaction Time Control: Please control reaction time strictly following this product description!

10.

11.

12.

Substrate: Substrate Solution is easily contaminated Please protect it from light.

Stop Solution: As it is an acid solution. please pay attention to the protection of vour eyes, hands,
face and clothes when vsimg this solution.

Mixing: You'd better use micro-oscillator at the lowest frequency, as sufficient and gentle mixing
is particularly important to reaction result. If there is no micro-oscillator available, you can kmock
the ELISA plate frame gently with your finger before reaction.

Security: Please wear lab coats and latex gloves for protection. Especially detecting samples of
blood or other body fluid, please perform following the national secunty columns of biological
laboratories.

Do not use components from different batches of kit(washing buffer and stop solution can be an
exception),

To avoid cross-contammation, change pipette tips between adding of each standard level, between
sample adding, and between reagent adding. Also, use separate reservoirs for each reazent
Otherwise, the results will be inaccurate!
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Elabscience®

(FOR RESEARCH USE ONLY. DO NOT USE IT IN CLINICAL DIAGNOSTICS 1)

Rat ADP/Acrp30iAdiponectin) ELISA Kit
Symonyms: Acrp30, GEP2E, ACDC, APM1, ADPN, Adipo(), ADIPQTLI

Caralog No : E-EL-R0329
36T

Thiz marmmal must be read attentively and completely before using this product.
If you have any problems, pleaze contact our Technical Service Center for help (info in the header of each page).
Phone: 240-232-7368(USAy  240-252-T3TH{USA)

Email: techawpport@elabecience com
Website: wwr. clabscience com

Pleaze kindly provide us with the lot number (on the outzide of the box) of the kit for more efficient zervice.

Intended nze
Thiz ELISA kit applics to the in vitro quantitative deteomination of Rat ADP/Acrp3( concentrations in szrum, plasmez and
other biological fluids.

Specification
@Sensinivity: 2313 pgiml
@D=tection Range: 46.83-3000 pgimL

@5pecificity: Thiz kit recogmizes Rat ADP/Acrp30 in samples. No Significant croez-reactivity or interference betwesn
Rat ADP/Acrp30 and analognes was obaerved.

@R cpeatability: Coefficient of vadation iz < 10%.

Test primaple

Thiz ELISA kit uses the Sandwich-ELISA principle. The micro ELISA plate provided in thiz ldt baz been pre-coated with
an antibedy specific to Rat ADP/Acrp30. Standards or samples are added to the micro ELISA plate wells and combined
with the zpecific antibody. Then a biotinylated detsction amtibody specific for Rar ADP/Acop30 and Avidin- Horseradizh
Peromidaze (HRP) conjugate are added maccessively to each micro plate well and incubated. Free components are washed
away. The substrate solution iz added to cach well. Only those wells that contain Rat ADP/Acrp30, biotinylated detection
antibody and Avidin- HRP conjugate will appear blue in color. The enzyme-substrate reaction iz terminated by the
addition of stop solution and the color mms yellow. The optical densiry (OD)) iz measured spectrophotometrically at a
wavelength of 450 nm + 2 nm The OD vahie iz proportional to the concentration of Rat ADP/Acrp30. You can caloulate
the concentration of Rat ADP/Acrp3 in the samples by comparing the OD of the samples to the sandard corve.
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Calculation of results

Average the duplicate readings for each standardand samples, then subtract the average zero standard
aptical density. Create a standard curve by plotting the mean OD value for each standard on the y-axis
agamst the concentration on the x-axis and draw a best fit curve through the points on the graph. It is

Kit components & Storage

An unopened kit can be stored at 4°C for | month. If the kit is not used within | month, store the items sepasately
according to the following conditions once the kit is received

7. Add 50uL Stop Solution. Read at 430mn immediately

8. Calculation of results

Note: Al reagent bonle caps musn be tightened to prevent evaporation and microbial polhamion.

The volume of reagents in partial shipments i2 2 kirtle more than the volume marked on the label, please use

accurate mearuring equipment instead of directly pouring into the vial(z).

1ded to use some profs | software to do this calculation, such as curve expert 1.3 or 1.4, Toem Specifications Storage
In the software interface, a best fitting equation of standard curve will be calculated using OD values Micro ELISA Plate (Dismountable) 8 wells x12 strips
and concentrations of standard sample. The software will calculate the concentration of samples after - ‘
entering the OD value of samples. If samples have been diluted, the concentration calculated from the Reference Standard 2 vials | -20°C. 6 months
standard curve mugt be multiplied by the dilution factor. If the OD of the sample surpasses the upper Concenrated Biotinylated Detection Ab (100%) 1-.-.:.1 1291.1.
limit of the standard curve, you should ra-test it after appropriate dilution. The actual concentration iz ) ' |
the caleulated concentration multiplied dilufion factr. Concentrated HRP Conjugate (100x) 1vial, 120 uL | .20°C(shading light). 6 months
SUMMARY Reference Standard & Sample Diluent 1 vial, 20mL 5
[ 1. Add 100pL standard or sample to each well. Incubate S0mintues at 37°C ] Biotinylated Detection Ab Diluent 1 vial, l4mL |
— — : HRP Conjugate Dilnent 1vial, 14 mL en
[ 2. Remove the liquid Add 100yl Biotinylated Detection Ab. Incubate 1 hour at 37°C ] !
Concentrated Wash Buffer (25x) 1 vial 30mL |
[ 3. Aspirate and wash 3 fimes ]
Substrate Reagent 1 wial, 10 mL | 4°C(shading light)
[ 4. Add 100uL HRP Conjugate. Incubate 30 minutes at 37T ] Stop Solution 1 vial, 10mL 4°C
Plate Sealer 5 pieces
[ 3. Aspirate and wash 3 times ] 1
Product Description 1 copy |
[ 6. Add %0uL Substrate Reagent Incubate 13 minutes at 37 ] Cenificate of Analysis 1 copy

Microplate reader with 450 nm wavelength filter

High-precizion transfer pipette, EP tabes and disposable pipenie tips

Incubator capable of maintaining 37°C
Deionized or distilled water

Abzorbent paper

Leading slot for Wash Buffer
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Reagent preparation

1. Bringall reagents to room temp (18~25°C) before usze. Follow the Microplate reader manual for set-up and
preheat it for 15 min before OD measurement.

