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ABSTRACT
Management of metabolic disorders places a heavy burden on healthcare systems globally.
Dietary manipulations during developmentally plapgciods including the early postnatal phase
can result in londgerm beneficial or adverse health outcomes. Consumption ofhigtose diets
early in life increases the risk of developing metabolic syndrome and associated cardiovascular
and renal compli&tions. Zingerone, a phytochemical mainly isolated from gingegiber
officinale), has been demonstrated to attenuate metabolic derangements in adttierats.
potential preventive effects of zingerone administered orally to neonatal male and female rat
against the longerm development of higfructose dieinduced metabolic derangements were

investigated.

Fourday old male and female Sprague Dawley rat pups{®) were randomly grouped and

gavaged with: 10 ml/kg body weight of distilled water (\WQ,rl/kg body weight 20% fructose

solution (FS), 10 ml/kg body weight fructose solution + 40 mg/kg body weight of zingerone in
distilled water (ZF), or 40 mg/kg body weight of zingerone in distilled water (ZWjvpianing.

After weaning, W and ZW continuexh unlimited tap water while FS and ZF continued on

unlimited fructose solution for 10 weeks. Commercial rat feed was proaaiébitum Food and

fluid intake was evaluated. Blood samples were collected for metabolic assays and assessment of
general hedh markers. Growth performance, adiposity, hepatic lipid accumulation, renal

function pathology and gastiont est i nal tract (GIT) organs?®o

and kidney tissues were collected for histological evaluation.

Food intake was deased; overall caloric intake was increased due to fructose feeding in both
sexes P < 0.05; ANOVA). When compared with the negative controls, the-frigltose diet
significantly raised the terminal body masses [Fem#es@.0001; ANOVA)], body mass inde
(BMI) [Females P = 0.0036; ANOVA)], concentrations of triglycerides, total cholesterol, low
density lipoprotein cholesterol, triglycerides to high density lipoprotein cholesterol ratio, visceral
fat mass relative to body weight [Both sexies(0.05; ANOVA)] and empty carcass mass
[Females P = 0.0025; ANOVA)]. Neonatally administered zingerone preverfeed @.05;

ANOVA) the fructoseinduced increase in body mass and empty carcass mass (Females), and
hypercholesterolemia (Both sexes). Lee index andaglytic parameters were not affected by the
interventions in both sexeB & 0.05; ANOVA).

Rats on the higlfiructose diet compared to the negative controls had significantly increased

hepatic lipid content [(%)R = 0.0002 (Males)P < 0.0001 (Females); ANOA] and hepatic
viii



steatosis score [(%fp, = 0.0018(Males),P < 0.0022 (Females); Krusk&Vallis ANOVA].
Zingerone administered neonatally preventeg Q.05; KruskalWallis ANOVA) the fructose
induced increase in hepatic steatosis in both sexes. The pasisaof uric acid, markers of
liver function, lipid peroxidation and inflammation were not differéht(0.05; ANOVA) across

the different treatment groups in both sexes.

The group administered fructose only had significarRly [0.0054 (Males)P = 0.0002
(Females); ANOVA] increased levels of kidney injury molecule 1 (KIMand decreased
urinary space are®[= 0.0001 (Males)P = 0.0016 (Females); ANOVA] compared to the
controls. Neonatally administered zingerone prevented the fruictdgeed incrase in the levels
of KIM-1 [P =0.9262 (Males)P = 0.6667 (Females); ANOVA], and fructeseluced reduction
in the urinary space areR f 0.1505 (Males)P = 0.8265 (Females); ANOVA] when the

combined fructose and zingerone administered group was campdhethe negative controls.

Sex related differences were observed in food, fluid and caloric intake, terminal mass, BMI,
chol esterol subtypes, visceral fat percentag
and empty carcass ma$s< 0.05; ANO\A).

In rats, zingerone can be used strategically in the neonatal phase for prophylactic management of
long-term highfructose dieinduced metabolic syndrome, nafcoholic fatty liver disease and
nephropathy. Future studies in human clinical trials shbeldndertaken to explore the

applicability of these findings to reduce the burden of metabolic disease on healthcare systems.
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CHAPTER ONE - introduction and justification



1.1 Thesis structure

This thess is structurally presented in a divided block format, and consists of eight chapters as

well as a section on appendices. At the end of each chapter, a list of all the references used in that
chapter is presented.

Chapter 1 provides the structure of thedis, and an overview of the research problem, which
fundamentally encompasses early life environmental and nutritional influences on titeriong
development of metabolic disorders, dietary fructoskiced metabolic disorders, the global

burden associad with the management of metabolic disorders and the need for alternative
management strategies using medicinal plants and phytochemicals derived from them. The

chapter also provides the justification, main aim, objectives and hypotheses of the study.

A critical review of the literature relevant to this study has been provided in Chapter 2. This
includes definitions, global prevalence, pathophysiology and risk factors associated with the
development of metabolic syndrome and its complications, notimalgults but also in the

paediatric age group. The chapter also describes the role of fructose in the pathogenesis of
metabolic disorders, the available therapeutic options and their drawbacks, and the need for
alternative, safe and readily available mgaraent options for fructosaduced metabolic

dysfunction using plant phytochemicals. Furthermore, this chapter also discusses the importance
of zingerone, a phytochemical from the plant ginger, which has a variety of biological and
pharmacological actions

The role of neonatal programming in the pathogenesis oftkmng metabolic dysfunction is also
introduced in this chapter, with special emphasis on the early postnatal period of development as
a potential target for prophylactic and therapeutic apje=n the management of fructose

induced metabolic dysfunction with a specific focus on-al@oholic fatty liver disease, general
metabolism and nephropathy

The findings of theurrent study are presented ihdpters 3, 4, 5 and 6, and each of these

chapers is presented in a format that consists of the following main sections: introduction,
materials and methods, results, dsgian and conclusiol€hapters 3 and 4 are published
manuscripts, whilst chapter 5 is a submitted manusttipicever, Qiapter 6s not a

publishedsubmittedmanuscript.



In Chapter 3, we investigated the effects of neonatally administered zingerone on the
development of higliructose dietinduced metabolic syndrome in adult male and female
Sprague Dawley rats. In this chapter, tbat@ires of general metabolism including body mass
gain, visceral adiposity and clinical metabolic parameters in circulation; in addition to food, fluid
and calorie intake were explored. The findings from this chapter were published in the peer

reviewed ISlaccredited journallournal of Developmental Origins of Health and Disease

Chapter 4 focuses on the development ofalooholic fatty liver disease (NAFLD) secondary

to excess fructose consumption by male and female Sprague Dawley rats, and tie lootgnt

term protective effects of neonatally administered zingerone on the NAFLD. These included the
determination of hepatsomatic index, hepatic lipid accumulation, histomorphometry of the

liver, key liver enzyme, uric acid and markers of oxidatiod imflammation. The findings from

this chapter were published in the internationally accredited andg@gewedJournal of

Medicinal Food.

The potential longerm protective effect of neonatal oral administration of zingerone against the
subsequent delgpment of nephropathy in fructo$ed male and female Sprague Dawley rats
wasinvestigated and presented ih&@pter 5. These included determination of kidney mass,
kidney injury molecule 1, kidney tissue antioxidant and histomorphometric evaluation of the
kidneys. The findings from this chapter were submitted to the internationally accredited and
peerreviewed Journal oAnimal Physiology and Animal Nutritigrand are currently under

review.

Chapter 6 is in essence a supplementary chapter in which pedata collected from the study

but not included in the preceding chapters is contained. Thus, the effect of neonatal
administration of zingerone on further measures of general health of the friezttorale and

female Sprague Dawley rats is presentdok Ghapter reports on the obesity and red blood cell
indices, gastrointestinal tract (GIT) visceral organ morphometry, masses of heart and pancreas,
l ong bonesd morphometry and empty carcass mas
In Chapter 7, an overatliscussion of the thesis basedabrapters 3, 4, 5 and 6 is presented, in

which all the findings of the individual chapters are articulated and contextualised.



Chapter 8 recapitulates, in summary, the major findings and then identifies limitations of the
study and proffers recommendatidosfuture studies. The key conclusions are also drawn.

The Appendicesection consists of supplementary Figures and Tables from Chapter 3, a copy of
the institutional documents pertinent to ethics for the study, namely the ethical clearance
certificate ad ethical modification and extension forms. Thaggrism declaratioas well as

further details on methodology [Soxhlet procedure, Enzigmked Immunosorbent Assay

(ELISA) and IDEXX procedures] are included. Tiprentedversiors ofthe published

manuscripts and tregned copyright agreementifios from the respective journals are also

included.

1.2Background and study justification

The early postnatal period is a developmentally plastic stage of life in which nutritional
influences can result in genetic/epigenetic changes that render the grewiragensusceptible or
resistant to diseasésNutrition during the early developmental stages can lead to metabolic
dysfunction i mmediately or | ater in |ife, a
multiple hypothese$®. Single nutritional hituring the early developmental stages leads to
metabolic dysfunction immediately or later in life (single hit hypothésBdllowing a perinatal
nutritional hit (first single hit), the risk of developing metabolic derangements is increased after a
secoml nutritional hit is introduced later in life (double hit hypothedish addition,

predisposition to metabolic programming involves several other factors (hits) that act together in
genetically predisposed individuals (multiple hit hypothesis)

Excessve intake of high fructose diets during the perinatal period may serve as first hit that may
lead to subsequent multiple hits thereby triggering the development of metabolic diseases
including obesity, notalcoholic fatty liver disease (NAFLD) and metabayndrome later in

life 4. Metabolic syndrome is a concomitant presentation of several metabolic disorders including
central obesity, dyslipidaemia, hyperglycaemia and NAFL&nd can be complicated by
cardiovasculaf, nephrological and haematologit¢d involvement. The global prevalence of
metabolic disorders is estimated atZF% in the adult populatioh with females accounting for

52% of the prevalencd. Certain genes, receptors and metabolic hormones are involved in
fructose metabolism, anbdse may be affected by dietary changes in the early postnatal period
leading to adverse metabolic programming impacting health later i life

c



The longterm development of metabolic disorders due to nutritional influences in the early
developmental pesd of plasticity has been attributed to immaturity of thespiiggical systems

of neonated!'2 For example, the differentiating satiety centre in the brain trdtals appetite

and nutritionjs partly influenced by intrinsic and extrinsic factorstas not fully matured

during the early postnatal periétl As such, consumption of dietary food substances (including
fructose) during the early postnatal period can programme for precocious maturation of organs
and alteration of physiological process This increases the global prevalence of obesity and
metabolic syndrom&, not only in adults but in growing children, thereby increasing the

incidence of obesity, type 2 diabetes and cardiovascular complications in addlt life

Babies may consunexcess fructose via infant feeding formulas during the neonatal period due
to insufficient breast milk from the mother, or when the mother chooses not to breastfeed, or in
disease conditions of mothers that require limited breastfeeding like Human Imrficieadg

Virus (HIV) infection'’'8 These infant formulas may contain a large amount of fructose, which

can cause lonterm development of metabolic disord&tsThus, there is a need to investigate

the longterm metabolic health consequences of e#dyfluctose consumption that mimic the

excess fructose consumption by babies.

The management of metabolic disorders has become a global challenge due to the greater global
economic burden of managing metabolic syndrénide high cost of using synthetic

conventional therapy makes the drugs inaccessible to the majority of the pafullaee

associated drug adverse side effects and drug reactions secondary to prolonged and combination
therapy have also made the conventional therapy uncomfottableis makes the majority of

the global communities to prefer plaserived medications and phytochemicals for their

healthcare problents. The World Health Organisation (WHO) has encouraged the exploration

of natural plants for medicinal purpogésAs such, a interest in the strategic use of medicinal

plants and naturallgerived phytochemicals with a broad spectrum of biological action is
growing?L. Previous studies have demonstrated beneficial health outcomes with the use of
phytochemicals in the managemehmetabolic disorders. These phytochemicals include
bergenir?3, S-allyl cysteine?*, malonyl ginsenosides and oleanolic acié®. Therefore, to

expand on this knowledge, the current study strategically selected zingerone as a candidate
phytochemicalZingerone is a semi watspluble alkaloid found in the plant gingé&irfgiber



officinalé) 2’. In vitro andin vivo studies have reported beneficial metabolic health outcomes
associated with zingerone in adult rat mod&f€. The mechanisms by which gierone exerts
health beneficial ef f e ct scellsand Upnegulatiorpof lipadysisr v at i o

in adipose tissues.

Oral administration of dietary food substances and phytochemicals during the neonatal period
affect the digestive, abgative or regulatory capacity of the GF. For examplegonsumption of
excess fructose diets during the neonatal period has been shown to alter the expression of
glucose transporter 5 (GLU3) in the GIT leading to adverse metabolic programming
Phytochemicals that are orally ingested during the neonatal period can alter the development of
the gut and its accessory orgath&reby affecting the GIT morphometry and function, wihinch

turn affects the growth of the growing offspritfgIn addition, detary interventions may

adversely affect other vital organs including the heart, kidhagd reproductive orgarig

Thus, there is a need to evaluate the impact of dietary interventions on generalThealth.
majority of the studies that explored thetabolic effects of fructose or zingerone have been
performed in adult male rat models after the weaning péfitd#®. There is a paucity of
information from animal studies involving fructose or zingerone administration during the
neonatal period usingixed gender. Thus, it is pertinent to investigate the-teng effects of

neonatally administered zingerone and fructose in both male and female rat models.

In summary, the global increasing prevalence of fruetodeced metabolic disorders has a
chroni debilitating impact on the metabolic health of children and adoles®e@isnventional
therapy is not readily available to most global communifiehe impact of dietary
interventions on metabolic and general health is being recoghi$&®ex ad gender variations
have also been reported regarding the developmental programming of metabolic didorders
Therefore, this study investigated the ldegm preventive effects of neonatally administered
zingerone on fructosmduced metabolic dysfunctian growing male and female Sprague

Dawley rats.

1.3 Aims and objectives
The main aim of the study was to determine the potential of orally administered zingerone in neonates
to protect against the development of metabolic derangements, in adolesahras iy high

fructose diet.



The specific objectives of the study were to determine whether zingerone could condermong

protection against the adverse outcomes of health and metabolism-&iugigise diet in male and

female Sprague Dawleyratsbyespi fi cal ly determining zingerone

Growth performance

By determining/measuring:

a) fluid and feed intake

b) whole body and empty carcass masses, body length, body mass index (BMlI), obesity index

and linear growth

General metabolisrand general health
By determining/measuring:

a) fasted blood glucose, triglycerides (TGs) and cholesterol [total cholesterol (TGHdnighy
lipoprotein cholesterol (HDIc) and lowdensity lipoprotein cholesterol (LDL)
concentrations, and uric acid

b) erythrocyte packed cell volume (PCV), haemoglobin (Hb) concentration and mean
corpuscular haemoglobin concentration (MCHC)

c) selected hormones that regulate metabolism (insulin and adiponectin) anebatipli@sulin
sensitivity by computing the homoeostasisdel assessment of insulin resistance (HOMA
IR index)

d) antioxidant status [thiobarbituric acid reactive substances (TBARS) and malondialdehyde
(MDA)]

e) inflammatory mediators [interleukin six @6) and tumour necrosis factatpha (TNFU )

f) morphometry of \8ceral organs (stomach, small intestines, large intestines and caecum)

g) masses of heart, pancreas and testes (males)

h) measures of obesity [visceral fat and epididymal fat pad (males) masses]

Nonalcoholic fatty liver disease

By measuring/evaluating:

a) surrogate markers of liver function (alanine aminotransferase)
b) liver mass

c) liver lipid content



d) liver histology

iv.  Nephropathy
By measuring/evaluating:
a) kidney mass
b) kidney histomorphometry
c) surrogate markers of kidney function [kidney injury molecule one (K)M

1.4 Hypotheses
H1: Oral administration of zingerone to neonatal male and female Sprague Dawley rats confers
protection in adolescence against the development of metabolic derangements induced by long

term consumption of a fructosih diet.

Ho: Oraladministration of zingerone to neonatal male and female Sprague Dawley rats does not
confer protection in adolescence against the development of metabolic derangements induced by

long-term consumption of a fructosih diet.

The following chapter provides detailed critical review of the literature relevant to the current
study. The chapter covers the concepts of neonatal metabolic programming and metabolic
syndrome, and their loAigrm effects in adolescent life. It also describes the beneficial effiects

zingerone on metabolic and general health.
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2.1 Metabolic syndrome

2.1.1 Introduction

Metabolic disorders are derangements or diseases resulting from abnormal metabolic ptocesses
They include central obesity, dyslipidaemia, imsuésistance, hyperglycaemia, hypertension

and noralcoholic fatty liver disease (NAFLD); and these derangements constitute a clinical term
known as metabolic syndrome, which may be complicated by cardiovascular diseases and type 2
diabeteg3, The previence of metabolic syndrome grows continuously, and it is estimated that

more than one billion people of the world population are affected by the syntirome

2.1.2 Prevalence of metabolic syndrome

The global prevalence of metabolic syndrome in the adpltilption is approximately 225%°;

in which the prevalence iS15-53% in femaleg. This prevalence varies according to
race/ethnicity and region of the world=or instance, in the United States, the prevalence of
metabolic syndrome is 33.4%, whilst.4% in Chinz. Additionally, in the United States alone,
the prevalence is lowest in Africakmericans but highest in Hispanitsin 2017, it was

reported that the prevalence of metabolic syndrion&outh Africa was 21.8%; with males

having a higher mvalence of 24.8% than females with 15.%%

The increasing prevalence of metabolic syndrome has a deleterious impact on the global health
economic burdeR’. The total global cost of managing metabolic syndrome and its
complications and potential decsean economic activity has been estimated to be in trillions of

dollars*. Metabolic syndrome is defined in different ways using various criteria

2.1.3 Definitions of metabolic syndrome

Attempts to define metabolic syndrome began long ago as a comstejaid of diagnosis in

1923, when a Swedish physician named Kylin, reported that an association exists between
elevated blood pressure, elevated blood glucose levels and elevated levels of @rithisid
observation was followed by that of Vague imtI9who demonstrated that visceral adiposity

was invariably associated with the development of metabolic derangements seen in
cardiovascular diseases and type 2 diabétds 1965, Avogaro and Crepaldi presented an

abstract at the annual meeting of thedpean Association for the Study of Diabetes, where they
described it (metabolic syndrome) as a syndrome that comprised of obesity, hyperglycaemia and

hypertensiort!. Significant development was made by Reaven in 1988 when he introduced the
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ideaofinsul n resi stance and called it ASyndr ome Xi
cardiovascular risk factord. However, at that time Reaven did not include obesity in his
definition of metabolic syndr ome. I no0ol1®9, th
Kaplan for recognizing a combination of obesity, glucose intolerance, hypertriglyceridaemia, and
hypertensiot>, and this was | ater renamed in 1992 as
Haffner et al* because they believed that insulin resistaiscthe basic underlying pathology in

the development of metabolic syndrome.

Based on the above developments, various international organisations have developed different
diagnostic criteria for metabolic syndrome in subsequent years. These organisahiaiesthe

World Health Organization (WHO) in 1998 the European Group for the study of Insulin

Resistance (EGIR) in 1999, the National Cholesterol Education Progf@hird Adult

Treatment Panel (NCEP:ATP Ill) in 2061and American Association ofli@ical

Endocrinologists (AACE) in 200%. However, none of these organisations completely

considered all the major factors that affect the prevalence of metabolic syndrome including age,

sex, race and ethnicity. This has made the diagnosis of metabsjindrome clinically and
epidemiologically difficult across different populations globaflyAdditionally, the previous

definitions could not easily identify those people at risk of developing cardiovascular diseases

and type 2 diabetés.

As a resultthe International Diabetes Federation (IDF) collaborated with the representatives
who came from different parts of the world, including previous organisations that had developed
earlier definitiong®. These representatives came up with a new defirdfionetabolic syndrome

that harmonised the previous criteria together, which can be applied to different populations of
the world. The new definition gives an easy way of clinically identifying people at risk of
developing type 2 diabetes and cardiovasalikgases, in addition to enhancing epidemiological
research into the topic of metabolic syndrofh&. Table2.1 shows the new IDF criteria for the

diagnosis of metabolic syndrome in adults.
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Table 2.1: The new IDF criteria for the diagnosis of metabglyndrome in adults

Criteria Reference values

Central obesity WC 0980cm (1)
WC O 80 cm (1)

or

BMI > 30 kg/n?

Dyslipidaemia Triglycerides O 1.7 mn
(or specific treatment for the abnormality)
HDL-c < 1.03 mmol / L (1)
HDL-c < 1.29 mmol /L (1)
(or specific treatment for the abnormality)

Hypertension Systolic bl dOomchHgp ore s sur €
Diastolic bl onnmldg pressur
(or treatment of previously diagnosed hypertension

Fasting glucose O 5.6 mmol /L
(or previous diagnosis of type 2 diabetes)

" = major criteria (with ethnicityspecific values) that must be present, @log other two or
more criteria; IDF= international diabetes federation; Wwaist circumference; BME body
mass index; HDic=high-densi ty | i poprotmalnefealed Taldet er ol ; I

modified from Alberti et af°.

In 2009, some organisationame up with a modified IDF definition of metabolic syndrome
after reaching a consenghstt, central obesity alonghould not be considered as the major
component, rather all the five components identified in the IDF definition should equally be

recognisedis major components, in addition to elevated levels ofdemsity lipoprotein
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cholesterol (LDLc). These organisations include the American Heart Association (AHA), the
National Heart, Lung, and Blood Institute (NHLBI), the World Heart Federation (WHE ),
International Atherosclerosis Society (IAS), the International Association for the Study of
Obesity (IASO) and the IDE 23, Representatives from these organisations unanimously agreed
that the presence of any three out of the above six compondrgrn®stic of metabolic

syndrome?.

2.1.4 Components of metabolic syndrome

Central obesity, dyslipidaemia, insulin resistance and hyperglycaemia are amongst the major
components of metabolic syndrofeSlobally, more than two billion of the adult popidat are
overweight, in which more than 650 million are obese, with males and females accounting for
11% and 15% respectivel§. Obesity, a resultant of dyslipidaemia, is a clinical condition
characterized by an excess amount of fat tissue manifestingnvébhnormal increase in body
mass index (BMI¥® and or a Lee inde%. As the global prevalence of obesity gradually
increases, likewise the growing burdens of its associated metabolic derangements including
insulin resistance and hyperglycaerffiaAbnormal increase in circulating free fatty acids, LDL

¢ and triglycerides, with an associated decrease in-Ei@ian induce insulin resistance thereby
preventing glucose transport and uptake in the peripheral tissues leading to overt hyperglycaemia

27 Additionally, obesity is invariably associated with NAFED

In addition to the aforementioned components of metabolic syndrome, it has recently been
shown that NAFLD is also a component of metabolic syndrome due to its association with
obesity, dyslipidaemiansulin resistance, hyperglycaemia or any metabolic derangements; and
that is why NAFLD is now called metabolic dysfunctiassociated fatty liver disease (MAFLD)
28 The inclusion of NAFLD into the components of metabsyndrome was proposed by a

panel d international experts from different countri@sObesity is the driving force for the

development of metabolic derangemetits

The prevalence of NAFLD is higher in males compared to females and it increases With age
and is estimated at 25% globatf. NAFLD occurs when hepatocytes are infiltrated with lipid
droplets without significant alcohol consumptinit can present as simple steatosis and then
progresses to nealcoholic steatohepatitis (NASH). NASH is characterized by inflammation

andprogressive fibrosi&.
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The aforementioned components of metabolic syndrome are attributed to various causes and risk

factors, which are discussed briefly in the following sections.

2.1.5 Aetiology, risk factors and pathogenesis of metabolic syndrome

Theexact cause of metabolic syndrome is not well understood, however, several risk factors and
mechanisms have been implicated, and these include adipose tissue dysfunction, insulin
resistance, chronic inflammation, oxidative stress, gut microbiota, gdapiigEneticg, poor

dietary habits and a decrease in physical actiVitg€entral obesity is believed to be the initiator

of many different abnormal metabolic pathways that lead to the developmentlabuati

metabolic syndrom#',

2.1.5.1 Adipose tise dysfunction

Obesity, defined as excess fatty tissue mass, is a key driving factor in the pathogenesis of insulin
resistance, hyperglycaemia and metabolic syndr8rifeThe increase in fat mass could be due

to adipocyte hypertrophy and hyperplasia selemy to overfeeding with higbalorie diets®.

The accumulated fat can change its biological characteristics and adopt lipolysis that leads to the
release of fatty acids, increased Lland decreased HBd levels, features that are invariably
associateavith metabolic syndrom& Central (visceral) obesity is more indicative of metabolic
syndrome?®®’ because rates of lipolysis and susceptibility to apoptosis is high in visceral
adipocytes®,

Obesity is also characterized by recruitment and infitiratif inflammatory and immune cells

into adipose tissue resulting in increased secretion effllonmatory cytokines [such as
interleukin six (lIL 6) and tumour necrosis fa
macrophagesy. These cells ardlaypically involved in the pathogenesis of insulin resistance,

and eventually, type 2 diabet®s

Adiponectin is an anihflammatory cytokine secreted by adipose tissue, and the circulating
levels of adiponectin are inversely related to the concanisabf fasting plasma glucose and
insulin, and visceral fat accumulatiéh Adiponectin increases insulin sensitivitgd enhances
energy metabolism and fatty acid oxidation by activating peroxisome prolifereivated
receptor alphaR P A R¥&£§ Thus, low adiponectin concentrations that are associated with

metabolic syndrome translate to decreased insulin sensitivity (insulin resistance), elevated fasting
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blood glucose (leading to type 2 diabetes), and increased tissue triglyedridesan lead to
the pathogenesis of NAFLfS.

Additionally, the preinflammatory cytokines can affect the heart and its vasculature thereby
playing a possible role in adipositglated inflammation and atherosclerosis, and eventual
cardiovascular dysfution 3. Furthermore, obesity is invariably associated with increased

oxidative stresé’,

2.1.5.2 Oxidative stress

Oxidative stress results from an imbalance between the production and degradation of reactive
oxygen species (ROS), which are produced enntitochondria from the oxygen utilised for
oxidative phosphorylation through the electron transport Hain normal situations, the
generated ROS can be balanced out by the indi
excess higttalorie diet ntake can increase the mitochondrial metabolic load leading to
excessive electron transport chain activity that can form excessive ROS, which contributes to
mitochondrial damageffectingnormal cellular and metabolic proces$eROS serves as the

trigger as well as an outcome of obesity. Abnormal generation of ROS can induce adipogenesis
and therefore contributes to the development of obesity and metabolic syridr@oeversely,
obesity can cause systemic oxidative stress through endoplasmic retsttdamin adipocytes,
excessive ROS production (after highlorie diet) and suppression of aatidative system.

These processes contribute to the development of metabolic disorders including diabetes and
cardiovascular diseasés

Despite adiponectibeing an antioxidant cytokine that acts as anahgrogenic and

vasodilator?!, the expression of this cytokine (adiponectin) is downregulated in metabolic
syndrome. This leads to the generation of ROS, thereby activating an oxidative cascade that
leads to programmed cell death, cellular destruction, breached endothelial cell integrity and
eventual atherosclerosis and cardiovascular dysfuncttons

Additionally, the elevated levels of ROS can cause insulin resistance via induction-célbeta
dysfundion 2.

2.1.5.3 Insulin resistance

Insulin is a hormone secreted by pancreatic beta cells, which mainly regulates glucose
metabolisnf, It is released in response to an increase in blood glucose levels after feeding

Insulin stimulates the uptake of bld glucose into peripheral tissues (mainly via GLUT 4
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transporter) for glycolysis, or storage as glycogen in the hepatocytes, myocytes, and/or
adipocytes for future requiremerits This process suppresses hepatic gluconeogenesis and
glycogenolysis. Theaim of these physiological processes is to maintain normal blood glucose
level 2.

In an insulinresistant situation, initial insulin secretion is lost in response to a glucose load,
resulting in postprandial hyperglycaemia; and subsequent exaggerat@drnesponse causes
chronic hyperinsulinaem#. Since insulirresponsive tissues cannot respond to insulin
efficiently, insulinmediated glucose uptake, glycolysis, and glycogen synthesis are all impaired
43 Thus, insulin resistance worsens graduatky pancreatic beta cells become stressed, fatigued
and apoptotic, until they completely lose their insig@treting function leading to diabetes

mellitus and metabolic syndrore

Insulin also stimulates fatty acid synthetic pathways via decreasingtitigyaof cyclic

adenosine monophosphate (cCAMR)Accumulation of lipids when energy intake outweighs
storage capacity may also contribute to increased delivery of free fatty acid to the*fissues
Circulating free fatty acids are derived mainly frodip@se tissue triglyceride stores through the
action of CAMP during lipolysié®. Within the hepatocytes, free fatty acids enhance the increased
synthesis of triglycerides and triglycerideh verylow-density lipoproteins, which are
atherogenié’. Whenthe effects of insulin are decreased during insulin resistance states, there
will be an increase in the rate of lipolysis, leading to increased free fatty acid proddclibis

will further inhibit the lipogenic properties of insulin, leading to furthgolysis, which

contributes to atherogenic dyslipidaemia, hypertension and metabolic syridrome

2.1.5.4 Chronic inflammation

Adipose tissue is both an endocrine and paracrine organ that is biologically*adtive

situations of excess higtalorie dets in which excess fat is accumulated, adipocytes undergo
hypertrophy and hyperplasia thereby increasing blood requirement of the cells, with subsequent
generation of a hypoxic state The hypoxia sends signals that attract monocytes in circulation
andrecruit them to local adipose tissue, where they (monocytes) differentiate to macrdphages
This leads to cell necrosis, infiltration of macrophages and adipocytokines production including
IL-6 and TNFU22,
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These cytokines (H6 and TNFU) g e ncal mdippse inflammatory responses which
contribute to local insulin resistance, with subsequent generation of systemic inflammation and
systemic insulin resistance leading to the development of metabolic syndrhnteis a pre
inflammatory cytokine tat plays a key role in the pathogenesis of insulin resistance and type 2
diabeteg?. Increased levels of I6 have been associated with obesity, atherosclerosis,
hypertension and cardiovascular dysfunctiorBNF-U i s a-inferamatory gyiolane tha

acts as a paracrine mediator to several cardiovascular disorders, including atherosclerosis,

hypertension and heart failute

2.1.5.5 Genetics and epigenetics

It has been reported that genetic factors interact with the environment and contribute to the
development of metabolic syndrorhéVhilst some genes are known to be associated with
obesityand metabolic syndrome, epigenetics plays a key role in promoting the development of
metabolic syndromthan genetic predispositidf It has been shown thabgtnatal dietary
manipulations are strongly correlated with the development of metabolic syndrome in adulthood
4% The mechanism implicated for this phenomenon is either-lypgoypermethylation of
deoxyribonucleic acidNA) *°.

Metabolism of carbohydras (fructose inclusive) depends on the expression of genes and
receptors which include sterol regulatory elerr@nting protein 1 (SREBR), acetyiCoA
carboxylase 1 (AC€L), carnitine palmitoyltransferase 1 (CPT1), FNF and *® PhaR U
expression ofttese genes is affected by DNA methylation, the pattern of which may be affected
by changes in diets in the early postnatal period leading to adverse metabolic programming later
in life . In rodents, dietary manipulations during the early postnatal pesiaske epigenetic

changes that alter growth parameters, lipid synthesis, appetite cantt@lucose metabolism in

the growing offsprindg. These processes have also been attributed to GIT micrébiota

2.1.5.6 Gut microbiota

The human intestines aréhabited by numerous microorganismsich are influenced by diet,

l i festyl e and -up® Shesé mtestnal merpbiome proside several proteins,
including enzymes that affect the digestion and absorption of orally ingested food sub¥tances
Changes in the composition of gut microbiota may affect the absorption of energy from dietary

food and can lead to excess body calorie suppljhus contributing to the pathogenesis of
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various common metabolic disorders including obesity, insulinteesis, hyperglycaemia, type

2 diabetes, nealcoholic fatty liver disease and carditetabolic diseases°2

The gut barrier integrity and permeability is maintained by gut microBioTis helps prevent
deleterious products such as ethanol and erafstdrom entering the portal circulatidh

However, highcalorie diet (including fructose) is associated with increased bacterial growth and
intestinal permeability, due to the increased ability of the microbiome to harvest excess energy
from the dief?. The gut microbiota digests and ferments the excess energy intaishiorfatty

acids thereby making them absorbable by the intestinal epith&iinand increasing gut

acidity. This results in the production of harmful bacterial products, lipopotysrides, which
activates inflammatory cascad@sAdditionally, bacteria from the gut microbiota can produce
ethanol and endotoxirté These toxic products contribute to the inflammatory processes that can
damage the protective intestinal epithelid@ading to the development of NAFLD and

metabolic syndrom&’. Gut microbiota can be affected by poor dietary habits and physical
inactivity >4,

2.1.5.7 Poor dietary habits and physical inactivity

Nutrition is the main environmental factor for the develeptof metabolic syndronfé. Diets

and nutrients can modify and regulate the functions of proteins in controlling the metabolic
processes of the bod$ Excess nutrition that is associated with a sedentary lifestyle can result in
energy intake exceediranergy utilisation, leading to fat accumulation mainly in form of-non
esterified fatty acids (NEFA) in susceptible individuals, and these contribute to insulin
resistance, oxidative stress and inflammation

Diets high in fat/sugars can promote the agtief the mitochondrial respiratory chain thus,
leading to the excess production of mitochondrial ROShe generated oxidative stress causes

a decreased adenosine triphosphate (ATP) production as well as the development of insulin
resistance, therebyfacting the overall cellular metabolism leading to the development of
metabolic syndromé& Furthermore, dieinduced oxidative stress directly interferes with lipid
oxidation resulting in the excessive accumulation of fat in tissues, a condition énferag with
insulin signalling and translocation of the glucose transporter type 44%intnsulinsensitive
tissues, resulting in elevated blood glucose levels and eventual hypergly¢aéméasituation

of sedentary lifestyle, some of the didtattcontribute to the development of metabolic disorders
include excess dietary fructo%e’ *”.
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2.1.6 Highfructose diets in the aetiology of metabolic syndrome

Fructose is a swegasting monosaccharide that is presergucrose (table sugar), fruitgyney,

high fructose corn syrup (HFCS) and sugaeetened beverag®s Fructose consumption in

any of these forms is rapidly increasing globally and has been attributed to the increasing
prevalence of metabolic disorders including obesity, type 2 dsabgslipidaemia, NAFLD and
cardiovascular diseasé Different mechanisms have been proposed to explain the pathogenesis
of fructoseinduced metabolic derangements, all of which are attributed to the nature in which

fructose is metabolised in the tissdes

Most of the ingested fructose is metabolised by the ¥idt is absorbed into the portal vein

from the GIT, after which it is then transported into the hepatocytes by glucose transporter type 2
(GLUT-2) ®°, where it is metabolised and convertedtity acids, triglycerides, and LDt

which predisposes to obesity, dyslipidaemia, insulin resistance and type 2 diabetes and metabolic
syndrome®. Unlike glucose metabolism which is regulated by the phosphofructokinase
depending on the amount of enegpduced and insulin secreted, the metabolism of fructose

does not depend on the level of insulin secreted or energy dissipated

In the hepatocytes, fructose is phosphorylated to frudtqd®sphate by fructokinase, and then

to glyceraldehyde and diiroxyacetone phosphates (triggdgosphates) by an aldolase, with

eventual formation of glyceraldehy@ephosphat&®. These metabolic products of fructose are

the primary sources of phosphpids, triacylglycerol (TAG) and fatty acids. Additionally,

fructose metabolism produces a high concentration of lactate, a major source eCaéetyl

which is converted to TAGs and VLDE,

The rapid conversion of fructose to fructdsphosphate is believed to be responsible for hepatic
ATP depletion, resultingn rapid productiorof AMP and subsequent conversion of AMP to uric
acid®®. And this is one of the mechanisms by which fructose leads to mitochondrial dysfunction,
elevated levels of ROS and oxidative str@sthat eventually lead to inflammation charactediz

by elevated prénflammatory cytokines, apoptosis and fibrdSisThese processes are

implicated in the development of fructeseluced endothelial dysfunction, atherosclerosis,
hypertension, cardiovascular disease and metabolic syndtome

Fructoseinpai rs PPARU signalling |l eading t% decrea

This results in mitochondrial dysfunction and a decrease in mitochondriabXid&dion of fatty
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acids in the liver leading to visceral fat accumulation that contribu@s itacrease in the whole

body mass$”6%

The sensitivity of insulin can be affected by fructasguced lipogenesis leading to insulin

resistancé&?. The fructosenduced insulin resistance inhibits the insuliediated glucose

metabolism leading to hypglycaemia and eventually type 2 diabétes\diponectin is

metabolically leneficial in that it increases insulin sensitivity, enhances energy metabolism and
activates PPARU t her eb y®. pheadipantciinrsignalingmaylye aci d
decreased by higfiuctose diets, which may lead to decrease insulin sensisindydecrease

inhibition of lipogenesis thereby predisposing individuals to insulin resistance, visceral obesity

and metabolic syndront&.

The effects of fructose to increadenovolipogenesis and inflammation are largely mediated
via affecting the epression of certain genes and receptbfd These genes and receptors are
associated with carbohydrate response eletiediing protein (ChREBP), Sterol regulatory
elementbinding protein 1 (SREBR), TNFU a n d % Phade genes and receptors are
dysregulated secondary to excess Higistosediets leading tale-novq hepatic lipid
accumulation and inflammation, all of which predisposes to the development of N&FTRe
fructoseinduced inflammatory and oxidative processes can generatdJTNFG larid
thiobarbituric reactive substances (TBARBereby destroying hepatic cells leading to an

increase in circulating liver enzymes including alanine aminotransferase ¢A#T)

In addition to the liver being the major organ for fructose metabolism, some fructose is also
metabolised in extrahepatiissues including the small intestikélney, pancreas and tesfes®
Thus, sustained excess fructose consumption could lead to the development ofaskesigted
pancreatic andardiovascular dysfunctiof& Decreased reproductive performancs been
reported in males as a result of excess epididymal fat deposition and reduced testicular weight
secondary to chronic higiuctose diet consumptidti.

In the kidney, the metabolism of fructose could damage the renal parenchyma secondary to
fructos-induced oxidative stress, and this contributes significantly to the development and
progression of nephropatf$® The fructosénduced nephropathy can lead to the elevation of
kidney injury molecule 1 (KIML) and tissue malondialdehyde (MDA), whiate anarkers of

renal diseas®”’®. Bone mineralisatioft and red blood cell indices [packed cell volume (PCV),
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haemoglobin (Hb), mean corpuscular haemoglobin concentration (MCH@)ye been shown

to be adversely affected by excess dietary fructoseuagptson.