2. Wash Buffer: Dilute 30 mL of Concentrated Wash Buffer with 720 mL of deionized or distilled water to prepare
750 mL of Wash Buffer.Note: if crystals have formed in the concentrate, wamn it in 3 40°C water bath and mix it gently until
the crystals have completely dissolved

3. Standard working solution: Centrifuge the standard at 10.000xg for | min Add 1.0 mL of Reference Standard

&Sampleanm.luamndf« lOmmdm-mugmﬂw several times. After it dissolves fully, mix it thoroughly
with a pipette. This i P a working sclution of 3000 pgfmL. Then make sesial dilutions as needed.
The ded dilution gradient is as follows: 3000, 1500, 750, 375, 187.5, 93.75. 46.88, 0 pgmlL.
Dilution method: Take 7 EP tubes, add 500ul of Reference Standard & Sample Diluent to cach tube. Piperte 500ul
of the 3000 pg'mL working solution to the first tube and mix up to produce a 1500 pg/mlL working solution. Piperte
500uL of the solution from the formes tube into the latter one according to these stepe. The illustration below is for
refecence. Nme'melumbeunprdedaaumkbm\mmmhfmm&imwbe.

500y 004 S00ul. S00ul. Assay procedure (A beief amay procedure i ca the 11% page)

~A “ A M M "\ 1. Add the Seandard working sobution to the first two columas: Each of the solution is dded in
Reference duplicate, 10 cne well each, side by side (100 ul for each well). Add the samsples 10 the other wells (100 ul for each
Standard 32 3 w 3 » | ~a well). Cover the plate with the sealer provided in the kit. Incobate for 90 min at 37°C. Note: sobmices sbould be added

%0 e bomoes of Re mucro ELISA plie well, avond soocking e aide wall aad cansing foazsng as zoock 0 possidie

Remone the liquid out of each well, do noe wash, Lmmediasely 2dd 100 pll of Biotimylated Detection Ab working

solution 10 cach well Cover wizh the Plate sealer. Oezely mix uwp. Incubase for | hour 2t 37°C.

3. Aspinate oc decass the solution from each well, 3dd 350 ul. of wash buffer 10 cach well Soak for 1-2 mia 30d
aspirate oc decast the soluticn from cach well and pat @ dry agaisat clean abeorbest paper. Repeat this wash wep 3
times Note 3 mucropline wasder Cas be wed o ey mep and other wauk mepe.

"

4. Add 100 L of HRP Comy working sclution %0 cach well Cover with the Plate sealer. Incubate for 30 min at
C
1875 93.75 46.88 0 5. Aspirate oc decast the wolution from each well, repeat the wash process for five tmes 23 conducted in mep 3
4 wm“m Iution: Calculate the required amount before the experiment (100 pLiwell). 6. Add 90 ul of Substrate Reagent 1o cach well Cover with 3 new plate sealer, Incubate for aboue 15 mis 3t 37°C.

hmmumﬁﬂxmmwwwhmcmﬁem&mbebdmm dilute the 100% mr‘"‘*h e reaction Sme can be dhancned or cxseaded accarding™o the acvaal color change. Vet 2ot

Concentrated Biotinylated Detection Ab ki lution with Biotinylated Detection Ab Diluent.
i & e st g g sl st e S e P 7. Add 50 4L of Stop Sebution 1o each well Note: Adding the mep sobuicn ibod be doue (e same ceder 30 the mebrrace
acation, slight} lculated should 4 Dil c [N
:IJ»}':)I).I:‘:“’( PR S T‘:?n ’}mprb?‘ < Dil el ed ERE: 8. Determine the optical dessity (OD valae) of each well 2t cace with 2 micro-plate reader set 10 450 2em.
4 e Che
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Calculation of results

Average the duplicate readings for cach standard and samples, then subiract the average zero standard optical density.
Plot a four-paramerer logistic curve on log-log graph paper, with standard concentration on the x-axiz and OD values on
the y-amiz.

If the samples have been dilured, the concentration calculsted from the sandard curve must be multiplied by the dibotion

factor. If the OD of the sample surpaszes the upper Hmer of the standard cwrve, you should re-teae it with an appropriate
dilution. The actual concentration is the calculated concentration multiplhied by the dilution factor.

Typical data

Az the OD wzlues of the standard corve mav vary according to the conditions of the acmal aszay performance (=g
operator, pipetting technigue, washing technigue or temperature effects). the operator should establizh a standard corve
for each test. Typical standard curve and data iz provided below for reference only.

Concentration/pgimlLy | 3000 1500 750 373 187.5 9375 46 36 0
QoD 2528 13599 0.927 0.521 0.248 0.167 0.116 0.063
Corrected OD 2463 1536 0.364 0.458 0185 0.104 0.033
10
-
.

E .

=

w

3 L

[=]

Q

-
o4 -
-
100 1000 10000

Rat ADP/Acrp30 Concentration(pg/mL )
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Appendix 3: Hepatic Lipid profiling Report

L. ’ ARC-Irene Analytical Services
ARC » LNR |LNR-Irene Analitiese Dienste

B T —

021172018

Enquiries: Penny Bames
Tel: 012-672 0202704

The Manager

ARC-Vegetable and Omamenta! Plant

Private Bag X293

Pretoria

0om

Attention: Dr A Ndhlala (VOP)

Tl 012 BDE 8420

E-mail:  Ndhlala#@anc.agric za
TEST REPORT

Date recelved: 08M0M2018

Date accoplod: 16110/2014

Date complated: 021112018

Test report no: 2018-F-27T0

RESULTS OF LIVER

Pleags take note that:

Test results relate only to the samples teated.
This report may net be reproduced without the written consent of the Quality Manager.
The samples received were tharoughly mixed before analysis.

Chromatogrammes, If applicable, are available on request,
Opinions and intarpretations expressed herein ane outside the scope of SANAS accreditation

If the condition of the sample could afiect the accuracy of anaiysis, & cormment o the effect will
be made.

ET TN

‘Yours sincerely

Barnes

)
Tochnica! Signatory: Chamistry
ARC-IRENE ANALYTICAL SERVICES

Physical Address: ARC-AP, Old Olifantsfontein Rd, Irene
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TEST REPORT 2018-F-270

This laboratory holds SAMAS accredifation for analyses with an ASM number,
Recults are expressad on & wet basis, hersfore a5 samples wese received.