2.1.7 Complications of metabolic syndrome

Long-term metabolic derangements are associated with specific or multiple organ complications
(some of which are discussed earlier) that can lead to decreased or limited daily physical activity,
thereby &ecting economic productivity®. These complications are associated with high rates of

morbidity and/or mortality, and include but not limited to the following:

2.1.7.1 Type 2 diabetes

Type 2 diabetes is a complication of metabolic syndrome as a réenltlative and
inflammatory processes with accompanying insulin resistaffc@ype 2 diabetes is associated
micro- and macrevascular complications which contribute to the development of renal and

cardiovascular diseasés

2.1.7.2 Cardiovascular disses

Micro-vascular damage can result from insulin resistance, leading to endothelial damage,
atherosclerosis, vascular resistance and hypertension, which (hypertension) can adversely affect
peripheral vascular resistance and stiffness leading to theogawent of peripheral vascular and
structural heart diseageDyslipidaemia, low adiponectin concentration ame pro

inflammatory cytokines released from the adipose tissue also contribute to the development of
atherosclerosis and coronary artery dispasdéch can lead to the development of ischemic heart
disease and stroKé Co-existence of two or more risk factors of metabolic syndrome can

increase the rate of mortality from cardiovascular complicafions

2.1.7.3 NAFLD/NASH

Non-alcoholic steatohepisis (NASH) is a progressive form of NAFLD secondary to metabolic
dysfunction, and can further progress to fibrosis, cirrhosis, and hepatocellular carnibma

has been shown that NAFLD can be associated with type 2 diabetes thereby increasikg the ris

of poor cardiovascular outcom&s

2.1.7.4 Chronic kidney disease
Chronic kidney disease and microalbuminuria have been shown to be associated with metabolic

syndromée’®. Nephropathy is the main cause of estdge renal disease, and is characterized by
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glomerular and tubular structural and functional alteratiGnshich may adversely affect

urinary space, glomerular tuft and renal capsular dfeds

2.1.7.5 Other complications

Other complications arising from metabolic dysfunction include alteck8lo®d cell indiceg?,
osteoporosig® and testicular dysfunction (in malé$) These complications are believed to be
secondary to inflammation and oxidative stress associated with the pathogenesis of metabolic
syndrome’®. The components of metabotigndrome and associated complications can be

programmed in the early neonatal period of developfent

2.2 Neonatal programming of metabolic disorders

2.2.1 Developmental Origins of Health and Disease (DOHaD)

The hypothesis on the developmental originkexdlth and disease (DOHaD) posits that

environmental and nutritional influences in critical developmental periods can result in

epigenetic changes which can temporarily or permanently alter phenotype physiology and
susceptibility or resistance to dised%®. T he -hfistionghlyepot hesi s of met a
puts forward that the fAsingle hito nutritiona
metabolic dysfunction immediately or laterin e Wh i | st -htiht e fhdycwhtlheesi s
metabolic programming states that the risk of developing metabolic derangements following a
perinatal nutritional insult is increased after a second nutritional insult is introduced later in life

83.

Recently, growing evidence has shown that predispostiometabolic programming involves

multiple factors that act together in subjects who are genetically predisposed, a concept described
as Amultiple hit hypothesisod. These factors i
predispositior??, and they can afféec t he of f springds i mmature sat.i
controls appetite. As such, nutrition and weight gain cannot be regulated sufficiently during the
neonatal perio8®84

The early stages of intestinal development involve the formation ofttterial ecosystem,

which can influence the metabolic processes of the’hdBhese early developmental stages of

the intestines constitute a ficritical windowo
phenotype!. Thus, derangements in thedstinal developmental processes secondary to early

life dietary manipulation can lead to the development of metabolic disorders in the subsequent

developmental stagé&
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High-fructose diets are amongst the dietary nutrients that can have an effectloeimegnatal

period® Excessive intake of high fructose diets
hitdo insult that sensitizes the body S%stems
These hits trigger the development oftaimlic diseases, including, central obesity,

dyslipidaemia, type 2 diabetes, NAFLD and metabolic syndrome in the subsequent

developmental periods of 1if&#% Excessive consumption of dietary fructose and

phytochemicals during the neonatal periodcande t o al t erations in the

machinery.

2.2.2 Epigenetics of neonatal metabolic programming

Genes and gene products can be chemically marked, resuliirigrimation being inherited
throughgene expression without altering the DN&gaence, a process known as epigenetics
48,49.81.88 Epjgenetic programming may be the underlying mechanism for origins of early life
adverse or beneficial metabolic health outcomes in subsequent developmentaltstages.
(epigenetic programmingan eithesilence genes entirely or cause the genes to
overexpress/under express their protein prodii¢to.81.89

Three main epigenetic processes that closely interact have been recognized, and they include
DNA methylation, histone modification and nondingmicroRNA“8. These epigenetic

processes can occur during neonatal life and persist into addftdifie can be influenced by
metabolic and environmental factdfsGene expression can be altered by developmental
plasticity to produce a suitable phermyfor future environmer¥f. The resulting phenotype

may match its environment and the organism remains h&ltipwever, the reverse is the case
when there is a mismatch between the phenotype and its environment, and the response to the
environmentathallenges would not be adequate thereby increasing the risk of developing future
diseasef’. The degree of mismatch can be affected by either poorer or richer environmental
conditions during the developmental period, or Bétiror instance, the degreémismatch can

be increased by the consumption of excessive calorie diets (including fructose) that is associated

with physical inactivity, leading to loagerm development of metabolic disord&ts

Gene expression can be potentially mediated and tegulgDNA methylation to bring about
susceptibility to or protection against metabolic diseases during the developmental and
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differentiation stages of body tissu¥$®. It has been shown that perinatal dietary manipulation

in animals alters gene exprissin the developing offsprindf. For instance, early life

nutritional manipulation has been observed to
and heart. This increased PPARU expression is
promders®’.

Neonatal nutrition and genetic predisposition can affect the epigenetic mechanisms leading to the
development of metabolic diseases including obesity, diabetes and cardiovascular fiseases
There are three possible mechanismdiefinduced emenetic changes, and they include

chromatin machinery modification, ligand activation of nuclear receptor and membrane receptor
signalling*®#°. These epigenetic mechanistic processes are implicated in the regulation of genes
involved in metabolic process including adipogenesis, insulin signalling, glucose homeostasis
and inflammatiorf®,

Epigenetic alterations are reversible and serve as potential therapeutic approaches through
silencing or activating morbid genes thereby restoring the normal epigéfcrhe altered

epigenetic patterns can be identified and used as new targets for the development of appropriate
diets or drugs, which can prevent or destroy abnormal gene silencing in¥ol#dtered

epigenetic mechanisms can lead to the developmenetzbolic dysfunction not only in adults

but also in the paediatric age grolip

2.3 Metabolic syndrome in the paediatric age group

Childhood is a transitional period of growth and development charactéyzgdnificant
physiological alterations, whiamake theassessment afirdiometabolic status difficuft’.

During this period, the growing organism undergoes numerous physiological modifithtibns
canaffect cardiemetabolic characteristicas such, there is no universally accepted definition of
metabolic syndrome in childréfi In addition, ethnic differences in anthropometric and
metabolic parametelrgave also made it difficult to develop a universally accepted definition of

metabolic syndrom#',

Although several different definitions for asseng metabolic syndrome in children and

adolescents were identified since 2003, however, a significant number of these definitions are for
the adult classification of metabolic syndrome, particularly National Cholesterol Education
ProgramAdult TreatmenPanel Il (NCEPATP [11) 349%
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Adult definition of metabolic syndrome cannot be suitable for children because children require
the use of threshold specific percentiles for age, sex, and ethnicity to assesmesatiialic
parameters*. Thus consideringhe sociedemographic characteristics highlighted above, the
NCERATP Il diagnostic criteria for metabolic syndrome in children and adolescent was
modified by substituting the adult eatfs with the paediatric threshold on specific age and sex
percenties, and ethnicity".

There was a unanimous agreement that a universal definition of metabolic syndrome should
include four main defining features: dysglycaemia, increased blood pressure, dyslipidaemia, and
central obesity'. However, to date, there are uniform cutoff values for the diagnostic

criteria in the paediatric age grotfpBased on these modifications, the most widely used
definitions are those of Cook et @and IDF®3. Both definitions recognise the presence of four
main defining feaires of metabolic syndrome stated earlier.

In 2007, the IDF developed new clinical diagnostic criteria for paediatric metabolic syndrome, in
which significant central obesity (determined by waist circumference) is recognized as a major
and essential riskattor, plus two or more risk factors which are determined using adwdtfcut
values® (Table2.2). Additionally, the IDF proposes that metabolic syndrome should only be
assessed in children of 10 years and above, whilst only waist circumference shamed be
screening children of less than 10 ye¥rg hus, the IDF definition of paediatric metabolic
syndrome is considered the most useful clinically.

However,NAFLD, which is also an additional component of metabolic syndrome and maybe a
strong cardiemetabolic risk factor, is not considered in the new definition of paediatric
metabolic syndrome, despite a reasonable number of obese children and adolescents have
already developed NAFLB). Thus, this is a drawback to the current definitions of metabolic
syndrome in the paediatric age group.
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Table 2.2: The IDF criteria for the diagnosis of metabolic syndrome in children and adolescents

IDF Criteria Cut-off values

Central obesity <10years WC O 90th percent
10115 years: WC O 90th g
> 15 years (Adult criteria):

WC O 94 cm (1)
WC O 80 cm (1)
Dyslipidaemia Triglycerides O 1.7 mn
HDL-c < 1.03 mmol / L (1)
HDL-c < 1.29 mmol /L (1)

Hypertension Systolic bll80anhHp ores s ur €
Di astolic b8aomdg pressur
Fasting glucose O 5.6 mmol /L or diagnos

" = major criteria that must be present, then plus any other two or more criteria=IDF
international diabetes federation; Wwaist crcumference; HDLc = high-density lipoprotein

chol este mal gfenflaled. Table modified from Zimmet et®al.

The average global prevalence of metabolic syndrome in the paediatric age group is 13.4%, and
this prevalence is rapidly increasing irttbahildren and adolescerits due to increased

consumption of higitalorie dietS*. It has been shown that childhood metabolic syndrome could
predict cardiemetabolic disorders in adulthodgor instanceit has been shown that ppeiberty
obesityis invariably associated withgreaterisk of developing type 2 diabetes and

cardiovascular disease after pubéttylhus, children with greater risk of developing metabolic
syndrome and cardimetabolic risk factors can be identified at the early stagestgrmining

the waist circumference and BMilince bodyweight status correlates well with cardetabolic
derangement¥-91 Consequently, management interventions during the early developmental
stages can be potential preventive strategies for the genetd of fultblown metabolic

syndrome in adulthootf.

2.4 Management of metabolic disorders
The defining criteria for metabolic syndrome in all age groups are generally linked to an

unhealthy lifestyle, a risk factor that can be modifiedror patientsuffering from metabolic
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syndrome and in the absence of overt risk factors, lifestyle modification can be used to
effectively reverse the syndromeThus, the first line management intervention for metabolic
syndrome is targeted at lifestyle modificattbimough a multiple approach strategy that includes
a healthy diet and physical exercise

2.4.1 Lifestyle modification

Excessive consumption of energgnse foods associated with a sedentary lifestyle is believed to
contribute to the increasing prevatenof metabolic syndrome, type 2 diabetes and

cardiovascular diseases, not only in adults but also in children and adolé&cgintse

decreased intake of excess calorie diets could decrease weight gain, the focus is on decreasing
the daily caloric inta& and weight loss, and this has a beneficial impact on managing the
components of metabolic syndrome including central adiposity, insulin resistance, dyslipidaemia
and hyperglycaemi#. Consuming lowcalorie diets can improve some metabolic derangements

even if the rate of weight loss is sloWw

It has been recognised that high dietary carbohydrate, fatty acids and cholesterol are risk factors
for obesity, dyslipidaemia, insulin resistance, NAFLD and cardiovascular disease, and these are
the major componss of metabolic syndronfé. Therefore, diets low in carbohydrate, low in
cholesterol and low in saturated fatty acids may improve glucose metabolism, insulin sensitivity
and plasma lipid and lipoprotein metaboli&mThese should be reinforced with ieasing

exercise to decrease and/or maintain weight. This is an essential approach in managing metabolic
syndrome since it has been shown that physical inactivity is associated with increased prevalence
of metabolic syndrome, whereas high physical actigitikely to protect against the

development of metabolic syndrorife®

Healthy dietary habits and regular exercise are behavioural interventions that can provide short
term benefits and changes in BMI and abdominal circumference, and may improvk e ris
developing longerm cardiovascular diseas€sHowever, in severe cases of metabolic
dysfunctions with classical risk factors like type 2 diabetes or hypercholesterolaemia, there is a
need for conventional pharmacological interventions which shmilshsed on clinical

guidelines of a local settirty
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2.4.2 Conventional pharmacological therapy and surgical interventions

The pharmacological therapies currently available for treating metabolic syndrome are targeted
towards specific components or risictors associated with the syndrome, and the aim is to
reduce or prevent the risk of developing ldegn complications including cardiovascular

disease and type 2 diabetésExamples of drugs currently in use include fenofibrate
(hypolipidaemic), piogtazone and metformin (astiyperglycaemic and insulin sensitizet3)
Interestingly, some drugs may have beneficial effects on two or more components of metabolic
syndromée*. For example, pioglitazone also decreases blood levels of TGs and increases the
levels of HDL-c, in addition to its insulisensitizing effectd’. Fenofibrate also reduces

inflammation and improves vascular functidhs

Bariatric surgery may be consi deaBMofBn pati en
with related cemorbidities, as a means of reducing increased body weight and‘BMbwever,

bariatric surgery is not usually recommended for obese children and adolescents unless lifestyle
modification and conventional pharmacologic interventions are not effective inattenthe

increased body weight and BMi

Whilst the medical and surgical interventions are used in managing the components of metabolic
syndrome, however, they have limited effectiveness and associated with adverse sid®.effects
Additionally, pharmaological and surgical interventions are not usually recommended for
children and adolescents as stated eafiéhus,phytomedicinal therapy is currently being

explored for the prevention and management of metabolic disorders.

2.4.3 Phytomedicinal theapy

Medicinal plants are globally recognised as important components of healthcare $§stsms

they are widely used in the treatment and prevention of various health conditions including diet
induced metabolic disordet¥ Majority of the global popaltions rely on medicinal plants for

their healthcare need$ since these medicinal plants are usually cheap and readily av&ifable
The WHO has encouraged the exploration, scientific validation and standardisation of herbal
medicines worldwidé&®1°% and this has opened windows of research for alternative therapies

using natural plants including gingéf.
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Ginger is derived from the rhizome of the gingéngiber officinaleRoscoe) plant (Figurg.1)
102 The plant belongs to the famifingiberacaewith origins in SoutkEast Asia, however this
perennial plant is currently widely cultivated in the remaining parts of the WBri@inger has
medicinal and nutritional benefits making it an important spice used for flavouring and

therapeutic purposavorldwide!®.
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Figure 2.1: Uprooted and washed Ginger plants showing the prominent rhi@nese:
https:/images.app.goo.gl/gNGRjHgHzfsxORHC8

Ginger consists of different organic phytochemi¢&sStudies have shown that the health
beneficial effects of ginger are due to these active phytochertittd One of such

phytochemicals is zingerone, whialas the target phytochemical in this study.

2.5 Zingerone

Zingerone (Vanillyl acetone) is a bioactive chemical compound present in the plant ginger
(Zingiber officinalg ©°. It is estimated that about 9.25% of zingerone is present in ginger, and is
widely used as a flavouring agent that provides spicy aroma in food and Hirkimgerone
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belongs to the family of Methoxyphenol with a basic phenolic ring, in which a methoxy group is
attached to benzene riff. Thus, zingerone is a phenolic ketone witthamical formula [44-
hydroxy-3-methoxyphenyh2-butanone] (Figur@.2), and this makes it a strong antioxidant as it
possesses a hydroxyl group structur#lfy

Zingerone is sparingly soluble in waférand has a density that ranges between 11188 at

25°C195 After oral ingestion, zingerone is best and passively absorbed in the small intestine and
colon via first order kinetic¥®, and has oral absolute bioavailability of 72.5% Within 15

minutes of oral administration, zingerone is enyiidistributed in the body tissues especially the
liver, stomach, intestines, pancreas, kidney and A¥a#tingerone is mainly excreted in urine

(40%) and faeces (50%) as homovanillic acid and conjugates of glucuronide and/or sulfate after

24 hours of aal administratiort®2195

HO
OCHs

Figure22:Zi nger one0s c[#&@hydroxg3-methaxypheesyb2-ubutanonel®’.

Studies have attributed a wide range of pharmacological properties to zingerone, including
lipolytic, hypoglycaenic antioxidant, antinflammatory properties to mention but a few

99,103,10{1

2.5.1 Zingerone as a hypolipidaemic and anthbesity agent

Hypertrophy and hyperplasia of adipose tissue secondary to altered lipid metaloeltem a
hallmark of obesity®, and these translate to increased circulating TGs, andd,@hd

decreased levels of HBE with eventual predisposition to increased body weight and metabolic

syndromé.
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A study conducted by Narayanan and JesuthSstiowedan increase in body weight and BMI,
as well as derangement in the lipid profile where the levels of TG;¢.Bhd total cholesterol
were raised and HDL was reduced following consumption of fructose enriched diets (40%
fructose diet plus 20% solutiony ladolescent male Wistar rats for eight weeks. Zingerone
administration at 100 mg/kg body weight significantly decreased the body weight, BMI, levels of
TG, LDL-c and total cholesterol and elevated the levels of 8k the rats. Similar beneficial
effect of zingerone (on lipid profile) were observed by Jothi éfaand Ahmad et at®on
STZ-induced and alloxamduced diabetic Wistar rats respectivelgditionally, zingerone
administered to adolescent male Wistar rats at 6 mg/kg body weighivieek attenuated
hyperlipidaemia (increased TGs, LRLand decreased HBt levels) in isoproterenehduced
myocardial infarcted rat$®,

The mechanism of action related to hypolipidaemic effects of zingerone was attributed to its
(zingerone) ability tonduce norepinephrinmediated lipolysis in the adipose tissue of the study
animals. Stimulation afiorepinephrinenduced lipolysis by zingerone is attributed to the
translocation of hormonsgensitive lipase from the cytosol to adipocytes thereby pregetatin

accumulatior??:104.108

2.5.2 Zingerone as a hypoglycaemic and antiiabetic agent

Hyperglycaemia is primarily a consequence of insulin resistance secondary to beta cell
dysfunction?. These pathologic effects are attributed to the inflammatorypsiddtive

processes that generate cytokines and ROS respectively; both of them affect beta cell function
and insulin sensitivity leading to type 2 diabetés Zingerone has been shown to correct

hyperglycaemia and prevent the development of type 2tahn rats.

In a study conducted by Jothi et B, 40 mg/kg streptozotocin (STZ) was used to induce
diabetes in adolescent male Wistar rats, which had led to the development of hyperglycaemia.
Zingerone administered at 10 mg/kg for 30 days preveh&edlevated blood glucose level.
Fructoseinduced raised blood glucose level was also attenuated following zingerone
administration at 100 mg/kg body weight to adolescent male Wistar rats for eight®#feeks
Ahmad et all®observed that treatment witmgerone(50 and 100 mg/kg) for 3 weeks
protectecadolescent male Wistar rats against alleikatuced diabetes by improving insulin

level and sensitivityFurthermore, both fasting blood glucose and homeostatic model assessment
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of insulin resistance (HOMAR) index were reduced in STidduced diabetic adult male rats
after treatment with zingerone (50 and 100 mg/kg) for 16 weeks. All these reports showed that

zingerone possesses amyiperglycaemic properties.

The hypoglycaemic and insuisensitizing €icts of zingerone have been attributed to the

ability of zingerone to regenerate pancreatic islets and stimulate insulin riless®y

protecting against diabet&$1% This protection of diabetes by zingerone occurs via regulation
of oxidative stres and inhibition of inflammatory processé3

2.5.3 Zingerone as an artoxidant and anti-inflammatory agent

Oxidative stress is a condition in which body cells are exposed to high levels of oxygen or ROS,
and this can affect adipocytes leading to oxigatlamage to lipids known as lipid peroxidation

41 As a result, lipid peroxidation products are generated directly (such as MDA) or indirectly
(suchas TBARSY>. Whi |l st inflammation is the bodyds
production of iflammatory cytokines including TNF and-&, which can be harmful to the

body tissued®, and are invariably associated with oxidative stf&ss

Metabolic diseases including obesity, type 2 diabetes, NAFLD and diabetic nephropathy are
usually associatedith oxidative stress and inflammatory processes, in which there is increased
production of ROS andpregulation of pranflammatory cytokine$3>%103 Many studies have
documented the effectiveness of zingerone in attenuating oxidative stressdasihecthe

levels of MDA and TBARS, and downregulating cytokines including INF a n&l | L
69,103,105,119

A study was conducted in which alloxarduced diabetic male Wistar rats were observed to

have elevated levels of MDA, TNB a n-@ thdsd.were atteiated following three weeks
treatment with zingerone at 50 and 100 mg/kg body weétghSimilar observation was made by
Rehman et af® following 16 week treatment with similar doses of zingerone in-Bitiiced

adult male diabetic rats. It has alsomsbown that zingerone possesses free radicals scavenging
ability in food radiolysis, thereby attenuating lipid peroxidation of food substafict

The antiinflammatory and artoxidative effects of zingerone are attributed to its multiple

actions, vhich include hydroxyl group free radical scavenging on aromatic ring and presence of
double bond between-€and C3 of zingerone. Facilitation of proton release by the methoxy
group from the phenolic hydroxyl group, downregulation of inflammatory prosesse

increasing the activity of hepatic PPARU, o
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pathways as well as inflammation are additional mechanisms of &3 The antioxidant

and antiinflammatory activities of zingerone provide an oppoaiturfor the treatment and
prevention of diseases associated with lipid peroxidation and inflammation, including hepatic
diseases®.

2.5.4 Zingerone as a hepatoprotective agent

The liver plays a significant metabolic rofethe body, and participates in the inflammatory
pathways to get rid of some deleterious stiffilliHepatic inflammatory process can be caused

by exogenous substances such as environmental toxins, as well as endogenous substances such
as ROS'%. The man factors implicated in hepatic injury include hepatic fat accumulation,
lipotoxicity secondary to oxidative stress with elevated oxidant markers (MDA and TBARS),

and release of inflammatory cytokines (TNF a n-@) 'Ll Additionally, hepatic inflammatin

could also be caused by increased apoptési$hese deleterious processes ultimately lead to
hepatic tissue damage, NAFLD and eventually NASH which is characterised by inflammatory

cell aggregates and fibrotic changes in the hepatotites

Zingerore administration at 100 mg/kg to male Wistar rats for eight weeks attenuated the hepatic
lipid accumulation and hepatic enzyme markers secondary to consumption of femtcbed

diet, thereby protecting against hepatic tissue damage and developm&RLdDMNASH 18

Mani et al.1%” observed reduced alterations in the liver enzymes and hepatic damage after a four
week supplementation with 40 mg/kg zingerone to male albino Wistar rats exposed to ethanol
induced liver toxicity. In another study it was rejgal thattreatment with zingerone at 50 mg/kg

for three weeks attenuated the alloxaduced elevated serum levels of hepatic enzymes in
alloxaninduced diabetic Wistar rat$. Similar effect of zingerone was observed by

Julietpoornamathy and Paramesiwéton hepatic enzymes.

Narayanan and Jesudd&%and Zaki et al**! reported decreases in vesicular steatoses,
inflammation and fibrosis (features of NAFLD and NASH) in likier histological sections of
fructosefed rats following administration ofreyerone. Similar beneficial effect of zingerone
was made by Mani et &P’ on the liver histological sections of rats exposed to aleiaiced
hepatic damage.

The hepateprotective effects of zingerone have been attributed to its ability to atterayetich
steatosis, reduce oxidative stress as well as lipid peroxiddtiokdditionally, prevention of
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DNA damage mediated by RO&abilisation of hepatocytes membranes thereby preventing
leakage of hepatic damage markers (liver enzymes including #Lfhg extracellular fluidand
downregulation inflammatory cytokines (including@land TNFU) of hepati c i nf | &

also occuf10:112.113

2.5.5 Zingerone as a nephroprotective agent

Diabetic nephropathy is one of the major microvascular coatmits associated with type 2
diabetes and metabolic syndrohi& and is linked with oxidative stress, inflammatory process,
renal function alterations, renal lesions and fibrésit diabetic kidney disease, excess

production of ROS is due to eithdrett effect of hyperglycaemia or via cytokine rele?tse

Following a fourweek administration of zingerone (40 mg/kg) to the male Wistar rats that were
exposed to alcohehduced kidney damage, the elevated levels of renal function markers
including urc acid were returned to normal, suggesting that zingerone was able to preserve the
renal physiology against etharintluced renal damad®&’. Additionally, the authors of the same
study observed damaged renal glomeruli and tubules on histology, the ggithaibwas

reduced by administration of zingerone thereby restoring the normal cellular structure of the
kidney. In another study conducted by Rehman &8,&TZ-induced diabetes resulted into
increase in kidney levels of ROS and MDA, serum levelsIbfH, creatinine and BUN in the
study rats. Treatment of the study rats with 100 mg/kg of zingerone for 16 weeks decreased the
kidney levels of ROS and MDA, as well as the serum levels of-K|Nreatinine and BUN were
restored back to physiological values

The nephroprotective property mhgerone is attributed to its afityperglycaemic, ani

oxidative and antinflammatory effect§°1%’

2.5.6 Other pharmacological properties of zingerone

Other pharmacological properties of zingerone include thossfibeth effects reported on the

heart, GIT, bones, microbial infections, chemotherapy and radiohgiiced oxidative damage.
Overweight, obesity, type 2 diabetes and atherogenic dyslipidaemia are components of metabolic
syndrome that are strongly asseetwith cardiovascular diseagésThe pathogenesis of these
diseases has been linked to oxidative and inflammatory proce&esed on its antixidative,

antrinflammatory and hypolipidaemic effects, zingerone administered at 6 mg/kg to male albino
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Wistar rats for 2 weeks protected the hearts of rats against the isoprotedereld cardiac
hypertrophy and myocardial infarctid?f. Soliman et al*'* documenteé crdioprotective

effect of zingerone (25 mg/kg) against cisplatiduced oxidative s&iss and inflammation in

adult male rats within 3 weeks of administration.

The beneficial therapeutic effects of zingerone on gastestinal diseases have been
demonstrated by numerous studies, and these therapeutic effects are also attributed-o the ant
inflammatory and antbxidant effects of zingeron'd®. For example, the number and size of
ethanolinduced gastric ulcers were decreased by administration of zingerone at doses 50 mg/kg
to the study rats. This histological effect of zingerone was atéribto decreasddvels of tissue

MDA and TBARS, which are the direct and indirect markers of lipid peroxidation respectively in
the rat stomach'®.

Zingerone has also been shown to have beneficial therapeutic effects on bones, in which
treatment with zigerone stimulated osteogenesis via cellular differentiation of osteoblast in
mesenchymal stem cells of mouse. Thus, bone andretated disorders would be treated using
the osteogenic potential of zingerdr® Zingerone has been shown to exhibit anthobial

activity on different Granpositive and Grarmegative bacteri#* In the third world countries,

the leading cause of deathHscherichia colinduced diarrhoea. It was reported that zingerone
protected againgt. coliinduced diarrhoea by inhting the bacterial enterotoxins and colonic
movement in rat§?1% Furthermore, it has been demonstrated that zingerone inhibited biofilm
formation ofPseudomonas aerugingsaGramnegative nosocomial bactefi.

The potential therapeutic effectsaifigerone in the treatment of cancer has been explored.

It has been reported that zingerone supplementation in dimethyl hydrazine treated rats
significantly decreased the incidence of tumdf#sZingerone also demonstrated promising
results in the treatent of colon cancef”. The chemotherapeutic effects of zingerone have been
linked to its ability to inhibit lipid peroxidation, increase enzymatic andermymatic anti
oxidantsbé expression, destroy t unrasso@tedced| | s 6
death'®2194 Cytotoxic chemotherapy associated nausea and vomiting, as well as postoperative
nausea and vomiting can be prevented with the use of zing€fofais is due to the belief that
zingerone nofcompetitively antagonises serotonateptors (visceral afferent neurons) in the

central and peripheral nervous systéfis
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Patients are exposed to different types of rays during cancer radiation therapy, in addition to
diagnostic purposes for variety of respiratory, cardiac, orthopaedigyaa@cological diseases
102 These rays include-¥ays, gamma rays and infrared rays, and can lead to oxidative stress
and generation of ROS which damage the exposed organs. Zingerone has been shown to

neutralize free radicals generated by radiatimtuced oxidative stres$2

2.5.7 Zingerone safety and toxicity

Despite zingerone showing potential as a medicinal phytochemical, there is limited research and
information on its safety and toxicity, and this is a limitation that is faced by mostdaanél
medicinest!’. However, the safety of zingerone for oral consumption has been reported by
Rehman et aP®, who considered an established lethal dosedLaf 2580 mg/kg body weight

of zingerone to be safe and ntwxic in rats. Jesudoss et 4F repated a median LB of 657.55

mg/kg body weight of zingerone in mice after oral administration. In humans, the effective and
safe dose of zingerone is reported to be 3 g in adults and 50 mg/kg body weight in éKildren

All these observations are pointéosvards the safety of zingerone for oral consumption.

2.6 Influence of dietary nutrients and phytomedicines on the gastrmtestinal tract

Rapid devel opment of the ratés gut occurs dur
stages at which dietarganipulation can affect the morphometry of the 'gtitThe expression of

certain glucose transporters (GLABT a highly specific fructose transporter, has been shown to

be upregulated in the gut following oral ingestion of fructose during the earlyogevehtal

stage$®. This can alter the structural and functional integrity of the GIT thereby predisposing the

growing organism to the lorgrm development of metabolic disord&ts?:

GIT can also be affected by orally ingested phytochemicals. Hgstipbrowth of the

intestines and pancreas, as well as disruption of the intestinal brush border have been observed in
rats following oral ingestion of phytohaemagglutinin, a lectin from red kidney bBhas€olus

vulgaris) 122124 However, ursolic aciéf® and oleanolic acié?® demonstrated protective effects

on the intestinal mucosal barrier and liver respectively.

The next chapter is a published manuscript, and it describes the potential of neonatal orally
administered zingerone to programme for @ctibn against longerm development of metabolic
dysfunction induced by oral consumption of higlctose diet in male and female Sprague

Dawley rats
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3.1 Abstract

During the early postnatal period, dietary manipulations can alter the developmental trajectory of
the growing offspring, causing beneficialamverse health outcomes later in adult N&

investigated the potential preventive effects of neonatal zingerone intake on the development of

fructoseinduced metabolic derangements in rats.

Fourday old male and female Sprague Dawley rat pups{8)were randomly grouped and
administered10 ml/kg body weight (bwt) of distilled water (W), 10 ml/kg bwt 20% fructose
solution (FS), 10 ml/kg bwt fructose solution + 40 mg/kg bwt of zingerone in distilled water
(ZF), or 40 mg/kg bwt of zingerone in diséitl water (ZW) praveaning.After weaning, W and

ZW continued on unlimited tap water while FS and ZF continued on unlimited fructose solution
for 10 weeksBody mass antbod and fluid intake were evaluated, plasma was collected for

metabolic assays and veral fat was quantified.

Food intake was decreased, fructose and overall caloric intake were increased due to fructose
feeding in both sexe®(< 0.05).When compared with the controls, the higictose diet
significantly raised the terminal body maseéfemales P < 0.0001), concentrations of
triglycerides, total cholesterol, LDt, TG:HDL-c ratio and visceral fat mass relative to bwt in
both sexesK < 0.05). Zingerone prevente® € 0.05) the fructosénduced increase in body

mass (females) and hypéolesterolemia (both sexes). Levels of HDLlglycaemic parameters

and adiponectin were not affected by the interventiBris@.05). Sexrelated differences were
observed in food, fluid and caloric intake, terminal mass, cholesterol subtypes anal fégce
percentageR < 0.05).

Zingerone could be used strategically in the neonatal phase as a prophylatic management of
high-fructose dietinduced metabolic syndrome.

Keywords: Fructose; metabolic dysfunction; zingerone; neonatal; dyslipidaeimgssjt/

3.2 Introduction

The early postnatal period of life is a dynamic developmental period where dietary and
environmental interventions can affect an ind
beneficial or adverse health outcomesubsequent stagesldé 1. Nutrients and

phytochemicals can interact with the epigenetic machinery of the individual during the neonatal
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periad leading to epigenetic change3hese epigenetic changes are associated with

dysregulation of gene expression that underlies the developmental programming ¢ adver

health outcomes in adulthoddThe dietinduced epigenetic changes occurring during the
neonatal period can also afféech e i ndi vi duaf 6s i mmature brain
During the early postnatal ped, the differentiating satiety centre in the brain is influenced by
intrinsic and extrinsic factors that affect appetitied consequentlyutrition and weight gain

cannot be adequately regulafe@he dietary nutrients that can have an effect during the

neonatal peod include highfructose dietS. Excess dietary fructose consumption during

childhood leads to the development of cangietabolic disorders including central obesity,
dyslipidaemia, typdl-diabetes and coronary heart disease in the subsedavelopmental

periods of life®. The aforementioned are amongst tbeponents of metabolic syndrorhe

Over one billion people in the world are affected by metabolic syndrome, with females having a
higherprevalenceg1.753%)than males (43%yhile children account for-8% 8?°. This high
prevalence of metabolic syndrome is associated with an increase in fructose consumption
among other factor¥.

Most of the ingested fructose is transported to the liver where it is metabolised leading to visceral
fat deposition, dyslipidaemia, obesity, excessive weight gain, inggistance and typi-

diabeteg!. Whilst glucose metabolism is regulated at the level of phosphofructokinase, by the
amount of adenosine triphosphate (ATP) generated and insulin secreted, fructose metabolism is
independent of thega/o factors'y. This results in fructose being convette fatty acids,
triglyceridesand lowdensity lipoprotein cholesterol (LDt) which predisposes to the

pathogenesis of obégiand metabolisyndrome'!. Fructose also suppresses hepatic fatty

acid oxidation and higldensity lipoprotein cholesterol secretion leading to visceral adiposity and
an increaseni the overalbody masg?.

Fructoserich dietsaffect insulin sensitivity via lipgenesis leading to insulin resistaaecel

eventually typdl-diabetes?. Adiponectin, an antinflammatory adpokine, enhances insulin
sensitivity, energy metabolism and fatty acid oxidation by activating peroxisome proliferator
activated receptor alph® P A R*UBructose decreases adiponectin signalling leading to
hypoadiponectiaemia, which may affect the extent to which adiponectin inhibits lipogenesis

thereby predisposing individuals tsgeral obesity and metabolic dysfunctiarater life4,
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Management of metaboldisorders remains a challenge globally due to the expense of synthetic
conventional drugand poor healthcare facilities, especially in developing countries, making the
drugs inaccessible to mdst The currently usé drugs also tend to be monotherapeutic, targeting
specific components of the metabolic syndrome and hence patients must take several
formulations simultaneously and chronically to treat the conditions, resulting in adverse side
effects, drug reactionspn compliance and increased cd$tS. Given these challengethere is

an increasing interest in the strategic use of medicinal plants and Iyaderated

phytochemicals with a broad spectrum of biological actioRrevious studies have

demonstrated positive health outcomes with the strategic use, during the neonatal period, of
phytochemicals including-8llyl cysteine'®, oleanolic acid® and ursolic acid® as protection

against metabolic dysfunction.

Zingerone (Vanillyl acetone) is a bigae ketone found in gingeZ{ngiber officinalg¢ and is

used as a flavouring agent in the food indu&trit has demonstrateshtiobesity (fructose
induced), hypolipidaemic (fructoseduced) and antidiabetic (alloxan and streptozotocin
induced) properties in adult male r&t<®. The effects ofzingerone on the liver include increase
in PPAR activities and fatty acid oxidation that attenuate lipogenesis and preventing hepatic
damage via inhibition of free radicals generation, downregulating inflammatory cytékfies
and decreasing the activity of AL?#27 (our target for studiesThe biological properties of
zingerone make it a possible candidate that could be administered during the neowakéb peri
protect against lortermadverse metabolic outcomes secondary to-fggttose diets.

Metabolic studies were previously mostly conducted on adult ifadé&2° However,
components of metabolic syndrome are also observed in growing children, withysexuall
dimorphic features between males and femalége thus explored the potential of neonatal
orally administered zingerone to programme for kegn protection against the adverse

metabolic outcmes secondary to a highuctose diet in male and female growing rats.
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3.3 Methods
3.3.1 Study setting

The study was undertaken at the Central Animal Service of the Univefrsifitwatersrand,
Johannesburgouth Africa, following approval by the AnimakRearch Ethics Committee of

the University of Witwatersrand (Reference No: 2017/010/7 1/Bg. study was conducted
according to internationally accepted principles for laboratory animal use and care as stipulated
in South African National Standard (SANS3B®:2008) and Animals Protection Act, 1962: Act

No. 71.The manuscript was compiled in alignment with Ameémal Research Reporting of In

Vivo Experiments ARRIVE) guidelines.

3.3.2 Animal housing

The experiment usedday-old male and female rat pups atwhsisted of a preveaning stage
(postnatal day-21) and a posiveaning stage (postnatal day-22). The preveaning stage involved
housing of the pups in each litter with their danespectivelyin Perspex cages that were lined with
wood shavings. Ik postweaning stage, the pups were housed singly in Perspex cages. In both
stages, the room of the animals was kepttatrgperatureéange of 2426°C with a 12h dark and light

cycles with lights on from 7:00 h to 19:00fbr all the stages of the expmaent.

3.3.3 Study design

A total of 79 4-day-old suckling male and female Spragbawley rat pups weighing 9.7 + 1.1 g were
received from seven nulliparous dams, each with a litter consistind ®p8ips. The sample size
ranged between 8 ard@ rats pegroup, and was calculated based on a previous study conducted in
our research Laboratot§using the following formuld®

Sample size 2 SI¥ (1.96 + 0.84%d?

where SD= standard deviation from previous study36élL= type 1 error of 5%; 0.842 = at 80%

power; d = difference between mean values.

The pups were acclimatised to handling and the environment for 4 days, and then randomly allocated
to four treatment group§&roup | which served as the negative contro) (§avaged with 10 ml/kg

body weight (bwt) of distilled water before weaning and then provided unlimited access to plain tap
water postweaning, n = 20Males M) = 9, FemalesK) = 11]; Group Il (FS) received fructose only
(gavaged with 10 ml/kg bwt of 20% fructose solution before weaning and then provided unlimited
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access to a 20% fructose solution to drink pesaning, n = 20; M =9, F = 11) to induce metabolic
dysfunction; Group Il was administered zingerone (40 mg/kg bwt) neonatally to programme fo
protection against lonterm highfructose consumption, received 20% fructose solution (10 ml/kg
bwt) neonatally and then unlimited access to 20% fructose solution to drinkveasing (ZF, n = 21,

M =9, F = 12); Group IV administered with zingeromgyo(40 mg/kg bwt of zingerone dissolved in
distilled water before weaning and given unlimited access to plain tap water to drivkeaoshg

(ZW, n =18, M =8, F = 10) to assess the effects of zingerone alone on metabolic health of the
animals.In additon, all the pups nursed freely from their respective dams during thegamgng

stage and later had free access to standard rat chow [Labchef Rodent Breeder, Nutritionalhub (Pty)

Ltd, Stellenbosch 7602, South Africa] during the pgstaining stage.

Fruciobse (Natures Choic&outh Africa) was madas a 20% solution by diluting 200 g of
fructose in one litre of watéP. Food grade zingerone (W3124QKG) was purchased from
SigmaAldrich (USA).

3.3.4 Measurements

3.3.4.1 Food, fluid and calorie intake

The food and fluid intake by each rat wasetiminedweekly in the last 4veeks of intervention.

At the end of each week, the remainingoaimis of food in the cage wesabtracted from the

total amounts supplied at the beginning of the week. The fluid was provided in freshly prepared
predetermined amountach that there was a constant supply. The remaining fluid was then
suliracted from the total supplied the end of eacheek. The weekly food and fluid

consumption were computed as a percentage of body mass as g/100 g and ml/100 g, respectively.
The totalweekly calorie intake wagetermined by multiplying the amount of food and fructose
consumed each week by their respective reference calorie values, and the two were then added
together.