Analysis Mathod Nurnber Unilt Saniple (1)
Group 1 Malg
Fat [ether extraction) ASM 044 k] 8.83
C10:0 ASM 023 % of product 0.002
c1z0 N ASM 023 % of product 0.005
C1a:0 ASM 023 % of product 0.109
C14:1 ASM 023 % of product 0,011
C15:0 ASM 023 % of product 0.031
C15:1 N __Asm D23 % of product 0.016
Cl6f ASM 023 % of product 1.086
Cl6:1 ASM D23 % of product 0.121
CiT7:0 ASM 023 % of product 0,065
CiTi ASM 023 # of product 0.014
ci8 ASM 023 % of product 2.008
C18:nSc ASM 023 % of product 1678
C18:1n9t ASM 023 % of product 0.084
C18:2nic ASM 023 % of product 0.B35
C18:2nt ASM 023 % of product 0.011
C18:3n3 ASM 023 % of product 0.016
| cas:ans ASM 023 % of product 0.004
fea _Asmozs | sofproduer | 001 -
c20:1 ASM 023 % of product | 0,020 ]
ca0:2 ASM 023 %of product | 0.009
€20:3n3 AsM 023 % of product | 0.005
C20:3n6 ASM 023 % of product | 0.065
C20:406 ASM 023 % of product 1103 |
(i) ASh 023 % of product LEIEN)
c22:0 ASM 023 % of product .029
c22:1n8 ASM 023 % of product 0.005
c2d: SN 023 % of product 0.453
Saturated fatty aclds ASM 023 % of product 4380 |
Mono-unsaturated fatty aclds ASM 023 % of product 2.31%
Poly-unsaturated fatty acids ASM 023 5 of product 2.037
Trans fatty aclds ASM 023 % of product. 0.054
Cls fatty aclds ASM 023 % of product 1,513
Omega 3 _ ASM 023 % of product £.621
| Dmaga & ASMOZE | %ofprodust | 2018
| Omega 9 ASMO23 |  %of product 1.767
Page 2of 21
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This laboratony holds SANAE accradiaion for asalysas with an ASM numdar,
Festults are wxpressed on 3 wel basis, Fenefors as samples wens recsived

TEST REPORT 2018-F-270

Lgry——— m.lm’.m-ﬂrl Linit Sarrpli [2)
Growp 1 Female
Tt [isthar lan} AN D ] 1533
Cio ASM 023 * of peodluet 0653
[T sk 23 % of product ooe?
€130 A5M 023 % of product 0.003
= HEM 023 % of product 0.061
o | acmoRd % of proc 0.01%
| ClE0 ASM 023 % of product 2.553
| Cls:1 — . ASMOI3 % of produce 0150
C17:0 ASM 013 % of product 0058
il ASM 023 % of product Qs
180 A5 023 % of product 4044
CiB:ngc A 28 % of product 1606
CLEInSt ASMW 028 % of product BT
C18-dni A5%1073 ‘#of prodior; Pl
C1E2nkt ASM 073 % of prodiect [
C18:3n3 ASKI 0T % of product R K]
C18:3nk ASM 071 % of prod D051
e ASM 073 % of peod s
o g 28  of pred oy
0 AR E3 Y % of product o019
20303 BEM 023 % of pradust [T TE] ]
£20:306 AEM 023 W, of presun oae
C20:Ank AGN 023 % of preduct 1.356
CI05n3 ASM 023 % of product 003g
(=110 ASM 073 % o product 0038
0 L E] % of product ez
[=n AsM 023 % of product 0545
| Saturated fatty acids ASW (3 % of penduct 843
| Monc-unssturated fatty acids A G2 % of product 1830
| Poly-unesturabed fatty ackds A5 ad % of product 4578
| Trans fatey scus AW 031 % of progect 0036
| s dakty acids ASH 025 % af pros 4,764
| Cimuga i ASMOTE % of produce 0.095
 Cimigs & ASMOZE | gved 4435
g 8 AsM 03 0o product 1713
EPA ASM 013 % o product o.0as
Page 2 of 21
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TEST REFORT 2018-F-270

This latoralory hoids SANAS acoreditation lor analyses with an ASM number.
Resuts am expressed on B wel basls, hamlone as samives wens recsived

Airaalysis Muittad Numiber Uit Sasmgzde [3)
Sreupdhale

| Fat (sther extraction) A5 4 % 513

0 ASM 023 % of product 0002

€13:0 ASA 073 % of prowct 0003

[SEi) ASH 0T % of product 0uzs

Cia ASM 033 % of product 0,00

(=517 ASM a7 % of product s

(=8 3] S 023 % of product e ]

Cld AEM 023 % of product 1439

C16:1 A5 023 % of product a0

£17:0 ALMA 023 & of pres CLO2E

Cir:1 ASM 0X3 % of prod (R

CLED AZM 133 % of praducs 1.00%

C1B:Anle ASM 3 % of prad 1.0H4

Lt wiit AShA 33 % of product 033

C1E:2n6e ASM 025 % of product 0580

C13:2n6t ; ASMA 023 % of product aoan

C£13:3n3 AGh 123 i of pred CLO00

| 130G AGH 023 % of preduct 0031

K=111] ASM 023 %, ol pred [y

@ ASM D23 % of product 0:014.

202 ASM 023 % o groduct 0024

£20:3n5 ASM 023 5 of product [T

CZodnG AEM 023 % of product 1409

CI5nd A5 023 % of product 0030

CEnin ASPA U3 % 0f progect | e

caam A5M 071 % of product | 0014 |
(=1 ASM 023 % of praduct ouze i
(=L B ASH 113 % of product 0.7

| Sasurated fatty acids ALk B33 % of product 16T |
Micr—urmaburated Talty acids ASM 023 % of product 1E78

Poly-snsateratad fmey seidy Al 023 % of product A58

Trans atty acids AEM 025 % of prad arak |
Cis fatty acids ASH 023 % of pradect 1935