3.3.4.2Body mass

The rats were eighed daily during the pr@eaning stage, and then twice a week during the
postweaning stage by individually placing the rats in awetghed cage on an electronic

balance (Snowrex Electronic Scale, Clover Scales, Johannesburg).
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3.3.4.3Terminal procedures

On postnatal day 90, the rats were fasted from solid feed but provided plain drinking water
overnight fo 12 h Terminal body mass was then determined (on postnatal day 91) as stated
earlier. In order to quantify fasty blood glucose, a drop of blood was taken after a pinprick on
the tail vein. The fasting concentration of glucose in the blood was quantified using a glucose
meter (Contour Plus Bayer Health Care, Diabetes Care, Isando, South Africa) according to the
maru f act ur e ons. Ihe rats wererther eguthagwith sodium pentobarbitone (Centaur
Laboratories, Johannesburg, South Africa) at 150 mugklg weight intraperitoneally,which is

considered as appropriate and acceptable euthanasiadh rats

A ventral midline incision was made on therfix and abdomen, and inttardiac blood was

drawn into syringes via attached needles. The blood samples were then transferred into
hepamised tubes (BD Vacutainer, Plymouth, UK) and centrifuged (Rotofix 32A, Hettich
Zentrifugen, @rmany) at 3700 g forslminat 20°C. The plama was harvested and stored at
20°C for later assay¥/isceral fat (surrounding the liver, kidneys, pancreas, stomach, small and
large intestines) was carefully removed and weighed on a Presica 310M digital scale (Precision

Instruments, Johannesburg, South Africa).

3.3.4.4Blood parameters

3.3.4.4.1 Lipid profile

The stored plasma samples were thawed and triglyceride$, & cholesterol (TC), LDIc
and highdensity lipoprotein cholestdr(HDL-c) concentrations were determined using specific
enzymebased assay kits (Elabscience Biotechnology Co., Ltd, Wuhan, Hilbeq)

3.3.4.4.2 Adiponectin, insulin and Homeostasis Model of Assessment

Fasting plasma insulin and adiponectin were deteed using raspecific insulin and

adiponectin Enzyméinked ImmuneSorbent Assay kits (Elabscience Biotechnology Co., Ltd,
Wuhan, HubeiChina) The insulin resistance index was computed according to the Homeostasis
Model of Assessment (HOMAR) 32,

HOMA-IR = [fasting plasma insulin (uU/ml) x fasting glucose (mmol/l)}/22.5
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3.3.5Statistical analysis

GraphPadPrism 5 software (GrapRad Software Inc., San Diego, USA) was used to analyse the data
from all the animals. Data wergm@essed as mean * standard deviation. A analysis of

variance [(ANOVA), parametric] was used to analyse mulgptaup data on food, fluid and calorie
intake, blood parameters and visceral fat, while repeatasures ANOVA was used to analyse
within-group data on weekly body mass, food and fluid intake. The muttiptgparisons Tukegost
hoctest was used to compare the means. Awayg ANOVA was used to compare the effect of

variation intreatment, sex and interactiand statistical ginificane was considered whéh< 0.05.

3.4Results

3.41 Food, fluid and calorie intake in adulthood

The weekly food, fluid and calorie intake of the rats in the last 4 weeks of the intervention period
is shown in Supplementary Tables’sS51B and ST, respectiely. Rats that received fructose

with or without zingerone (FS; ZF) had significant®f 0.0005 (Males)P < 0.0001 (Females)]
lower food intake compared to the negative controls (W) and the group administered zingerone
only neonatally (ZW; Supplementaifable SA). There was no differenc® F 0.7618 (Males);

P =0.1083 (Females)] in the food intake between the negative controls (W) and the group that
received zingerone only (Z\Was well as between the fructose only group (FS) and the group

that had fuctose and zingerone (ZF E 0.6511 (Males)P = 0.5234 (Females); Supplementary
Table SA.

Rats that received fructose with or without zingerone (FS; ZF) had significRnt/{ [0005
(Males);P < 0.0001 (Females)] higher fluid intake compared to tmrols (W) and the group
that had zingerone only (ZW; Supplementary TablB)SThere were no differenceB f 0.4529
(Males);P = 0.3105 (Females)] in the fluid intake between the control (W) and zingerone only
(ZW) groups, as well as between the fruetosly group (FS) and the group administered a
combination of fructose and zingerone (ZPH 0.3563 (Males)P = 0.1350 (Females);
Supplementary Table B).

Rats that received fructose with or without zingerone (FS; ZF) had significRrt/{ 0003

(Males);P < 0.0001 (Females)] higher calorie intake compared to the controls (W) and the group
that had zingerone only (ZW; Supplementary Tabl€)SThere were no differenceB £ 0.2802
(Males);P =0.1113 (Females)] in the calorie intake between the dditpand zingerone only
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(ZW) groups, as well as between the fructose only group (FS) and the group administered a
combination of fructose and zingerone (ZPH 0.8165 (Males)P = 0.9342 (Females);
Supplementary Table €].

However, female rats had sifioantly higher food P = 0.0002 (sex effectp < 0.0001
(treatment effect) = 0.0028 (interaction effect)], fluid[< 0.0001 (sex, treatment and
interaction effects)] and calori® k 0.0001 (sex and treatment effecB) 0.0015 (interaction

effecd] intake in comparisoto their male counterparts.
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3.4.2 Body mass

The induction, weaning and terminal body masses of the study rats are representac BlFrig
All the rats grew significantlyR < 0.0001) from induction to weaning as well as froeawing

to termination. In males, there were no differences in the indu®ier0(5976), weaningH =
0.9658) and terminaP(= 0.6214) body masses of the rats across treatment groupse(Biga

In females, there were no differences in the indudfon 0.3127) and weanind?(= 0.1456)

body masses of the saficross treatment groups (Figure 3.However, the higliructose diet
significantly P < 0.0001; FS vs other treatments) increased the terminal body mass of the female
rats. Thus, neonatal admmstration of zingerone prevented the higictose dieinduced

increase in terminal body mass in female rats. Ad®y weight data showing the longitudinal

weight curves at time points in which changes in body weight occurred in male and female rats

areshown in Supplementary Figure AandB, respectively.

Despite no difference in the inductidd £ 0.1931 (sex effectp = 0.4517 (treatment effectp,=
0.7884 (interaction effect)] and weanirfig§ 0.0640 (sex effect) = 0.1933 (treatment effect),

P =0.8121 (interaction effect)] body masses between male and female rats, the male rats had
significantly [P < 0.0001 (sex effectR = 0.0310 (treatment effectp,= 0.7537 (interaction

effect) higher terminal body masses than femétegure 3.19.
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Figure 3.1: Effects of neonatally administered zingerone on average body mass-of high
fructose fed maled, and femalek) rats fom induction to weaning and termination, and

compared terminal mass between males and fen@les (

Data expressed as mean + standard deviation.#R# 0.0001 when induction is compared
to weaning and when weaning is compared to termination=# < 0.0001 when FS
termination mass is compar=edP t< 00.t0OhCelrl twheeant me
termination masses are compared to those of femalesg#Vaged with 10 ml/kg body weight
(bwt) of distilled water before weaning and then provided utdoiraccessa plain tap water
postweaning [Males =9, Females =11]; FS = gavaged with 10 ml/kg bwt of a 20% fructose
solution before weaning and then provided unlimited access to a 20% fructose solution to
drink postweaning (Miles= 9, Females = 11); ZF = gavaged with a combination of 20%
fructose solution (10 ml/kg bwt) and zingerone (40 mg/kg bwt) before weaning and then
unlimited access to 20% fructose solution to drink pestining (Miles= 9, Females= 12);
ZW= gavaged with zingerone only at 40 tkg bwt dissolved in distilled water before
weaning and given unlimited access to plain tap water to drinkweahing (Miles= 8,

Females= 10); PND= postnatal day.
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3.4.3 Clinical metabolic parameters in circulation

Table3.1 shows the plasma lipid gdile of the study rats. In both males and females, the-high
fructose diet (FS) significantly increased plasma triglyceride concentraen®.p226 (males);
P = 0.0049 (females)], triglycerides to HBELratio [P = 0.0190 (males) = 0.0084 (females)],
concentrations of TGP = 0.0970 (malesP = 0.0005 (females)] and LDt [P = 0.0002
(males);P < 0.0001 (females)] compared to the control (W; T&dé The highfructose diet
induced hypercholesterolemia (both sexes), {yidr-cholesterolaemia (botteges) and
increase in triglycerides to HDBt ratio (females only) were preventdX 0.05 when ZF was
compared to control) by the neonatal orally administered zingerone @.abieith zingerone
treated groups having similar concentration3 Gf LDL-c and triglycerides to HDLc ratio with
the control). The concentrations of HRl[Table3.1; P = 0.2847 (malesP = 0.3765
(females)], fasting glucos®[= 0.1042 (males)y = 0.3679 (females)], insulirP[= 0.3387
(males);P = 0.6824 (females)] and adipartie [P = 0.4289 (malesP = 0.9563 (females)], as
well as the values of HOMAR [P = 0.3033 (maleslP = 0.9208 (females)] were not different
across the different treatment groups (T&R in both sexes.

Females rats had significantly higher levelsadél [P < 0.0001 (sex and treatment effecB)k
0.9590 (interaction effect)], LDLH < 0.0001 (sex and treatment effecB) 0.3259 (interaction
effect)] and HDL P = 0.0124 (sex effectp = 0.0004 (treatment and interaction effects)]
cholesterolshan their corresponding males. However, no sex difference was observed in the
levels of TGsP = 0.2117 (sex effectR < 0.0001 (treatment effec,= 0.4545 (interaction
effect)] TGs to HDLc ratio [P = 0.1628 (sex effectp = 0.0002 (treatment effe¢c = 0.4530
(interaction effect)] and glycaemic parametd?s>(0.05 for sex, treatment and interaction
effects).
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Table 3.1: Effects of neonatally administered zingerone on lipid profile of ffiigbtose fed rats

in adulthood
Parameter Sex w FS ZF ZW
Male  0.55+0.27 1.30 + 0.52 0.82+0.38° 0.79 +0.68
(Tn?rf]olll) Female 041+027  110+068  096+05% 043035
Male  5.40 + 1.60 8.80 + 2.40 5.60 + 1.860 6.10 + 2.96°
TC(mmoll) —Forale 810%246°  11.00%250° 7.60%1.76° 820196
HDL -c Male  1.70 +0.08 1.70 +0.04 1.70 +0.08  1.70 +0.04
(mmol/l) Female 1.70 £0.04° 170 +0.05° 1.80 +0.08> 1.70 £0.03°
LDL -c Male  3.70+0.78 5.00 + 0.28 3.60+0.7% 4.00 + 0.59
(mmol/l) Female 4.80+048° 650+130° 430+043° 490+052°
TGs:HDL- Male  0.32+0.16 0.75 +0.30 0.48+0.28°  0.47 +0.38°
c ratio Female 0.24 +0.16 0.61 +0.40 0.55+0.3%° 0.25+0.2%

Data expressed as mean + standard cewmia® = within row means with different letters
significantly different at P < 0.05= female rats had significantly higher level of cholesterol
subtypes at R 0.0001 compared to males; ¥\gavaged with 10 ml/kg body weight (bwt) of
distilled water efore weaning and then provided unlimited access to plaiwéger post
weaning[Males M) = 9, Females ) = 11]; FS= gavaged with 10 ml/kg bwt of a 20% fructose
solution before weaning and then provided unlimited access to a 20% fructose solutioi to dr
postweaning (M= 9, F= 11); ZF= gavaged with a combination of 20% fructose solution (10
ml/kg bwt) and zingerone (40 mg/kg bwt) before weaning and then unlimited access to 20%
fructose solution to drink poesteaning (M= 9, F=12); ZW= gavaged witlzingerone only at

40 mg/kg bwt dissolved in distilled water before weaning and given unlimited access to plain tap
water to drink postveaning (M= 8, F = 10); TGs= triglycerides; TC= total cholesterol; HDL

¢ = high density lipoprotein cholesterol; LDt = low density lipoprotein cholesterol.
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Table 3.2: Effects of neonatally administered zingerone on glycaemic parameters of high

fructose fed rats in adulthood

Parameter Sex w FS ZF ZW

Glucose Male  4.10+0.38 3.80 £ 0.47 3.70+0.18 4.10+£0.25
(mmol/1) Female 3.80 £ 0.47 3.70 £ 0.47 3.60 £0.42 3.90+0.34
Insulin Male 0.85+0.70 1.40 +0.58 1.20 +0.48 1.20 +0.63
(ng/ml) Female 1.00 +0.61 1.10 £ 0.46 1.20 £0.43 0.93 +£0.62
HOMA -IR Male 0.15 +£0.12 0.24 +£0.12 0.20 +0.08 0.22 £0.11
index Female 0.17 +£0.12 0.18 +0.09 0.19 +0.06 0.16 £0.11
Adiponectin  Male  176.00 +99.00 275.00 +107.00 293.00 +221.00 253.00 + 179.00
(pg/ml) Female 243.00 + 106.0C 228.00 £ 151.00 256.00+ 140.00 232.00 + 119.00

Data expressed as mean + standard deviafton.0.05; W= gavaged with 10 ml/kg body

weight (bwt) of distilled water before weaning and then provided unlimited access to plain tap

water postweaning[Males (M)= 9, Females (FF 11]; FS= gavaged with 10 ml/kg bwt of a 20%

fructose solution before weaning and then provided unlimited access to a 20% fructose solution

to drink postweaning (M= 9, F= 11); ZF= gavaged with 10 ml/kg bwt of a 20% fructose

solution combined with zingerone4@ mg/kg bwt before weaning and then unlimited access to

20% fructose solution to drink pestaning (M= 9, F= 12); ZW= gavaged with zingerone

only at 40 mg/kg bwt dissolved in distilled water before weaning and given unlimited access to

plain tap water tadrink postweaning (M= 8, F= 10); HOMAIR = homeostatic model

assessment of insulin resistance.
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3.4.4 Visceral obesity

The visceral fat percentages of both male and female rats are shown in3&glmeoth sexes,
high dietary fructose (FS; ZF) sidicantly [P = 0.0037 (males)y? < 0.0001 (females)] increased
visceral fat (percentage body mass) compared to the control (WgeBigaand3.2b). However,
the zingerone only treated group (ZW) had similar relative visceral fat percentage with the
contols in both sexedH = 0.1590 (males)y = 0.3414 (females)].

Female rats significantlyP< 0.0001 (sex and treatment effecB) 0.3573 (interaction effect)

had higher visceral fat percentage than malesu(eig2c).
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Figure 3.2: Effects of neonatally administered zingerone on the relative mass of visceral fat
percentage (%wt) of highfructose fed male (a) and female (Bjs in adulthood; and visceral
fat compaism between males and females (c)

Data expressed as mean + standard deviatibrs fructose treated groups in male rats (FS;

ZF) had significantly higher visceral fat percentaggd® = 0.0037 when compared to other
treatments; ***= fructose treated groups in female rats (FS; ZF) had significantly higher

vi sceral fat percentage at P < Hfenl®@@thadvhen co
significantly higher visceral fatgrcentage at P < 0.0001 compared to males; Yavaged

with 10 ml/kg body weight (bwt) of distilled water before weaning and then provided unlimited
accessda plain tap water postveaning [Males¥M) = 9, Females ) = 11]; FS= gavaged
with 10 ml/kg bwt o& 20% fructose solution before weaning and then provichdichited

access to a 20% fructose solution to drink pesaning (M= 9, F= 11); ZF= gavaged with

a combination of 20% fructose solution (10 ml/kg bwt) and zingerone (40 mg/kg bwt) before
weaningand then unlimited access 20% fructose solution to drinkyweahing (M= 9, F=

12); ZW= gavaged with zingerone only at 40 mg/kg bwt dissolved in distilled water before
weaning and given unlimited access to plain tap water to drinkwweahing (M= 8, F = 10);
% bwt= percentage body weight.
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3.5Discussion

The study evaluated whether orally administered zingerone in the neonatal period would protect
against the development later in adulthood, of {targ dietary fructosenduced metabolic
derangemestin Sprague Dawley rats. In both sexes, it was observed that as adults, there were
differences in fluid consumption such that rats provided fructose solution drank more fluid and
had a greater total calorie intake than those that had plain water. Adlitiohe rats provided
fructose solution as drinking fluid ate less food (standard rat chow) than those provided plain
water. Rats provided fructose solution to drink had increased terminal body Iffiessdes and

not male¥, visceral adipositynd eleated plasma triglyceride and cholesterol concentrations at
termination (both sexes). Administration of zingerone to neonatal rats programmed protection
against higkructose dieinduced increase in body mgésmales and not malésand
hypercholesteroleia in adulthood (both sexes). Dimorphic responses were also observed with

the manifestation of metabolic parameters.

The amount of food or water that is consumed by an organism depends on several intrinsic and
extrinsic factors, including palatability, tlieoma of the food and state of satityThe current

study reports that the rats that received fructose salettnsumed larger amounts of fluid (FS)

but lesser amounts of rat chow when compared with those that did not receive fructose solution
as drinking fluid in adult life in both sexes (Supplementary Tables S1A and S1B). The increase
in fluid intake observeth the highfructose dieffed rats could have been due to the sweet taste

of the fructose solutiotf*?®>. However, rats have intrinsic mechanisms that regulate calorie intake
13 This could explain why there was a reduction in the consumption of solid food by the rats
drinking fructose in order to maintain their calorie intake, preferentially from cqutgamof the
fructose solution. In addition, 5 mls of 20% fructose solution (which contagrfsuttose)

yields more calories of energy than thg df standard rat fooff. Therefore, despite the food
consumption being higher in the rats that received water (W and ZW), the rats that received
fructosehad a relatively higher caloric intake from fructose than the other rats (Supplementary
Table S1C).

It was observed in this study that female rats consumed relatively more food and fluid (and thus
had more calories) than males in adulthood. Dimorpsicopeo ns es have been repo
feeding, with females having higher intake than m#ieEhe increase in food intake observed in
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females could be due to increase in ghrelin levels that is reported to be higher in fmales
However, we did not assay ghrelin levels in this study. In addition, females have a been reported
to have a greater preference for st&olutions than maléd This could probably be due to
oestrogen effets on the satiety canet®. An increase in fructose consumption could lead to

metabolic complications including increasing the body mass of the rats.

The induction body mass of the rats was not different acrossetitenents in both sexes. This
reflects the deliberate choice to use rats born in litter sized ®f Siereby avoiding the impact

of litter size on induction mass which could impact on the study outcomes, as small litter sizes
are prone to faster growtind obesity compared to large litter si#23he suckling period is
characterised by rapid growth which can be altered (positively orivelgaby dietary
interventions’’. The highfructose diet and/or zingerone had no effect on the weaning (PND 21)
body mass of the male and female pups in this study, sirggé#sat both fructose and zingerone

did not negatively affect growth during the neonatal period. Although the terminal body mass of
the male rats was not affected by the interventions, thefhugtose diet increased the terminal
body mass of the fematats compared to the other rats. Zingerone programmed protection
against the higffructose dieinduced increase in body mass in female rats. Fructose is known to
increase body mass by increasing hepdgioovd i pogenesi s and tissueos
contribue to the development of obesty Thus, it could be speculated that neonatal orally
administered zingerone prevented the frucioseced increase in terminal body madses
programming protectiorv{a regulating hepatic fatty acid oxidaticejainst fructoséenduced
hepatic | i po gadipaesness inthefdmale résThaihiglbesterminal body

mass observed in males in comparison to females could be due to the greater trophic effects of
testosterone and growth hornein males compared to femaf@4®. An increase in body mass is

associated with visceral obesity that is known to reésyibor cardiemetabolic healthi.

The present study found that a letegm highfructose diet had programmed for increased

visceral adiposity in both male and female rats. The-frigttose dieffed rats that were
administered neonatal zingerone had a 26%d®)and 11% (females) reduction in mean

visceral fat pad mass compared to those who were fed thdrbajbse diet alone. This means

that neonatal zingerone had programmed for a reduction in the visceral adiposity observed with

fructose fed rats. It hasbn reported that complete attenuation of obesity is not usually
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achievable in practical situations, however; H08 weight loss significantly decreases ttis&

of morbidity and mortality?. Although not significantly different statistically, an 11% reduction

in the visceral fat showed that neonatal zingerone could potentially attenuate the risk of
developing cardianetalmlic complications later in life, since increased visceral obesity has been
linked to the development of cardinetabolic dsorders including dyslipidaemfta

The higher visceral fat percentage observed in female rats than males could be explained by the
fact that females have a greater tendency of fat accumulation than males, an effect that has been
ascribed to female sex hormortésThis finding had reinforced that of terminal body masses
observed in both sexes, in which fructose had increased the terminal body mass in females but
not in males. An increase inipdsity is invariaby associated with dyslipidaentfta

Indeed, in the current studye longterm intake of a higiiructose diet resulted in
hypertriglyceridemia, hypercholesterolemia, hyddbL -cholesterolemia in both sexes.
Dyslipidaemia is a key component of metabolic syndrome that can lead to cardiovascular
diseases including hypertension and atheroscletodibe triglyceride to HDEcholesterol ratio
is an atherogenic index that is used to assess the risk of develagiatgpiic syndrome and
coronary artery diseadé This study found that lonterm intake of a higifructose diet
increased the triglycerides to HBdholesterol ratio in adulthood suggesting a greater risk of
developing metabolic syndrome and related icasabcular diseaséd Neonatal zingerone
prevented the fructosaduced dyslipidaemia, thusrmjerone had programmed protection
against fructosénduced dyslipidaemia in adulthood. These-ayperlipidaemic effects of
zingerone have been observed in streptazotmduced diabetic adult ratd It was reported
that zingerone exerts its affiyperlipidaemic effects by stimulating lipolysis and enhancing the
activity of rorepinephrinesensitive lipase®. We observed sex differences in the levels of
cholesterol subtypes such that cholesterol was elevated in female rats imdig bis is not
surprising since females are more prone to dyslipidaemia than males, which ceub®ba due
to oestrogen effedt. Fructoseinduced dyspidaemia can result without affestj glycaemic

parameters in rafg.

Despte fructose consumption having been implicated in the aetiology of hyperglycaemia,
hyperinsulinaemia, insulin resistance and hypoadiponectinaemia in addf tlaése parameters

were notaffected by the interventions of the current study, in both sexesintiiated that
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administration of 20% fructose solution did not programme for the development of

hyperglycaemia, hyperinsulinaemia, insulin resistance and low plasma adiponectilthiacatiu

These findings contradict that of Ibitoye and Ajibd§&ho reported dysglycaemia and
hypoadiponectinaemia following administration of a high fructose diet to adult Wistar réts for
weeks. The variance could be due to the rats?o
mode of fructose administration. Higiuctose diets where fructose is mixed into feed tend to

produce features of metabolic dysfuction more readily thamosedntake as a drinking solution

49 |ikewisg Wistar rats are more prone to manifest features of metabolic syndrome than Sprague
Dawley rats?®. Older rats are also more susceptible to the effedtsictose than younger st

due to innate protectiv@echanisms present at young &gé\s consumption of fructose did not

affect the glycaemic parameters, the potential protective programming effe cinaftale

zingerone against dysglycaemia and insulin resistance in adulthood could not apparently

manifest, and this needs future investigation.

Our study is novel in showing that zingerone administered in the neonatal phasegcampre

long-term protectioragainst higkructose dietinduced dyslipidaemia. The precise mechanisms

need to be further explored however, it is likely that zingerone could have dysregulated the
proteins and receptors involved in | iypcidd met a
oxidation and preventing the fructeseluced lipogenesis and dyslipidaerfiiaAs mentioned in
theintroduction sectionthe liver also plays a central role in lipid metaboliamd the impact of

the interventions on the liver nestih be invespated in future studies.

3.6 Conclusion

This study has demonstrated thr@atdgterm fructose intake caused visceral obesity and
dyslipidaemia in both male and female rats. The novelty of our study is that oral administration
of zingerone to rats during timeonatal period programmed for leteym protection against the
development of higliructose dietinduced visceral obesity and dyslipidaemia later in adult life.
Thus, a similar strategic use of zingerone neonatally could be explored in humans to manage
diet-induced metabolic syndromthereby replacing the use of animal models in exploring the

therapeutic effects of zingerone.
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The next chaptdiocuses on the potential protective effects of neonatally administered zingerone
against the longerm development of fructoseduced noralcoholic fatty liver disease, a

component considered as hepatic manifestation of metabolic syndrome.
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4.1 Abstract

Consumption of higfiructose diets early in life increases the risk of developing metabolic
disorders, including nealcoholic fatty liver disease (NAFLD). Zingerone, an alkalisiolated

from Zingiber officinalehas been demonstrated to reverse obesity and fatty liver in adult male
rats.We investigated the potential preventive effects of neonatally administered zingerone on the

development of fructosmducedNAFLD in male andemale rats.

Fourday old male (n = 35) and female (n = 44) rat pups were randomized and gavaged with: 10
ml/kg body weight (bwt) of distilled water (C), 10 ml/kg bwt of 20% fructose solution (Fr), 10
mi/kg bwt of 20% fructose solution + 40 mg/kg bwtzaigerone (ZFr), and 40 mg/kg bwt of
zingerone (Z) daily for 14 days. After weaning, all groups continued on unlimited standard rat
feed, however groups C and Z had plain drinking water while groups Fr and ZFr had unlimited

20% fructose solution to difor 10 weeks.

Rats on the higffructose diet (Fr) compared to the negative controls (C) had significantly
increased hepatic lipid content [(9%)= 0.0002 (Males)P < 0.0001 (Females), ANOVA] and
hepatic steatosis score [(9%)= 0.0018(Males);P < 00022 (Females), KruskaVallis

ANOVA]. Zingerone prevented?(< 0.05) the fructosenduced increase in hepatic steatosis in
both sexes. The plasma ALT activity, levels of uric acid, TBARSG Hind TNFU wer e no't
different P > 0.05, ANOVA) across the different treatment groups in both sexes. No difference
(P> 0.05, ANO/A) was observed between the two sexes for treatment, sex and interaction

effects with regard to hepatic lipid content, and measured blood parameters.

The use of zingerone neonatally should be further investigated as a strategic prophylactic

intervention ér the prevention of lonterm highfructose dieinducedNAFLD.
Keywords: Early postnatal period, NAFLD, Spragi@awleys, sugary diets, vanillyl acetone

4.2 Introduction

The average global prevalence of radooholic fatty liver disease (NAFLD) is 258This
prevalences higher in males compared to femafedNAFLD is a clinical condition characterized
by fatty infiltration of hepatocytes in the absence of signifiedzthol consumptiod
Histologically, NAFLD initially presents as simple steatosis which ir1B096 of patients,

progresses to notwlcoholic steatohepatitis (NASH) NASH is characterized by inflamation,
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and can further progress to fibrosis and eventually cirrhosis of the liver leading to hepatocellular
carcinoma*. NAFLD is asymptomatic in most patients but associated with obesity and risk
factors of metabolic syndronielt is the commonest causedifronic liver disease globalby

Despite limted data on the global economic burden of managing NAFLD, the annual medical
cost of managing NAFLD is approximately 62 titli dollars in the United Statésand the cost

of liver transplants is expected to rise with increasing prevalence cbtidition’.

Despite NAFLD being associated with the components of metabolit@ye (obesity,
dyslipidemia or insulin resistancg)recent evidence shows that NAFLD can develop
independently, in the absence of therafoentiored metabolic disordefs Nutrition,
environment, gut microbiota and genetics/epigenetics are amongst the factors eahphiche
pathogenesis of NAFLD.

Environmental and nutritional influences during perioddefelopmental plasticity such as the
neonatal period, can result in epigenetic changes which can alter phenotype physiology and
susceptibility to the development of metabolic diseases, including NAFLD, later 1 life
Excessive intake of fruose during the perinatal period may serve to sensitize the liver to
subsequent nutritional, metabolic and environmental events which trigger the development of
NAFLD, hepatomegaly and increase in general body magesin life*1112 Additionally, high

dietary fructose consumption is a major cause of NAFLD dueetaunregulatedature of

fructose metabolisr.

Prolonged excessive hepatic fructose metabolism cadse®sine triphosphate (ATP) depletion
which stimulates uric acid synthesisding tomitochondrial dysfunction and oxidative stréds
These events stimulate the production of reactive oxygen species (ROS) that eventually lead to
inflammation charactered by elevated prmflammatory cytokines, apoptosis afilorosis®.
Metabolism of fructose also affects the expression of genes and receptors involved in the
different steps of hepatic lipid accumulation and hepatic inflammétidinese genes and

receptors include those associated with carbohydrate response dbamderg protein

(ChREBP) sterol regulatory element binding protein 1 (SREBPacetyiCoA carboxylase 1
(ACC-1), carnitine palmitoyltransferasg @PT1), t mour necr osi s dndctor al j

peroxisome proliferatea ct i vat ed r e c e’f Dysregulaibnmphtrese gandsardU)
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receptors can lead the development of NAFLD secondary to hepatic lipid audation and
inflammation®.

The inflammatory, apoptotic and lipid peroxidation processes associated with NAFLD can
generate TNRJ , erleukitt6 (IL-6) and thiobarbituric reactive substances (TBARShich
damagehepatocytes leading to elevation of key liver enzymes in circulation, particularly alanine
aminotransferase (ALT); though this elevation does not correlate with the extent of steatosis,
inflammation or fibrosis. NAFLD can be managed effectively in its early staggsathiological
development.

Despite no specifically approved pharmacologiralg treatment for NAFLD, regular exercise

and good dietary habits are the first line approachttsiearly management of NAFLE. The

use of synthetic pharmacological agents like fenofibrate used in the managemeutfiaf sk
factors of metabolic syndrome, is limited as these agents are usually expensive, require chronic
use, inaccessible in some communities and monotherap®titithere is need for innovative

prophylactic inteventions against NAFLD using locally available resources.

Globally, communities are increasingly opting for pldetived medications for their healthcare
needs'®. The medicinal potential of natural agents for protection agaiiverse neonatal

metabolic programming of NAFLD needs to be explored. Previous studies have used-fructose
fed rats during the immediate postnatal period to programme fottéomgmetabolic health
outcomes using phytochemicals. Neonatal administration siflidracid'®, Oleanolic acid?®,

and Sallyl cysteine?® prevented the development of hepatic lipid accutiadain rats fed high
fructose diets. In the current study, we investigated whether zingerone could be used for that

purpose.

Zingerone (vanillyl acetone) is atkaloidfound in the rhizomes of the plant ging&ingiber
officinale). Studies have documted the hepatoprotective and antiobesity properties of
zingerone in adult rat and mouse experimental models of metabolic disdttfeihe
mechanisms by which zingare exerts its hepatoprotective effects include its ability to

upregulate lipolysis, scavenge free radicals and downregulate inflammatory cytokines in the liver
21,24

Given the heavy burden that management of NAFLD places on healthcare systems globally and

the absence of specific treatments for NAFLD, there is need for strategic prophylactic
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interventions The biological propemis of zingerone made it a suitable candidate phytochemical
in the current study for administration during the neonatal period to explore its potential to

protect against lorterm development of NAFLD secondary to hifghctose diets.

4.3 Materials and Mdhods

4.3.1 Experimental setting and procedures

The study was approved by the Animal Research Ethics Committee (AREC) of the University of
Witwatersrand (Clearance No: 2017/010/71/B), and conducted at the Central Animal Service
(CAS) of the University of Wwatersrand, Johannesburg, South Africa, usiternationally

accepted principles for laboratory animal use and care [South African National Standard (SANS
10386:2008) and Animals Protection Act, 1962: Act No. 71]. The Animal Research Reporting of

In Vivo Experiments (ARRIVE) guidelines were adopted while compiling the manuscript.

The rats used in this study were obtained from the CAS, University of the Witwatersrand. Seven
nulliparous dams of Spragu@awley rats Rattus norvegicyseach with a litter ausisting of 8

12 fourday-old suckling male and female pups weighing 9.7 £ 1.1 g were used in this study. The
dams with their respective litters were housed in Perspex cages containing wood shavings as
bedding. The room temperature was maintained at%C and a 1zh light and dark cycle with

lights off from 7pm to 7am. The dams were supplied with standard rat chow (LabChef Rodent
Breeder, (Pty) Ltd, Stellenbosch, South Africa) addibitumwater access throughout the

suckling period. The pups werealled to freely nurse from their respective dams until weaning

on postnatal day 21. The dams were returned to stock after weaning of their pups. The weaned
rats were then housed individually in Perspex cages having the same environmental conditions
describd earlier.

The study consisted of two main stages (Figutg A preweaning stage (postnatal day 8)

preceded by a fowstay adaptation period, and a pastaning stage (postnatal day-2P2). On

postnatal day 8, the pups#r79; 35 males, 44 femalespi each litter were randomly allocated to
four treatment group$roup 1: Received 10 ml/kg body weight (bwt) of distilled water gavaged
orally before weaning (daily) aratl libitumaccess to plain drinking tap water after weaning (9 males,
11 females)Group 2: Received 10 ml/kg bwt of a 20% fructose solution gavaged orally before
weaning (daily) anad libitumaccess to a 20% drinking fructose solution after weaning (9 males, 11

females) to induce metabolic dysfuncti@roup 3: In which we investigatdwhether neonatal
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zingerone could programme for protection against-k@ng high fructose consumption, received 10
mi/kg bwt of a 20% fructose solution + zingerone at 40 mg/kg bwt gavaged orally before weaning
(daily) andad libitumaccess to a 20% driimg fructose solution after weaning (9 males, 12 females);
Group 4: Received 40 mg/kg bwt of zingerone dissolved in 10 ml/kg bwt of distilled water gavaged
orally before weaning (daily) arat libitumaccess to plain drinking tap water after weaning (&mal

10 females) to assess the effects of zingerone alone on metabolic health of the animals.

> Termination &

l ADPT Pre-weaning l Post-weaning l Tissue collection
Postnatal days 4 8 21 91
C
('=9:9=11) ‘-b

/Seven dams” + Four.\

Fr F
day old. male and r

(F=9:9=11)

female Sprague

Dawl t
awley rat pups
ZFr Fr
(n=179) (7=9;9=12)
Z
C
(1=8;9=10) H

Figure 4.1: Flow diagram showing the timeline and treatment groups

" = only with pups during the adaptation and preaning phase<C = plain water;Fr = 20% fuctose
solution; ZFr = zingerone (40ng/kg bwt) + 20% fructose solutiod;= zingerone (40ng/kg bwt);
ADPT =adaptation;ll = males;| =females.

Fructose solution at 20% has been shown to induce metabolic dysfunatas'®, whilst zingerone
at 40 mg/kg bwt has been shown to prevent against etliagioted hepatotoxicity in rats, hence

these doses were chosen for the current study.
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The fructose solution (Natures Choice, South Africa) was constituted to 20% by adding 20 g of
fructose into 100 mbf water?®, while food grade zingerone (catalogue number W3124Q0%)
was purchased from Sigrafddrich (USA).

The rats were weighed daily during theqareaning stage and then twice a weekmyithe post
weaning stage by individually placing the rats in aywetghed cage on an electronic balance
(Snowrex Electronic Scale, Clover Scales, Johannesburg).

4.3.2 Procedures at termination

After the 12week intervention period, the rats were fastedrnight, terminal bodgnass

measured anthen euthanid with an appropriate and acceptable euthanasia in rats, an
intraperitoneal injection of sodium pentobarbitéhéCentaur Laboratories, Johannesburg, South
Africa) at 150 mg/kg body weight. After euthanasia, a ventral midline incisismveale through
the thorax and abdomen; syringes with attached hypodermic needles were used to withdraw
blood samples via intreardiac access. The blood samples \eee transferred into heparieis
tubes (BD Vacutainer, Plymouth, UK) and centrifuged @Ret32A, Hettich Zentrifugen,
Germany) at 3700 g for 15 minutes at°#0 The plasma as harvested and stored20 °C for
determination of ALT, uric acid, and TBARS. The liver was carefully dissecteficontthe
abdominal cavityand weighed using a Riea 310M balance (Precision Instruments,
Johannesburg, South Africa)]. The right medial lobe of the liver was preserved in 10% phosphate
buffered formalin for histological analysis, while the remaining liver lobes pregerved at20

°C for quantificaton of lipid content

4.3.3 Determination of hepatesomatic index
The terminal body mass and the fresh whole liver weight were usediaute the hepato

somatic index?®:
Hepatosomatic index (%) = [mass of liver (g) / body mass (g)] x 100

4.3.4 Determination of hepatic lipid content

The hepatic lipids were determined by solvent extraction using a Soxhlet apparatus (Gebr.
Rettberg GmbH37079 GoéttingenGermany)according tahe Official Methods of Analysis of
the Association of Official Agricultural Chemists (AOAC) International, 2005, Method 960.39
Briefly the liver samples were lyophilized in a freedrger (VirTis BenchTop BKFD12, SP
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Scientific, NewYork, USA) and millethto a fine powder. The milled liver samplesre then

extracted using petroleum ether in a Soxhlet apparatus and the lipid quantified gravimetrically.

4.3.5 Histological assessment of the liver

The right medial lobes of the liver samples that were preden 10% phosphate buffered

formalin were processed using an automatic tissue processor (Microm STP 120,

ThermoScientific, MA, USA), embedded in paraffin wax, sectioned at 5um and then stained

with hematoxylin and eosin (H&E) for steatosis and inflammatn assessment and M
trichrome (MT) for assessment of fibrosis. The slides were viewed under a light microscope

(x40) (Leica Biosystems, USA) mounted to a camera which uses ZEISS ZEN microscope

software for image capture, and scored for steatadiagen deposition and fibrosis.

The H&E images were used to score mi@od macrevesicular steatoses as describgd
Kleiner et al?®. The grading was done based on the total area affected per camera field,
according to the followig criteria: Grade 0 steatosis5% fat droplets; Grade 1 steatosis: 5
33% fat droplets; Grade 2 steatosisi @3% fat droplets and Grade 3 steatosi€6%o per
camera field at 40x magnification. Inflammation was scored by counting the foci of
inflammatorycells in the liver parenchyma per camera field and graded as follows: Gradle 0
foci of inflammation; Grade % less than 2 foci; Grade=22i 4 foci; Grade 3= greater than 4

foci.

Fibrosis was assessed from photomicrographs of thetsliiied sectionat x40 magnification.

4.3.6 Determination of alanine aminotransferase, uric acid, thiobarbituric acid reactive
substances and inflammatory markers in plasma

Plasma ALT activity and uric acid concentration were determined using a calibrated VetTest
analyze (IDEXX VetTest® Clinical Chemistry Analyzer, IDEXX Laboratories Inc., USA).
TBARS, IL-6and TNFU wer e det e rspecific €azyme sinkeddmmurBorbent
Assay kits (Elabscience Biotechnology Co., ltiduston, Texas, USAespectively.

4.3.7 Sttistical analysis
Data were analygl usingGraphpadPrism 8 software (Grappad Software Inc., San Diego, USA).
Parametric data (hepasmmatic index, ALT, TBARS, k6, TNFU and hepatic | i pic
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analysed by oneway analysis of variance (ANOVA9nd expressed as mean * standard deviation
(SD); followed by Tukeyost hodests for comparison of the means. The Krudiallis test (non
parametric aeway ANOVA) was used to anadg multiplegroup data for steatosis grades,
inflammation and fibrosisnd expr essed as medi a postNodestto g e ;
compare the meaans. Sex variations were anatgsusing tweway ANOVA. Statistical significance

was considered whdn< 0.05.
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4.4 Results
4.4.1 Hepatesomatic index and heptic lipid accumulation

The mass of the liver relative to body weight was not different [M&8es{.6217); Female$>(

= 0.0657)] across the different treatment groups in both sexes (Table 4.1). No sex difference was
observed between male and female ragmrding percentage liver weight [sex effétt(

0.9999), treatment effedP = 0.4540) and interaction effed® € 0.3500).