Omaga 3 A0 .ol press L0

[rr— ASM 013 ol preduet 2419

| Devsega 8 ASMOE | Wl pred 1.084

EPAL ASMOE | Welpesd 0,030

Page dof 21




TEST REFORT 2018-F-370 TEST REPORT 2018-F-270
This lteraiery holds SANAS secredinbon for asatyses with & ASM numbar, Tris laboratory hokis SANAS acoreditabon for analyses wih an ASM rumber.
Resuits e axprasaed on & wil Basiy, therefoe a5 ssmpiee wens received. [Resuls ane expressed On 3wl Basis, Terelor a5 sEmples worn socaied.
Analysis Method Mumbar I 15 H] Sumsghi (1) Anakpli Felathod Muimbar Link .'i.ll'ﬂ-pl-!!ﬂ
Girowp 3 Female | Giroup 1 Mal
Fat mmﬂ ASRA D |1 1X47 Fait T Enk ﬂﬂﬂ k] 3.58
£13:0 A58 013 % of product 0.ons | C10:0 ASML 03 % of product 0.0z
340 ASM 023 %% of product 0.048 cira - A5M 023  of product 0,005
cia:1 ASM 023 % of product 0011 C140 AW 023 % of product noe1
(=] ASW 023 % of prosiuct 0012 Cl4 AT 023 % of product s
(=T A5 033 % of product 2172 150 A5 073 % of product 007
E16c1 ASM 023 % of product 0.240 €151 ASM 023 % of prodect o
C1%0 ASM 021 % of product oo can:0 ASM 021 % af prod ] 1785
fimi ASM 023 % of product 0018 (=158 ASM O % of prod 0167
C18:0 ASMA 023 % of produst 1805 (=t 2] ASM B2 % of produes e
CiB:1a8e AEM 803 & of prod 1A% EiTd AEA 3 W o peod O0E
CHR:Andt BN 025 & of prech [eRRE ] (=F <] BSAA O23 % of product 1771
CiBInGE ASM 028 % of prod 1.13% | £1z1mme ASA 023 [T 1516
18306t ASM 023 % af pradt 0434 C18:1nm ASM 023 % of proguct | oot
C18:3n3 ASM 023 wal d ia C1E:Enb ASM 023 'll:l'f!l"lﬂt 0525
Cl%3nE ASM 03 % of product 0.040 C18:ZnEr ASM DZ3 % of product o1
= ASM 023 % of product [T C1B:3a3 ASM 023 % of product 0011
Cihl ASK 023 ¥ of product X vici] C1Bi 3 ASHM 013 Idﬂd ok
=11 AT 823 X of pradet 007 208 ASM 073 % of product 0,006
C20dnG | Ao 23 W of predat .0BS 201 AFM 33 % of product 024
200G A5 023 % of product 1.ETE =55 Aia 033 % of product 040
C25nd ASM 023 % of product ML | C3o:And AS 523 % of produst [Te]
£21:0 AsM 023 % of product 0,025 | E:5nE ASM 025 % of prod noat
[==5!] L rel iﬂw .00 | Lk 4nE AL 023 B ol prasdes 1377
21 ASM I % of product s 053 ASM 023 % af presuer OE
£33 Ak B % of prodect il (=] ASM 0F3 % of product (=]
E2a:1 W 028 % of prodect [:1F3 ] || Lk ] A5M 0B % of product 0005
& d Fur by wchey L ] % of pred: 511 [l ] MA5M 013 % of product 0o
Mo d Tty acidi ASM 023 % of pred) 3.0&d e AEM 0323 % of product [T ]
Tty acidi ALl 023 % al grod 3350 '| c330 et % of product Qo
Trans fasty acids ASM 023 % ol grod 0,037 C340 A5 033 % of product [
Cis Fatty acids T ASM I % of peoduct 1975 [=TE A4 028 # of prod 0ETR
Oimega 3 . | AsMnz3 % of product ogas | Saturaied tatty acids ASM 028 % of prad 16ARE
e ] AN 033 B et e Mena-uradiuraied eIty i ALk 025 K ol pre SALE
|M! AEM 333 ¥ af progest 1853 Pely-unsaturatid fatty adde AfSM 023 W ol produes 2.a50
EPA BEN 023 5ufgm (R e Trans Taity scidy ASR OFF uﬂ'ﬂuu [ faki]
s Tatty acids | ASMDM | Welgeodud | 2451
| Omaega 3 BSM 023 ™ a1 proouct ania
Omegag | msme@3 | % of produtt 2358
;my A5M 023 % of produst 1540
Len ASM 071 % of proghect 6008
Page 5af 21 Page 8 of 21
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[ Acabyin Method Mumbar unit | sampleis) |
3 Famake
Fat [t wtraction} ASM D4 % 1054
c12:0 ASM 01 %of product oo
cia:0 A3 021 % of product nmz
oz A%M £23 % of prudurt a5es
£158 AEM 025 % of prod Qs
160 S 023 & ol prodh LEE
el ASHA 023 % af prad. 0,130
e ASM 013 % al prad 024
[ ASM D1 % af grod [
C28:0 ASM 023 % of grod 3040
FaTEr ASM 023 % of produst 1522
CLB:Zn6C a5r 23 % of progust 090E
C1E2nGt ASM 023 %4 of pres 0m3
18303 ASM 023 ¥ of preauet 0.006
£12:3n6 ASM 023 % of preduct 0013
[=1 i AsM 023 % of product 0.015
[= AsM 023 % of product 0021
@iz L AsM023 ¥ood product | a.0as |
L= e S ASMICZ3 | %ef produc 0.084
2006 A5 023 % of prodect 2090
20500 A5 023 % of prodect 0.052
o Aswa 023 % of product 00w
2 Ash 021 % of product 0,844
| Saturatnd fatty acidy ASMOZ | % of product 4
Mong-unssturated Fatty scds ASMI | %ofpoduct 2550
Poly-unusturated Fatty acids AW 023 % of product [
Trins lalty acidi ASM QS % of product amy
Cis Tatry acids KA 025 % of prodect 7,431
Omega 3 A5 023 T 006
[ omega & S 023 % af predy EEEE]
Omega 3 ASM 023 i af preds 1522
[ ASM 023 % of product [
Page 7ol 21

TEST REPORT 2018-F-270
This [ateralany hakle SANAT accedistion for anakaes with an ASM nufmier.
Results are ecpressad on a wet basis, therelons as Eampies wene revenved.
Analy [ Method Number Uit Sampie [7}
Group 4 Male
| Fat (ether extraction) ASM 044 . BAS
L ] RSN 023 % of product DDG2
€12:0 ASM 02N % of proguct Qaner
Ci3:0 ASM OTE % of product Q.00E
Cidd ASR 0T % of prod L F 3]
(= 5] ] % of product (]
[SE L] % of product QU]
C15:4 s 2% % of prod 006
C16:0 Al 52E % of prod 160
c16it A5 02 % of prod 031
ci7:0 ASH 023 %ol preh C.ORD
cir | asmom % ol pred __[.0&3
C1E: ASM 023 % ol prodi 1137
! figinge ASM 0TI oo prod ER o)
| CiEdndt A 023 % of prod 0.172
C18:2n6e AEM 23 5 of produet 0375
C18:2n6L ASM 023 % of product 0037
C18:3n3 ASM 0123 % of pras 0.045
CEB:3aE ASM 023 % af ared 021
200 ASM DB % of pred 0.010
| 20 ASM D3 % of praduct 032
| 20306 ASM D23 % of product 0,015
| C20ANE AEM 023 % of product 0.135
=] AW 023 % of product ek
| c34:1 ASM 023 % of product 2055
I Saturated fatty acids ASPA 023 % of product 188
| Mono-unssturated fatty sy ASM 023 % of prodhect 3,788
| Poby-unessurated fatty scids i Ol ¥ of produes 0810
l Tracs fatty acids ASM 07D % of produst .00
| | ci fatey acicy A5 02 % of product BT
 Omaga § A 02 % of product 0ms
& A 3F % of product 083z
Firmuga i Rl 025 % of product 375
Pagedal 21
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TEST REPORT 2018-F-2T0