Long-term fructose consumption significantly increased the hepatic lipid accumulation in both
male P = 0.0002) and femald>(< 0.0001) rats compared to all other groups (Table 4.1). Thus,
the neonatally administered zingerone prevented the fructdeeed hepatic lipid in both sexes,
such that the zingerone treated (with or without fructose) group had a s #.7632

(Males) P = 0.5103 (lemales)] hepatic lipid content compared with negative controls. There
was no sex difference observed [sex effect 0.3774), treatment effed® & 0.0001) and
interaction effect = 0.8416) with regard to percentage hepatic lipids accatmul
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Table 4.1: Effects of neonatally administered zingerone on the hegmatwatic index and hepatic

lipid accumulation of highiructose diet fed rats

Parameter Sex C Fr ZFr Z
Hepato-somatic Male 3.00+0.21 3.00£0.67 310+£0.15 3.00+0.14

Index (%)

Female 2.90+0.14 3.10+0.21 3.10+0.20 3.00+0.19

Hepatic lipids Male 4.50+1.60 8.30+220 520+160 4.70+1.76

(% liver mass) Female 4.50+1.60 850+240 6.20+1.90 5.00+1.60

Data expressed as mearstandard deviation?*= row means with different letters (ab)
significantly different at B 0.0002 (Males) and R 0.0001 (Females)Z = 10 mil/kg body

weight of distilled water before weaning and free access to plain tap water after weanring (n
20; 9males, 11 females); B+ 10 ml/kg body weight of a 20% fructose solution before weaning
and free access to a 20% fructose solution after weanirg2@y 9 males, 11 females); ZEr

10 ml/kg body weight of a 20% fructose solution combined with zingetdenag/kg body

weight before weaning and free access to a 20% fructose solution after weani@g ;@

males, 12 females); Z zingerone only at 40 mg/kg body weight in 10 ml/kg body weight of
distilled water before weaning and free access to plaimafer after weaning (& 18; 8 males,

10 females).
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4.4.2 Histomorphometry of the liver

Figures4.2A and B show representative photomicrographs of the liver histology from each of

the experimental groups (H&E stain) of male and female rats regggciihere was a notable

fatty infiltration (macre and micrevesicular steatosis indicated by solid and dash arrows

respectively) in the sections of the fructiosely treated group which was generally absent in the

other treatment groups [Figude2A (Males); Figure4.2B (Females)]. This was confirmed by the

micro- and macrevesicular steatosis scores which were greater in rats fed draajbse diet

only compared to the other treatment groups in both s&<9.( 0 5 , Dunndés mul tipl
comparison; Tabld.2). This demonstrated that zingerone prevented the development of steatosis
induced by higkructose diet in the study rats. No difference was observed between males and
females on the steatosis score for $&x (0.1889), treatmen®(= 0.0826) and intection P =

0.7528) effects. Additionally, there were no observable inflammatory cell aggregates in both

sexes.

For the Massonb6s tri chr onleerelwase bbeervabteificogis sect i
across the different treatment groups in both s¢kgure4.3A (Males); Figuret.3B

(Females)].

94



Figure 4.2: Representative photomicrographs of the male (Panel A) and female (panel B) rat

liver sections stained with Hematoxylin and Eosin (x40).

C= 10 ml/kg body weight of distilled water befaveaning and free access to plain tap water

after weaning (=20; 9 males, 11 females); Er 10 ml/kg body weight of a 20% fructose

solution before weaning and free access to a 20% fructose solution after weanig;(a

males, 11 females); ZF 10 ml/kg body weight of a 20% fructose solution combined with
zingerone at 40 mg/kg body weight before weaning and free access to a 20% fructose solution
after weaning (=21; 9 males, 12 females);Zzingerone only at 40 mg/kg body weight in 10
ml/kg body wight of distilled water before weaning and free access to plain tap water after
weaning (n= 18; 8 males, 10 females); the dash arrows point to rsteatosis; solid arrows

point to macresteatosis; scale bar =50 pm.
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Table 4.2: Effects of neonatalladministered zingerone on the steatosis scores offhigtose

fed rats
Parameter Sex C Fr ZFr Z
Male 0 (0, Of 1(0, 3f 0 (0, OF 0 (0, OF
Micro-steatosis  —g i 0 (0, 2§ 2 (0, 3 00, 17 00, 2}
| Male  0(0, 1y 1(0,2¥ 00, 1F 00, 1J
Macro-steatosls . — ale 00, 0 1(0, 25 0 (0, 0} 00,17

Data expressed as median and interquartile raftye row means with different letters (ab)

significantly different at P < 0.05¢ = 10 ml/kg body weight of distilled water beforeawimg

and free access to plain tap water after weaning @0; 9 males, 11 females); Er10 ml/kg

body weight of a 20% fructose solution before weaning and free access to a 20% fructose

solution after weaning (s 20; 9 males, 11 females); ZEr10 ml/lg body weight of a 20%

fructose solution combined with zingerone at 40 mg/kg body weight before weaning and free

access to a 20% fructose solution after weaning2hb; 9 males, 12 females);Zzingerone

only at 40 mg/kg body weight in 10 ml/kg body wedjldistilled water before weaning and free

access to plain tap water after weaning{A8; 8 males, 10 females).
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Figure 4.3: Representative photomicrographs of the male (Panel A) and female (panel B) rat

|l iver secti ons tachramen(etd. wi t h Massonods

C = 10 ml/kg body weight of distilled water before weaning and free access to plain tap water
after weaning (= 20; 9 males, 11 females);= 10 ml/kg body weight of a 20% fructose
solution before weaning and free access to a 20%dsecsolution after weaning tn20; 9

males, 11 females); ZFr 10 ml/kg body weight of a 20% fructose solution combined with
zingerone at 40 mg/kg body weight before weaning and free access to a 20% fructose solution
after weaning (= 21; 9 males, 12 feales); Z= zingerone only at 40 mg/kg body weight in 10
ml/kg body weight of distilled water before weaning and free access to plain tap water after
weaning (n= 18; 8 males, 10 femaleshdre was no observable inflammation or fibrpsisale

bar = 50 pm.
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4.4.3 Plasma alanine aminotransferase activity and concentrations of uric acid,
thiobarbituric acid reactive substances and inflammatory markers

There were no differences in the activity of ALT [Mal&sH0.0633); FemaledX(= 0.2832)],
concentrabns of uric acid [MalesR = 0.5159); FemaledX(= 0.7666)], TBARS [MalesR =
0.9889); Femaled(= 0.2282)], IL-6 [Males P = 0.8979); Females(= 0.9867)] and TNFJ
[Males P = 0.3966); Femaled(= 0.4457)] across all the treatment groups (TdBe Males

had higher ALT activity than females [sex effelet{0.0001), treatment effedP (= 0.0114) and
interaction effect = 0.0626); otherwise no sex differené&> 0.05) was observed in the levels
of uric acid, TBARS, It6 and TNFU f or semband interacticn effects.
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Table 4.3: Effects of neonatally administered zingerone on the concentrations of alanine
aminotransferase, uric acid, thiobarbituric acid reactive substances and levels of inflammatory

markers of higHructose diet fed rats

Parameter Sex C Fr ZFr Z

Male  75.00 £16.00 66.00 +17.00 53.00 +8.80 81.00+ 36.00

ALT(UL)  “Female  53.00:870 47004800 50.00%6.80 52.00 +7.90
Uric acid Male  0.99 +0.56 1.30 +0.69  0.88 +0.42  1.10 +081
(mg/dL) Female  0.76 + 0.61 1.00 £ 0.55 092+ 042  0.89+0.66
TBARS Male  22.00 £3.50 23.00 +3.80 22.00 +4.40 22.00 % 3.60
(UM) Female 22.00 +4.10 21.00 £4.30 24.00 £3.80 20.00 *4.60
IL-6 Male  60.74 £23.17 66.98 +17.72 60.57 +21.14 64.62 *21.93
(pg/mL) Female 65.26 +18.97 66.12 +33.47 6252 £19.16 64.97 +24.37
TNF-U Male 12599 +19.97 152.02 +42.08 140.76 = 21.3C 147.97 * 45.44
(pg/mL) Female 132.66 +50.00 143.85 +45.48 163.80 + 54.31 149.32 * 27.4¢

Data expessed as mean + standard deviatiéh> 0.05; #= male rats had higher ALT activity

than their female counterparts at P < 0.00@ = 10 ml/kg body weight of distilled water before
weaning and free access to plain tap water after weaningZ@; 9 males11 females); Fe 10

ml/kg body weight of a 20% fructose solution before weaning and free access to a 20% fructose
solution after weaning (r 20; 9 males, 11 females); ZEr10 ml/kg body weight of a 20%

fructose solution combined with zingerone atd@kg body weight before weaning and free

access to a 20% fructose solution after weaning g1; 9 males, 12 females);=Zzingerone

only at 40 mg/kg body weight in 10 ml/kg body weight of distilled water before weaning and free
access to plain tap wataffter weaning (= 18; 8 males, 10 females); Al=Talanine
aminotransferase; TBARSthiobarbituric acid reactive substances;-8.= interleukin 6; TNF

U= tumour necrosis factor alpha.
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4.5 Discussion

The present study investigated the potential protective effects of neonatal administration of oral
zingerone on longerm dietary fructosénduced fatty liver in Spragu@awley rats. H¢patic lipid
accumulation and fatty infiltration of hepatocytes were observed when the male and female rats
were terminated in early adulthood, following letegm administration of the 20% fructose

solution. Zingerone administered orally to the neonatal protected them against hifyjbctose
dietinduced increased hepatic lipid accretion and steatosis (both sexes). Thus, neonatal
administration of oral zingerone was effective in attenuating the development 4éfamg
fructoseinduced NAFLD in both ma&l and female rats. A sexually dimorphic response was
observed only in plasma ALT activity where male rats had more activity of the enzyme than their

female counterparts.

The mass of the liver relative to body mass is known as the hepaiatic indexX?, and it can be
affected by nutritional stati#8 and hepat pathology including fatty liver diseas&s An

increase in hepatsomatic index can result from a severe form of fatty liver disease including
NASH 2%, while a decrease in hepasomatic index can result from undernutritfdnin the

current study, we observed increase in intrahepatic lipid accumulation in the high frudede
male and female rats, without affecting the hegsatmatic index. This finding is in agreement
with Mamikutty et al’? who reported increased hepatic lipid deposition without an increase in
liver weight in adult male Wistar rats that consumed 20% fructose solution for eight weeks. The
hepatesomatic index that was noffected could be that the amount of lipid vacuoles in the
hepatocytes of the study rats had not reached the threshold fanmdbanges in the liver
weight!2. This finding indicated that the observed steatosis was not severe enough to cause
NASH that is usually associated with increase in hepaioatic index®.

However, the neonatally admstered zingerone conferred protection against the tiemg

dietary fructosenduced hepatic lipids accretion in both sexes. A previous study also reported the
hepateprotective effect of zingerone in adult male rats, in which zingerone was administered
orally at 100mg/kg body weight for eight weeks and it preventedrtrahepatic lipid

accumulatiort®. We have shown that by strategically targeting the neonatal period, a similar
protective effect can be conferred. This beneficial effeztrajerore could have been due to its

ability to enhance fatty acid oxidation via increase in hepatic PPAR activities thereby attenuating
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hepatic lipogenesi&?°. In addition,zingerone could have prevented the fructioskiced

hepatic lipid deposition (observed in this study) by attenuating hefgmtiovdipogenesis,

which has been shown to be one of the deleterious effect of fructdhe bver'3. Although

excessive hepatic lipid content is of diagnostic importance for hepatic steatosis, the gold standard

for diagnosis of NAFLD is histolgical assessment of hepatocytes

Histologically, NAFLD primarily begins with fattinfiltration of hepatocytes when there are
greater than 5% steatotic liver cells in thadiisgical sections of the livér In the present study,

we observed the presence of both nieesicular and macreesicular steatoses in both male

and female rats that receivéee high fructoseliet only compared to the other groups. The
observed fructosaduced steatosis in both sexes was prevented by neonatal administration of
zingerone in this study, meaning that zingerone had programmed protection against the hepatic
steat®is secondary to highuctose diet consumption. The findings of this study are supported

by those of a previous study, in older rats which reported that zingerone administered for eight
weeks (at 100 mg/kg body weight) prevented the frueitasieced stealsis in adolscent male

Wistar rats4, It is thus likely that zingerone protected against accumulation of lipids in the liver
by downregulating hepatic lipogenic genes and receptors including ChREBP, SR&RP

P P A R*bince fructose has beerpreted to activate hepatic expression of these genes and
receptors leading to increase hepatic lipid synthesis and stératgavever, the current study is
limited in that we did not determine how these genes were expressed. Therefore, future studies
on zingerone need to explore the molecular mechanisms involved in #tigrhepatic lipid

accretion.

Additionally, zingerone has been reported to attenuate frugtdseed hepatic steatosis via
decrease in hepatic pathways of fatty acids uptake, synthesis and sétr&timeffect of
zingerone could have been respblesfor the prevention of hepatic steatosis observed in this

study.

Despite the presence of hepatic steatosis in the study rats, no evidence of inflammation or
fibrosis was observed in both male and female rats in this study. Thus indicating thatithe rats

the present study did not develop advanced fatty liver disease which is typified by steatohepatitis
and parenchymal tissue dama@jeThis has contrasted the findings of Narayanan and Jesudoss

24who observed severe steatosis with associathinfation and fibrosis followingd libitum
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consumption of 20% fructose solution by adolescent male Wistar rats for eight weeks. The
absence of inflammation and fibrosis in the histological samples of the study rats of both sexes
could be explained based the progressive nature of NAFLD which begins with simple

steatosis before inflammation or fibrosis manifésfdditionally, the age of rats at
commencement of the study could also have had an impact as younger rats are less susceptible to
developing fructosénduced metabolic disorders than older offest is also noteworthy that

only a small percentage (Al%%) of patients with steatosis develop inflammation and fibrosis
(NASH) later in life3. Fatty liver could be associated with hepatocellular damage and elevated
levels of the hepatic function marker, AET

We did not observe any significant differences in the blood levels of ALT in rats in the different
groups of both sexes. &lack of impact of treatments on the ALT is supported by our
histological findings that did not show evidence of inflammation, which is inugrésociated

with elevated ALT*2 This lack of elevation in ALT secondary to a high fructose diet, was also
reported by a previous study aftat libitumconsumption of 20% fructose solution by

adolescent male Wistaats for 16 week&.. Studies have shown that 25% of histologically
confirmed NAFLD may exist witout elevation of ALT* Thus, this enzyme is mainly used

for the assessment of hepatic iemical function and hepatic damabat not to predict

NALFD 1L,

Despite ALT activity not being affected by timterventions in both sexes, we observed that the
activity of ALT was higher in male rats than females. It is not clear whether male sex hormones
are responsible for the sdiference in the ALT activity®>. Howeve, since ALT is also

produced by muscle ceff§ and male rats usually have higher muscle mass than fetfales

could speculate that the higher ALT activity observed in males could be due to their greater
muscle mass when compared to females. Fruchokesed fatty liver is associatedtivelevated

blood levels of uric acid* due to uncontrolled phosphyation of fructose that converts ATP to
adenosine monophosphate (AMP), which is évally broken down to uric acit.

We observed that the plasma levels of uric acid wereifieteht across the different treatments

of both male and female rats in this study despite the presence of steatosis in the hepatocytes of
fructosetreated groups. In rodents, uric acid is converted to allantoin by the enzyme uricase
thereby decreasingrculating uric acid leveld’. Humans normally do not have the enzyme

uricase and are thus more prone to develop hyperuricaemia than rats when exposed to triggering
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factors such as high fructose tiié’. Fructoseinduced hyperuricaemia is usually associated with

severe forms of NAFLDRhan simple steatosté Additionally, Tapiaet al®® demonstrated that

severe metabolic derangement could be enhanced in rats when uricase is inhibited with oxonic
acid. Thus, the findings of current study showing insignificant differences in uric acid

concentrations could be explained by the eftéairicase in rats and the moderate NAFLD

observed. Moreover, it has also been shown that fruatdsieed fatty liver can developith or

without hyperuricaemi&. Fructoseinduced fatty liver can lead to oxidative stress secondary to

lipid peroxidation'®, andsuksequent hepatic inflammatidf

Although zingerone has been reported to prevent hepatic damage by inhibiting the generation of
free radicals and downregulating inflammatoryokynes of hepatic inflammatiofi 2°, the

treatments had no effect on the levef TBARS, IL6 and TNFU i n mal e and f emal
present study. FakhouSayeghet all! also reportedgimilar findings when 20% fructose

solution was consumeal libitumby adolescent male Wistar rats for 16 weeks. These findings
suggested that the interventions did not cause an oveiffammatory state, a finding that can

be reinforced by histologita f eat ures of the ratsd hepatocyte
inflammatory foci, further confirming the presence of a-semere form of the disease that had

not progressed to NASH.

4.6 Conclusion

Neonatal administration of zingerone orally to SpraDaevley rats prevented the lowgrm
fructoseinduced fatty liver development in both sexes. A common mantra amongst health care
professionals is that Oprevention is better t
developmental plasticity, with a naturatlgrived phytochemical may provide an alternative

prophylaxis for NAFLD and hence reduce the burden of this condition on health care facilities
globally. Future studies will be directed towards understanding the mechanisms of action of
zingerone that resi@d in these longerm protective effectives and the possible transgenerational
benefits of the interventions. Additionally, the interaction of fructose with micronutrients such as
copper will also be considered in future studies since fructose has losemtshalter the

utilization of coppef.
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The next chapter, which is a manuscript currently under review, describes the potential
protective effect of oral agerone administration to neonatal rats on the development of

fructoseinduced nephropathy.
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5.1 Abstract

Excessive consumption of fructegeh diets in early life stages increases the risk for developing
nephropathy in adulthood, necessitating dialysis and kidney transflants/estigate the

potential preventive effects of neonatally administered zingerone on the development of
fructoseinducednephropathy, fouday old suckling rat pups (males35; females- 44) were

orally gavaged [10nl/kg body weight (bwt)] with: distilled water (Con), 20% fructose solution
(Fru), Fru + 40mg/kg bwt zingerone in distilled water (ZFru), or #@/kg bwt of zigerone

(Zgr) for 14 days. Thereafter, Con and Zgr groups continued on plain drinking water while Fru
and ZFru groups drank 20% fructose solutonlibitumfor 10 weeks, in addition to commercial

rat feed. The fructose only administered group (Fru) hadfgigntly [P = 0.0092 (males)P <

0.0003 (females)] increased Killlevels, and decreased urinary sp&te D.0076 (males)P <

0.0067 (females)] compared to the controls (Con). Neonatally administered zingerone prevented
the fructosanduced increasaiKIM-1 levels P = 0.9996 (males)P = 0.3581 (females)], and
fructoseinduced reduction in the urinary spa&0.9878 (males)? = 0.9696 (females)] when

ZFru was compared with the controls. Kidney masses, malondialdehyde levels, corpuscular and
glomeaular tuft areas, and glomerular density were simPae 0.05) across the groups.

Zingerone administration neonatally is a potential prophylaxis forterng highfructose diet

induced nephropathy.
Keywords: Fructose, nephropathy, zingerone, programpmegnates, rats

5.2 Introduction

The global prevalence of chronic kidney disease is rapidly increasing, affecting between 8 and
18 percent of the world pomtion?, and is projected to be among the five top causesaihdy
20402. Chronic kidrey disease is invariably associated with end stage renal disease and
cardiovascudr mortality?. Early postnatal life events can alter the structure and/otidumscof

the developing kidney leading to the development of kidney disatesdr life3.