This laboratory hoids SANAS acoreditalion kor anslyses with 8n ASM sum ber

Aesults are sxpressod on o wet hagis, hirefions i samphis wan Facaid.

Ay Method Kumer Unit Sample () |

Group & Female

Fat (sther sxiraction) il % 13.20
[T ] ASM OER % of nrod) L0425
[ A4 03 % of product L]

| c1m AdM 133 % of product a1
[T T ASH 623 % of product QB
CL5:0 A 023 ¥ of prod Q006

| Cl6D HERA 02E & of prod 4,105
C16d AL 023 K il predy .13

{5 ¥id ASM 023 % &l prody 0,044
[STE ASM 013 % of product 000g
CI8:0 ASM 033 % of peoduct 3638
1010 ASM 033 % of product 2.135
CLB:Iniic AT 023 % of prosect 1,987
£1R:Int ASM 023 % of presfuct 0.0
C1k:ind A5 023 % of product MG
Cid:dnk A5H 023 % of product 0.0
Crn ASMII % o product oL
o ASM 023 % of product TE]
T AEA G3E % of product =ik

| C20:3ak RS 023 % of prodect L]
L20:4nb ASM 028 % of prodct 1.991
C208n3 A5 023 % of pred: 2,034
[#3Ei] ASM O3 % of prod Dol
At ASM 023 W ad grod Q4955

| sTwiranes Fany acids Ash 03  of product S

| Mono-unsaturated fatty acids ASM 023 % of product 3.270

| Poly unsaturated fatty acids A5M 023 % of produrt 4118

| Trans futty acids A5 023 N of product 0010

| iy ey acids A5 023 % of preduct 4082

| Omegn 3 ASH 0T3 % of product .07

| Cimaga & ASM 013 % od product 40325
Onagad AsM 02 % of product 1135 |
£Pa ASM 023 % of product 0034 |

Page 9ol 21

This baboratony hoids SANAS sccraditation for anslyses with an ASM number,
Tossskia e mapreesed on & wil b thensfnn s samples wam sedmiel

TEST REPORT 2018-F-270

| Amalysis Method Russlser Unit sampla {8)
fres 5§ Mals
Fat |ether sxtraction) ASK 084 % 7.58
[IFL ASM 033 % of producs SR
(s L) ASM IF % of product [
(=0 5 ASM A % of product 008
150 ASM T % of product I} [+]
2T ASM 323 % of product LEEE
Cig:1 KM 02E % of prad 0142
[E ASH 023 o of pred o2z
[TE AL 023 ual 0.007
C18:0 ASM 033 % of prad. 1377
Ch:isde ASM 013 % ol product_ 1.702
CLE:ARgE ASM 23 % o g uct Cpom |
CiEdnbe ASM 013 % of penduct 0.E5D
CLE2nGE A 023 i of product 0006
C133n3 ASM 023 % of product Q020
=0 ASH 023 % of progect QT
(=1 ASH 023 % of product oo
CIE ASM 073 % of product (i
Ch3n3 AsM 03 % of product Ry
C20:3ni ASM 023 % of product [y
20408 ASM a3 % of product 050k
20403 AL 023 % of product ane
[TI ASh 25 5 of produsl a0l
cra0 A 023 5 of prosuct Qs
Crid A U2S %% ol prosse opis
£34:1 ASH 023 % of preduse: [FEF
_Saturased fartyaclds AShe 033 % of prad 3178
| Mone-unsasurated faety dcids | ASMI 15 % of product 1352
Faly-unsaturated fatty achds ASM 023 % of product 2052
Trans futiy scids ASM 023 % of product 0,008
Cls fatty acids: AEM 023 % of product PR
 Omegad hEM 023 % of product d0aa
Cmega & ASMY 028 % of product 195K
Omaas B ASTA 23 % af predan 2.704
Y ASM 023 &.of pre fuz
Page 10 ol 21
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TEST REPORT 2018-F-270 TEST REPORT 2048-F-270
This labormiony holds SANAE accreditadion for analyses with an ASM numbar, This labormtory holds SANAS accreditation for analyses with an ASM number.
Feesyults gow eaprassed on 3 wel basis, (henefore 8 sam plos wens recsived. Fagults ane AAprassed on & wal besis, Ieraion &5 SAMEHS Wera moahed,
| Asatyais Pithad Mumbar | T Sasnpls (20} Anatysls Method Kumber unit Samgle [11]
Growp § Famale Growp 1 Make

Fal [attar o] ASM D44 [ 1054 [RLE ASM 023 8 of prad 0002
Cik0 ASM 023 % of product 05 [SEE AdnA 02% % of presd 0.006
iz ASM 023 5 of producl (L.006 14 ASM 02 %ol pred 0139
cLa:d AGM (23 % of produst 0.043 [eTE] ASM 033 %ol prady 0.015
€154 ALM 023 8 of praduct 0.008 150 ASM 023 % of poduct 0037
C160 | asmpes % of preduet 1.B05 151 A5M 023  of product 0015
164 ASHA 023 % ol product 0135 C1E0 ASM 003 % of product 2.157
[SEN ASM DB % of product_ 003 T AEM 023 % of product a.1ea
[E 2 ASM 023 % of product ooca 70 ASM 023 % of product 0o
C18:0 A5 073 % of 1382 [TTr] ASMOZ3 | % of prodect 0.018
CIA:Ladc ASM 023 % of product 1065 C18:0 ASH D3 % of product 1973
CLB:InEc A5M 023 % of prosuct 0864 | CLA:iAgc ASM 023 % of product 175
CLB:3n3 AEMO23 | % of produst D.01E CLEn3t ASM 073 % of product 0,087
=11 ASM 023 % of product 0,07 C1E:2nkc A5 023 % of product 0558
CIoa ASM 073 % of product 0,023 C12:2n6t A5M 023 % of product 0008
CHAnE ASM T3 % of product 0080 C13:3n3 AEM 23 % of product a1
CI0AnE  ASMOZ3 % of product 1244 C18:3n6 A5 023 % of product A00R |
CHR5nd ASM 023 % od product a0 a0 A 025 % of prosuct ans
Can ASM 023 Selproduct | 0.692 L= L} AN 023 % of proghecy QT
Saturated fabty acids AEM 023 % of product 4.781 =1 ASMOTE % af pred 0015
Moncursaturated fatty acids A5W 023 % of progect 2.911 C20:md AW 0T % o pred [LXCE
| Foly-ussatwrated fatty ackds ASM 023 % of preduct 2,B48 Siting A3 $of prock QT
Trans fatty acids A5 023 % of preduct .00 Catoand RS (33 %ol prod L7
Cis farty acids ASM 0T % of product 519 | =5 ASM 25 % of product 0029
_umegad ASH 0E1 & o product G T KM 023 X e peocuct __abIr
| Omega & Az 023 % of groduct LI8Y | [TTE AEA 023 % o product 0a7m
| Omega ASM @31 % of product 1 165 | Saturanod fasty s ASM 023 % of product 4.433
[ A 633 % of produst o Mono-unsaturated fasry sids ASM 023 % of prodect 2307

Poly-unsaturated fatty acids | ASM 0Z3 % of product 14996

Trans fatty acids A5M 013 % of product o083

Cis Tatty acids ASM 1T % of product 2.611

| Omega 3 ASM 073 % of produch 001

| omera & ASW 23 # of product 1873

| comgaw | assaeza % =f prod 1842

Page 110f 21 Page 12 ef 21
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TEST REPORT I01&-F-270

This lazormtory holds SANAS accreditaton for anatyses wih an ASM numar,
Fesults are eapresssd on & wel basis, therefors as samples wers recstved.

Analysls Muthod Mumber | Lhiin Sanple [13]
Growg 1 Female
[SE] ASM DI % of product D008
c14:0 AsH 013 % of product file 5]
£ A% 021 % of product [
150 ASM 23 % of prad e
[<11) ASA 023 % of prod 0L0HLE
C1E0 ASM 023 % of pred 2567
161 ASM 023 ol preduet .15
Ciro _ASHA 03 % of product [
(ST 51 ASM 013 % of product ool
c18:0 ASM 023  of product 4069
CIB:lnse ASM 23 % of product 1529
CLB:lngt AEM 023 % of product Qs
CLBniic AW 023 % of prockect 2085
C1B:AnGt A5M 023 % of prodact 0015
C1E3nd ASM 023 % of product gt
C1EAnG ASM 0Z3 % of product 0.
(=) ASM 071 % of prod oo
L=l AsN T % of product anan
A ASM D28 % of prod )
20 b s G35 % of product Q.03
[T ASM 625 ooof prodest | 2334
2053 1 ASMERE X of produn 0.5
210 ASH 023 % of presuct 143
[eFE] ASM 033 % of product 0,017
=151 A5he 073 % of product Lo
Saturaind fatty acids ASM 023 % of product 6867
Muno-unsaturated farty acds ASM 73 % of product ka6
Pody-unsaturases Fatty acids ASM 02 % of product 468K
Tramn Fatry ncids ASM 623 % of product 0.0%%
Gy Fatey pcicdy AL 2 % of prad 4,634
| Ovaga § A 025 % af prod. 0083
Dmaga & ASM 023 % of predi 4585
Ormaga 3 ) | msmon { % of praduct 2544
EPS, ASMAOZI o gvoduit 906
Page 13 of 21
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TEST REFORT 20MB-F-270
This Bboratony hokis SANAS accreditabon for aralysas with an ASM mum ber
Fwsuls s wapessed on o wet base, thersfone as s e |
Analysis Fiethod Number Unit Sample {13)
Group 2 Muie
120 ASM 0Z1 % af prod SN0
10 AL = o prodl 0,034
Ciadd Sk S W ol product 00031
150 ASM 23 % of product e
Cled L e ] ¥ o product 15£3 _—
ClEd Lok ] 8l 0098
[SEN] AEM 023 Mol predurt | 0026
17 AL 023 % of product 0005
180 AT 023 % of product 1893
CUBilndc ASK 0T % of product 1184
CLB:Ingt ASM 023 % of product 0015
T1Bdnik A58 023 % of product 0&h
CLE2nGt L5M 033 % of product Q008
L ClE=and AEAA C28 % of product agdn
Cad:ding L] % of prad an
a0 Alhd 025 % of pred, Q0o
CHEL ASH O3 i il i [ER15 L]
202 ASM 023 % ol pradi 0.087
CA0: 343 ASM 03 ool product 0,002
C0:ink ASM 023 % ol product 0.0z
C30:4nE ASM 023 % of product 1431
20503 ASM 023 % of product 036
[F1E] A5 023 % of produst apaz
cIn AR 023 % of product ane
Cxiing ASKAOZE % of progct 0z
caz Ak UI) % of pred: .04
Ca2:hnk ASh T8 % af preds .00
£3a:0 ASM 0 W ol pred upot
€241 ASM 023 % ol product 0.727
Saturated lalty acids ASMO023 | % od product 3584
lorz-ungaturaied Tatty ackds BE 023 % of product 1559
| Poly-ussaturated fary ackis AEM 023 % of product 2 563
Trans fatty acids ASW 023 % of product o.0zs
Tl Anitip wabeis AT G5 oof prodect P
_Omegad ASH 02 %eaf prodct 0050
_Dmega § ASM 0TI ‘% of prodyct 380
| Dmega § ASM 071 % of pred 1115
L) Adia ki %ol [LLE
oWA ASM 029 Nofpeoduct | O00F |
Faga 14 of 21



This laboralery holds SANAS accreditsion for asalyses wih an ASM nusber.
Fiesmuits are eapressed On & wil Casts, e &5 SamMpies wene racehved

TEST REPORT 20ME-F-270

[ Amatysis NMzthod Number | T Samnpile (14)
Greess 2 Pamala
a0 AsM 02 % of product [
| £12:0 ASM 023 %% of produst [
C1am A5 023 % of prod 0.0sA
c1an ASM 023 5 af prod. 0.006
c1sm ASM 023 o predues 0008
15 A5M 023 %of product 0,004
C1E0 asm 0z3 % of product 2421
Cli:1 ASMOI | %o peoduct 0357
£17:0 ASMO23 | %ef product 0035
(S ASM 023 % of product 0013
£18:0 ATw 023 % of product 11
Ciilngc A 023 % of product 2738
CLE:Ingt ASMOZ3 | % of product [TE]
C18E2nbs ASMOTY | %of product 1153
Cif:Znty w021  of product 000
Cid:dnd ASM 02 % of product [TE
C10:8nk AsM £33 % of produt [T
[=TE ASM 023 % of progect DN
201, o A 0§ % of praduct G028
€20 ASh 025 % of prod [HLH
C203nG ASRA 0123 % af prod oS
CHrAnG ASHE 0F3 % of peoduct 1779
Chesnd ASM 023 % of groduct LT
czu:0 ASM 023 % o produt 0030
LI BEM D3 H of proguct wHIE |
Saturased fatty acids ASHI 023 . of progast 5.262
| Mono-unsaturated fatty acids | asw 023  of preduet LT
Poly-unsatwrated fatry orids ASM 023 % of preduct EETE]
| Trans fatty acids Asta 02 % of product 0033
Ciy Fatty acids ASN 023 % of product 3552
| Omega 3 ASM 073 % of product 0.058
| Cirrvega 8 ASM 03  of produt A.088
[Omega s 021 % of product 2817
Bk AENIZZE X of prod. .0
Page 150121
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This aboratony hokis SANAS accreditabon for analyses wilh an ASM rember.
RESUls SN2 EITsHET 0N & Wit Cusis, 1S 35 SOT0ES WETE rBoekes.
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Anatysls Mizthod Humbar Unit [ sampleny |
Groupd Male |
[T ik 013 % of preds 0,002
[ZIT] asm 023 ol prody 000
140 ASM 023 % of produce 003
[T AEM 023 % of produrt 0005
150 AEM 023 % of penduct 1.0m
AEN 073 % of product 1741
Cig:l ASM 023 % of product 0185
| carm ASM 023 % of product o.021
CifiL ASM 073 % of prosect 0.007
C1B:0 ASM 0Z3 % of preduct 1788
CLB:Ing: ASM 023 % of produee 1568
C1E:Anat A5 023 % of praduct 0,458
C1EInG: A5 023 % of product 047
C18-3nGt A5 0ZE % of product L0
C18:And ASMI 02 % of product Qo2
C18:3nk A5MI0T3 % of proguct 0005
C20 ASM 0T ‘% of prosuct Qs
a1 ASM 03 | % af prod L)
f=T ] ASMON | %of pred [T
e AsMEl | %ol product .00
£20:0n8 AL 023 el prod 0,082
2540k AL 823 % of produt 1376
20508 KSR 823 % of produt a3
L AEM 003 % of producl ooE |
[T ASM 023 %, ot produrt QU6
[Z7T] ASM 023 % af proguct 00s
| £230 ASMO0Z3 | %of proshact oo
(=T - ASMOZ3 | %of produnt G552
Saturated fatty acids ASMOZ | %of product 3,654
| Mone-unsaturabed faty acids ASM 073 % of product 2452
| Poly-useasturated fatty ackds ASM 023 % of product 2471
| Trans tarry acids AEM 023 % of product Mz
s acids AENY 023 % of product TaRs
| Omegs 3 A S % of product LGEE H
[omega s As 028 %ok pros 1367
M‘ AN 0T % of prad 1574
IFA A% (TE % af prod: ] 0ozz
Page 18 of 21




TEST REFORT 20M18.F-270

This latemmiony holds SANAS aceregiaren fof asalpsas win @ ARM numsar,
Results o Qupresaod on & wil Basis, iarcfore a5 Semplel wind received.
Aralydy Method Mumber | Uma Sample [16]
Group 3 Female
[SFH] ASM 023 % of product 0004
140 A5M 0B % ol pendurt [T,
14 ASM 023 % of product 0003
Cisd A5 023 % of product 0.007
243 A5 023 % of proguct 0.002
Gl AEM 023 % of product 1558
(=0 A5 023 % of product 0126
cirn ASM 073 % of product .24
£ ASM 023 % of product filer
£ AsM 027 % of product 1007
Cliisinfe AsM i % of product 1474
CLR IR ASM 023 % of progact 08
ClEinbe ASM 023 % of pre 840
Cikdnbl AS C2E % of pradi B434
C18:3n3 ASM 023 % af produc [
ClEEns AdM 01 % of product [H
kD ASM 023 e product ot
E=1 ASM 023 % of product aoes
L= L msMERy | Molprodett | o043
C20:3eE ASM 023 . of prodect .08
2045 AEM 023 % of product um
20503 AS 023 % of product ar]
210 ASM 023 % of praduct 0,032
=151 ASM 023 % of product 0572
saturanes fasty aoos ASH 023 % o progiuct e
Maona-unsaturated fatty acids ASM 033 % of product 111
Poly i fartty acids ASM 2 % of product L25E
Trans Tutty scics ASMIOZE % of prodect 004
Cis Tatty acids AEM (2 % of preduct 2418
Omega 3 AN 023 o pred 0037
Omiga § ASM 023 % al prad 3,177
Omega 3 ___Asmon % of e 1496
EFA ASM D3 % of product Q026
Page 17 of 21
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Analysi Matied Number Wit Sample (17}
Group 4 Male
C10:0 ASM 23 % of pendut 0.005
(S F2 AEM 023 % of produtl 0006
C13:0 ASM 023  of product 00l
10 ASH 023 % of proguct 0.188
c1e AsMDT % of product 0.0
2] ASMI3 % of product 0034
£15:1 ASM023 % of product n.01E
[T ASM 023 % of product 2137
C18:1 A3 023 % of product 0251
€170 ASM 028 % of product anr
i ASFALZE % of prod GOs?
C1E: ASRA 023 % af pro 1328
Clh:Ints ASM 011 ‘#af pred d.a82
C1lkiaaae M O % of prady 0,186
Clidntc A % of produrt 0347
Ci&-2nkt L] % of product REeFE]
Cl8:3n3 RSN 025 % of produst a0
Ci8:3n6 ASH 123 8 of prod o0l
= ASRA 023 % of prage o014
20 ASM 0ZF % of pred 0015
202 ASM 023 % ol preduct 0005
C20:InE | ASMOE | Wolpoduct | 0015
C200ANE ASM 023 % of product 017
CIecsnd ASM 023 % of product 005
=1 KIS 023 % of product util
£23:0 ASM 023 % of product o
(=05 ASM 0T % of procect 0059
Saturated fatty acidy ASM 0T1 % of precucy 1.6
Wans-unestursted fatty scids AsM T1 % of preduce [
Poly-umsaturated fatty acids ASM 0TI % of prod 0,576
Trans futty acids ASM 023 % of prod .43
Chi Pty acids G 25 Wolg EEEL]
Ormiga 3 AEM (23 Hof prod [T
Omega & AERA 32 b ail praduct 0.E7}
Gimaga 3 T '-!'d_.‘_'“_.f_... AERE
EFA ASMAOE | Maolg .00
Paga 18 af 21
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This laboratory hokes SAMAS accredtaton for analyses with an ASH number.
Foagalty Sre i i 0F & wol Baii, Garalons B8 sAi phd Wi e fipd.

TEST REPORT 20ME-F-2T0

| Asalysis Fetathod Mumbae: [T Sasrzdu [1E]
Sroup 4 Furle__J
a0 ASH 023 % of product a6
ciz:0 ASM 02 % of product amz
Cia:0 AEM 023 % of prochuct 0.05%
Gl ASK 021 % of prechat KR
(=430 ASM 02 % of product 140
=] ASRA O2E % of preduce 2045
[2T=] ASM 0T % of product .46
[=t5 ASH 033 % of product 0043
[FER ASM 23 % of producl gl
Cid:0 ASM 25 % of produst 31561
Cii:dede ASh 25 . of pred 2115
Cikizinéec BSh 023 i of pre 1.837
CiB2nbL ASd 023 3ol predy 008
C1E3a3 &SN 023 5 of product 42
@ ASM 023 %o product LS
Coed ASM 013 ¥ of peoduct aooe
ez ASM 023 % of product o021
=TT ASM 023 % of product 0033
| Ca3nd ASM 023 ™ of prodect .S
[T ASH 023 % of prodect 064
[ ] AEM 023 % of prodwct 2035
20503 A5 T3 % of product 074
[+ ASH 0Z3 % of product 0042
[ ASM 0I5 % of produrt 0ona
(=] s il 7 of product L
| Saturatnd fatty acidy ASM 023 % of product 5800
Mono-unasturated fatty acds ASM % of prod 323
Pedy-unsaturated Fatty aclds ASM 25 8 e pradust 4,257
Trans fatry scids S 323 | %ol progun D0
| i faney acids Asha 023 ®af 4,052
Omega 3 _ ASM023 % of preduct 0,058
| Omaga & ASM 023 % of product 4114
| Omegad A5k 023 % of product 2115
EPR ASK 03 % o BTt nesn !
Page 19 of 21
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This laboratory Fokds SANAS accrediation for analyses with an ASM rumber.
Tosgealkis are axprabsed on & wal Basie, thersfois &8 SRMEls Wars reca ke,

Ansiysls Mathod Mesbar Wik I_.....m'lﬂl_-.-.
e 5 Male
ci2:0 ASM 023 % of product ]
[aLE] ASM 073 % of prodi G0
[={HE ASM 0FL % af prodi 0,005
(=831 ASM O % of product (KR
C1E0 A % of product 1.610
[2reY Ada G2 % of product 0183
€170 AL 023 % of pradust Leik
[FER] Al (128 8 of pradust ] —
T ASHA 013 % of preck 1376
Clil:indc AdhA 0T % of prad 1.659 -
Clil:indc A 0T % of prody o.BSF
Eifiage ASH 02 ol prod pow
LBl A 2 % of prod naIn
= ASA 23 % o produet 000E
[T ASM 025 % of produst Te
mer 250 023 5 of prosuc o0s2 ]
L5303 ASMOZE | Mool presun o.os?
LI L ASM 023 % of prede 0075
| e ASM 033 * of preduct L0x3
053 ASM 023 % of preduct o1s
210 ASM 023 % o product 0
[=F2 A5M 023 % of product 0o
i [+ A5 023 % of product 0007
C241 ASW 023 % of product 0443
| saburale Aty st ASRADES | % orprosec LI
Mano-unsaturaied faity s ASM 023 % of prodect 233
| Poby-unsaturated faity acids ASK 023 % of product 2.151
| Trams fatty ackds A5M 073 % of prodk 8010
e A5 071 % of prod 1556
Omeps ¥ ASM I % of product (2
| [ omaga Asa 02a % of product rot
 omepa 5 AW 031 % of product 1.550
i AW 023 % of product anis
Page 20ef 21
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TEST REPORT 2018.F-270
This laboraery holds SARNAS seerpdiation for asakses with gn ASM numBar,
Rimults are capiesssd oh & wil Baiis, anelofe @ sampiag wens ieoaved
[Weahysia Maethod Number e | Semple (30} |
| Grows 5 Famale
10 ASM 033 % of prod ant
Ci4:0 Sk 01 % o cead 036
| £15:0 ASA 03 ¥ of produsl o007
L AEM 23 of product | 1793
Tl A5M 023 % of proget .18
[SFE A5 023 % of product 0025
C17:1 ASM 023 % of product il
c18:0 ASM 023 % of product 2240
Cl18:LnSc ASWI0I3 % of product 2004
Canzeac A5 023 % of product 0851
=T A 023 % of product 002z
2040 ALW 028 % of pro Q00K
c2o4 Al 02 % af pro L.
=] ASM OFE % af prods 0.0
£Xe3nk ASM 0I3 %o prod a0
Chlcdnk ASM 033 % of product 1856
ChkEnd Ak 1 5 of product A
a2z ASM 023 % of produst [T
[ A 823 %4 of product DM
Saturated Tatty acids ASM 023 X of prodeet 4743
Mionunsabarated acids ASM 123 % of predivet 2.BE5 -
 Poly-unsaturated fatty scids ASM 023 % of preduct 2310
Trans takty acids ASM 023 % of product 0000
| Gis fatty acids ASM 013 % of product 22456
| Gmegs 8 Ak {rH) % of product [T
| mega B ASM 23 % of produrt 1781
| Deraga ® A 92 % of prod 404
[T [ aswiges % of prad I 0.00%
Date analysts
Sample | Sample type commenced
i-20 | Liser L6162 |
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