Physiologically, the developing kidney, starts functioning only after birth and continues to
develop and mature up to postnatal daynléats®*. Thus, adverse events during the early
lactation period may adversely affect nephrogenesis leading to epigenetic changes that can

programme for chronic kidneysitasen adult life3. Early life malntrition affects the metabolic
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function of kidneg ® leading to acute and reversible kidney déssa which may progress to

long-term irreversible chronic kitey disease$

The rise in fructose consumption over the last century has paralleled the rising prevalence of
kidney diseases, leading to the hypothesis that excessive fructose might be a causal factor for the
development of chronikidney diseasé. Fructose is metabolized in the kidney and then
phosphorylated by ketohexokinase which is heavily expressed in the proximal tubule of the

kidney nephror’. The phosphorylation of fructose causes adenosine triphosphate (ATP)

depletion and subsequent generation of oxidative stress secemélpiy peroxidatiorf®,

thereby damaging the renainenchyma and contributing significantly to the progressifn
nephropathy®. Nakayama et al previously reported that a higructose diet accelerated

chronic renal disease via an increase in tubulointerstitial injury and glomerulosclerosis in rats.

The gold standard for early diagnosis of retiakases is kidney biopsy, which can also be used
to determine the patterns and progressiahefiseasé’. Specific histopathology and
morphometric changes such as alterations in urinary spaces, glomerular tuft and renal corpuscle
areas are subjects of the kidney histologisslessmerit'2. However, high costs and the invasive
nature of kidney biopsy make it unaffordable to most patients, and thus it is not routinely
performed in patients with kidneliseases?. It hasbeen shown that metabolites measured in
plasma or renal tissues can be used as kidney disglasant biomarkers for renal disease
pathogenesis, progression, predictiorg diagnosis®. Kidney injury molecule 1 (KIM1) and
tissue malondialdehyde (MDA), have both been shown to be affected birhighse diets*

and therefore are potential viable markers of renal disease.

Kidney injury molecule (KIM1) is a protein produced during toxic insults on the kidney and
was observed as a sensitive and specific biomarker for eadicpon of acute and chronic
kidney damagén experimental animafg-> Whilst KIM-1 is a potent target for therapeutic
intervention of nephropathy in experimental mod&I$1DA is a product of lipid peroxidation
and thus a marker of oxidative stré3s

Despite no specifically approved drug treatment for kidney diseases, lifestyle modifications
inclusive of regular exercise and good dietary habits are the first approaches in the early
management of diehduced ephropathy®. The use of synthetic pharmacological agents (both

specific and nosspecific) in the management of kidney diseases is limited to symptomatic
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treatment, and these agents are usually monotherapeutic and associatedensth eftects.
Additionally, the synthetic pharmacological agents may only slow the progression of
nephropathy but do nebmpletely stop if. Advanced chronic kidney diseases pose a great
economic burden on patients and government health care as dialysis and kidney transplants are
the only alternative treatment apts for late stages oféidiseasé®.

Globally, communities arimcreasingly opting for natural products includpigytochemicals for
their healthcare need$’in the belief that they provide a holistic, megpectrum nutraceutical
value and are easily accessible Previous studies have used phytochemicals during the
immediate postnatal period to programme for kgrgn metabolic health outcomes in fructose
fed rats. The developmentt loepatic lipid accumulation was prevented in adult rats fed high
fructose diets following postnatal administration of ot#anacid*® and Sallyl cysteine®®. In

the current study, we investigated whether zingerone could be used to prevent-ingiiosd
nephropathy.

Zingerone is a phenolic alkanone found in the gingargiber officinalg plant?°. Previous

studies have documented the antioxidant-iaffammatory and nephroprotectivegperties of
zingerone in adult raf$ and mice'® experimental models of diabetic nephropathy. The safety of
zingerone has also been established witboldD 2580 mgkg in rats'®. Given the high burden

that management of chronic kidney disease places on healthcare systems and the absence of
specific treatments for the disease, thereeedrto develop alternative strategic prophylactic
interventions. The biological properties of zingerone made it a suitable candidate phytochemical
in the current study for administration during the neonatal period to explore its potential to
protect againdong-term development of nephropathy secondary to-frigttose diets. In that
regard, due to close physiological relationship between ratsuandris?!, using a similar model

of exploring zingerone neonatally could be translated in humans to manageldestd
nephropathy; a strategy that could replace the uaaiofal models in exploring the health

beneficial effects of zingerone.

5.3 Experimental Methods

5.3.1 Experimental setting and procedures
The study was approved by the Animal Research Ethics Committee (AREC) of the University of
Witwatersrand (ClearanceoN2017/010/71/B). It was conducted at the Central Animal Service
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(CAS) of the University of Witwatersrand, Johannesburg, South Africa, ttengternationally
accepted principles for laboratory animal use and care [South African National Standard (SANS
10386:2008) and Animals Protection Act, 1962: Act No. 71]. @io¢ocol for the study was
submitted to the AREC and has been archived tfigre Animal Research Reporting of In Vivo

Experiments (ARRIVE) guidelines were adopted while compiling the mantiscrip

The data reported in this manuscript are part of the larger data set of the study. The data were
divided into subsets because the study was conducted in three stages. The data collected in stages
1 and 2 are not included in this manuscript. During siagieepotential preventive effects of

neonatal zingerone intake on the development of frustmieced metabolic derangements in

male and female rats was investigated, and the data collected are published in th@fJournal
Developmental Origins of Healtind Diseasé. In stage 2, wavestigated the potential

preventive effects of neonatabdministered zingerone on the development of frueitodeced

NAFLD in male and female rats, and the data collected are published in the dbiedicinal

Food?3. The third (current) stage explored the potential preventive effects of neonatally
administered zingerone on the development of frueitodieced nephropathy in male and female

rats.

The study consisted of two stages:-Remaning (postnatalay 821) and postveaning (postnatal day
22-91). Seven nulliparous dams (Spraduewley rats), each with a litter consisting e13 fourday

old suckling male and female pups (weighing 9.7 + 1.1 g ) were used in this study. The rats were
obtained from ta Central Animal Service, University of the Witwatersrand. The rat mating pairs were
put together by animal attendants who were blinded to the study design. They then selected dams witt
the appropriate litter sizes and these were then availed to thechese@n postnatal day 8 (after the
pups were acclimatized to the environmental conditions for 4 days), the pups from each=dégn (n
males= 35, females: 44) were randomly allocated to four treatment groups. The researcher created
the allocation sequer. Rat pups from each dam were first stratified by sex. Thereafter they were
placed in a cage and as taken out individually, they were proportionally and sequentially allocated to
each treatment group, marked on their tails with-tmxic ink for identifcation and returned to their
dams. Resultantly, pups from each litter were represented in each one of four treatmenGgoaymps.

1 (Negative control) received 10 ml/kg body weight (bwt) of distilled water gavaged orally before
weaning anad libitumaceess to plain tap water to drink after weaning: (@20; males= 9, females
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11); Group 2 received 10 ml/kg bwt of a 20% fructose solution gavaged orally before weaniag and
libitum access to a 20% fructose solution to drink after weanisg2@ males= 9, females= 11) to
induce metabolic dysfunctioGroup 3 received 10 mil/kg bwt of a 20% fructose solution + zingerone
at 40 mg/kg bwt gavaged orally before weaning (to programme for protection agaiarionggh
fructose consumption) aradl libitumaccess to a 20% fructose solution to drink after weanigg (n
21; maless 9, females= 12); Group 4 received 40 mg/kg bwt of zingerone dissolved in 10 ml/kg bwt
of distilled water gavaged orally before weaning addibitumaccess to plain tap waterdrink after
weaning (n= 18; males= 8, females= 10) to assess the effects of neonatal intake of zingerone alone

on renal metabolic health of the animals.

The dams with their respective litters were housed in Perspex cages containing wood shavings as
bedding. The room temperature was maintained at 23C and a 1zh light and dark cycle with

lights off from 7p.m. to 7a.m. The dams were supplied with commercially formulated standard

rat chow (LabChef Research Nutrition, (Pty) Ltd, Stellenbosch, Sftitta) andad libitum

water access throughout the suckling period. The pups were allowed to freely nurse from their
respective dams until weaning on postnatal day 21. The dams were returned to stock after
weaning of their pups. The weaned rats were tloarsdd individually in Perspex cages having

the same environmental conditions described earlier.

The fructose solution (Natures Choice, South Africa) was constituted to 20% by adding 20 g of
fructose into 100 mbf water?4, while food grade zingerone (W31240KG) was purchased

from SigmaAldrich (USA),and it is O 98% natural. The stand
LabChef Research Nutrition (Pty) Ltd, Stellenbosch, South Africa. The nutritional compositions

of fructose and standard rat chow are shown in Talle

The rats were weighed daily duritfte preweaning stage, twice a week during the posaning
stage and prior to termination by individually placing the rats in aveighed cage on an
electronic balance (Snowrex Electronic Scale, Clover Scales, Johannesburg, South Africa). This

wastononi t or the animal sdé growth and adjust treec
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Table 5.1:Nutritional composition of fructosé\f and standard rat chou)

A
Fructose Nutritional analysis Composition (per 100g)
Energy 1680 KJ
Carbohydrates 99.8 ¢
Protein 0Og
Fas Og
Fibre 0Og
Sodium 0.2 mg
B
Rat Chow Ingredients Composition
a/kg
Protein 220
Moisture 100
Oils and fats 50
Linoleic acid 12
Fibre 40
Ash 70
Calcium 12
Phosphorous 7.5
Vitamin E 100
IU/kg
Vitamin A 16 000
Vitamin D 2000
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5.3.2 Procedures at termination

After the 12week intervention period, the rats were fasted from solid feed but provided plain
drinking water overnight for 12 hours. Terminal body mass was then determined with an
electronic balance (Snowrex Electrofsicale, Clover Scales, Johannesburg, South Afaicd)

the rats were then euthaed with sodium pentobarbitone (Centaur Laboratories, Johannesburg,

South Africa) at 150 mg/Kgody weight intraperitoneally.

After euthanasia, a ventral midline incision waad®a through the thorax and abdomen; syringes
with attached needles were used to withdraw blood samples from the heart. The blood samples
were then transferred into heparinized tubes (BD Vacutainer, Plymouth, UK) and centrifuged
(Rotofix 32A, Hettich Zentfugen, Germany) at 3700 g for 15 minutes at@0The plasma as
harvested and stored-20 °C for determination of KIML. The kidneys were carefully dissected

out from the abdominal cavity, perirenal fat removed, and weighed using a Presica 310M balance
(Precision Instruments, Johannesburg, South Africa)], and then the weight of both kidneys

relative to body mass computed:
Relative kidney weight (%) = [mass of kidneys (g) / terminal body mass (g)] x 100

The right kidney was preserved in 10% phosphatieiad formalin for histological analysis,

while the ldt kidney was preserved &0 °C for tissue MDA determination.

5.3.3 Determination of plasma KIM-1 and kidney tissue MDA

Plasma KIM1 was determined using a+&tM -1 Enzyme Linked Immun&orbent Assakit

(Elabscience Biotechnology Co., Lijuhan, Hubei, China according to manuf a
instructions.

To determine kidney MDA, the frozen preserved kidneys were allowed to thaw at room

temperature, and then homogenised in phosphate buffered sahree glétss homogeniser on

ice. The cells were further fragmented by sonicating the suspension with an ultrasonic cell

disrupter. The homogenates were then centrifuged for 5 minutes at 5000%g to obtain the
supernatant. The tissue homogenate MDA was themrdeted using raMDA Enzyme Linked
ImmunoSorbent Assay kit (Elabscience Biotechnology Co., Wdhan, Hubei, China

according to manufacturerdéds instructions.
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5.3.4 Histological assessment of the kidney

The kidney samples that were preserved in 10%pinate buffered formalin were processed

using an automatic tissue processor (Microm STP 120, Thermo Scientific, MA, USA), embedded
in paraffin wax, sectioned at 5um and then stained with haematoxylin and eosin (H&E) or
Massonds trichr oerevieived Under a light micrasdope dAxigskop 2
microscope; (Leica Biosystems, USA)] mounted to an Axiocam HRc2 camera, which uses
ZEISS ZEN microscope software for image capture. Measurements were taken on the
photomicrographs using the Zen lite analygfiffiware.The images at 40x magnification from the
H&E stained slides were used to assess corpuscular and glomerular tuft areas under 40x

magnification, and glomerular density under 10x magnification.

Urinary space area was computed using the s >>;

Urinary space area (LAn= Renal corpuscal area (urf) i Glomerular tuft area (uf)
Glomerular density was computed using the feitag formula?®:

Glomerular density (N/uf) = Number of renal corpuscle per section (N) + Total area of the

section (um)

The images at 40x magnification of the MT stained slides were used to assess collagen

deposition andilbrosis.

5.3.5 Statistical analysis

Multiple-group data were analysed using Graphpad Prism 8 software {(@adgboftware Inc., San

Diego, USA), by onevay analysis of variance (ANOVA), and expressed as mean + standard deviation
(SD); followed by multiplecomparisons Tukegost hodests. Sex variations were analysed using two

way ANOVA. Statistical significance was considered wRen0.05.

We used a previous study conducted in our research laboratory to calculate the samplE2siats(8
per group)'® using the fomula?”:

Sample size = 2 ST¥1.96 + 0.84Fd?

Where SD= standard deviation from previous study; 1.96 = type 1 error of 5%; 0.842 = at 80% power,;

d = difference between mean values.
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5.4 Results

5.4.1 Kidney mass

The absoluteR = 0.4644(Males);P = 0.0897(Females); ANOVA] and relativeH = 0.5405
(Males);P = 0.0759(Females); ANOVA] masses of the kidneys were not different across the
different treatments in both sexes (Tab). However, male rats had significantly greater
absolute kidney mass than femalEs<(0.0001 for sex effecE = 0.1740 for treatment effect
andP = 0.7384 for intera@n effect; ANOVA), while female rats had significantly greater
relative kidney mass than the male® & 0.0117 for sex effeck = 0.0842 for treatment effect
andP = 0.6807 for interactionfect; ANOVA).
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Table 5.2: Effects of neonatally administered zingerone on the absolute and relative kidney masse$rotogh det fed rats

Parameter Sex Con Fru ZFru Zgr

Mean SD Mean SD Mean SD Mean SD 95% ClI P
Kidney mass Male 2.40 0.21 2.4¢" 0.24 2.3¢ 0.19 2.30 0.18 -0.24,0.29 0.4644
(@) Female 1.60 0.11 1.60 0.05 1.50 0.12 1.60 0.18 -0.17, 0.11 0.0897

Relative kidney Male 0.63 0.03 0.61 0.03 0.61 0.03 0.62 0.02 -0.020, 0.056 0.5405

% bwt
mass (% bwi) Female 069 006 063 004 062 003 066 005 -0.029 0071 0.0759

Data expressed as mean and standard deviation (SD) using analysis of variance (ANO¥Yégnfidence interval; P= predictive

value; Con= 10 mi/kg body weight of distilled water before weaning and free acegsaih tap water after weaning &20; 9

males, 11 females); Fra 10 ml/kg body weight of a 20% fructose solution before weaning and free access to a 20% fructose solution
after weaning (= 20; 9 males, 11 females); ZFru10 ml/kg body weight of a 20%actose solution combined with zingerone at 40
mg/kg body weight before weaning and free access to a 20% fructose solution after weargdg Yrmales, 12 females); Zgr

zingerone only at 40 mg/kg body weight in 10 ml/kg body weight of distilled veditee weaning and free access to plain tap water

after weaning (= 18; 8 males, 10 females); % bwt = percentage body we?ghtnale rats had higher absolute kidney massen tha

their female counterparts at®0.0001 and 95% CI 0.70 to 0.8%5: femalerats had higher relative kidney masses than their male

counterparts at P 0.0117 and 95% C10.040 to-0.0052.
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5.4.2 Plasma KIM-1 and kidney tissue MDA

The fructose only administered group (Fru) had significaftly D.0092(Males);P < 0.0003
(Females); ANOVA] increased levels of KIM. compared to the controls (Con) in both sexes
(Table5.3). Neonatally administered zingerone prevented the fructolseed increase in the
levels of KIM-1 such that rats administered combined fructose and zingerong (e similar

[P = 0.9996(Males);P = 0.3581(Females); ANOVA] concentration of KIM when compared

with the controls in both sexes. There were no differences in the levels of kidney tissuePMDA [
= 0.5000(Males);P = 0.2123(Females); ANOVA] across alhe treatment groups.

No sex difference was observed in the plasma levels of K[FM= 0.2858 (sex effectp =
0.5201 (interaion effect);ANOVA] and tissue MDA P = 0.1412 (sex effect = 0.1966
(interaction effect)P = 0.6772 (treahent effect)ANOVA].
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Table 5.3: Effects of neonatally administered zingerone on the plasma levels ofikdiMi kidney tissue MDA of higfiuctose diet

fed rats
Parameter Sex Con Fru ZFru Zgr

Mean SD Mean SD Mean SD Mean SD 95% CI P
KIM -1 Male 61.00 30.00 104.00 26.00 62.00" 20.00 70.0¢ 31.00 -77,-8.9  0.0092
(pg/mL) Female 50.0CG 22.00 97.0¢ 34.00 67.00 17.00 55.0¢ 19.00 -74,-19 0.0003
MDA Male 61.00 30.00 78.00 22.00 66.00 28.00 66.00 17.00 -14, 49 0.5000
(ng/mL)

Female 56.00 18.00 67.00 18.00 66.00 21.00 52.00 22.00 -33, 12 0.2123

Data expressed as mean and standard deviation (SD) using analysis of variance (ANGWAhiIn row means with different

superscript lers significantly differenat P < 0.05; Cl = confidence interval; B predictive value; KIM1 = kidney injury molecule

1; MDA = malondialdehyde; Cor 10 mil/kg body weight of distilled water before weaning and free access to plain tap water after
weaning (= 20; 9 males, 11 femalgd-ru = 10 ml/kg body weight of a 20% fructose solution before weaning and free access to a
20% fructose solution after weaning£r20; 9 males, 11 females); ZFr110 ml/kg body weight of a 20% fructose solution combined
with zingerone at 40 mg/kg bodseight before weaning and free access to a 20% fructose solution after weanid;(@ males, 12
females); Zge zingerone only at 40 mg/kg body weight in 10 ml/kg body weight of distilled water before weaning and free access to

plain tap water after waning (n= 18; 8 males, 10 females).
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5.4.3 Histomorphometry of the kidney
The fructose only administered group (Fru) had significaitkz D.0076(Males);P < 0.0067

(Females); ANOVA] decreased urinary space area compared to the controls (Cath)3exes

(Figure5.1 and Tablé.4). Neonatally administered zingerone prevented the fruatolseed

decrease in the urinary space area such that rats administered combined fructose and zingerone

(ZFru) had similarP = 0.9878(Males);P = 0.9696(Females); ANOVA] urinary space area

when compared with the controls in both sexes. This demonstrated that zingerone prevented the

development of early histological signs of nephropathy induced byfhigtose diet in the study

rats. There were no differencestlive renal corpuscular are@$ 0.1393(Males);P = 0.8579

(Females); ANOVA], glomerular tuft are® E 0.3252(Males);P = 0.6692(Females); ANOVA]

and glomerular densityP[= 0.4847(Males);P = 0.7067(Females); ANOVA] across all the
treatment groups\o evidence of tubular damage was observed in both sexes.

No sex difference was observed in the corpuscular Brea[9976 (sex effectP = 0.4479
(interaction effect)P = 0.2095 (treatmedreffect); ANOVA], glomerular tuft area® = 0.9664
(sex effect, P = 0.5677 (interaction effectl = 0.3716 (treatmereffect); ANOVA], urinary
space areadH[= 0.8691 (sex effectP = 0.4961 (interactioeffect); ANOVA] and glomerular
density P = 0.9778 (sex effectP = 0.4490 (interaction effectlp = 0.7476 (teatmentffect);
ANOVA].

For the Massoné6és trichrome histological
deposition or fibrosis across the different treatment groups in both sexes fRpni@ales);
Figure5.2B (Females)].
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Figure 5.1: Representative photomicrographs of the male (Panel A) and female (Panel B) rat
kidney sections stained with Haematoxylin and Eosin (x40).
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Con= 10 ml/kg body weight of distilled water before weaning and free access to plain tap water
after weaning (= 20; 9 males, 11 females); Fru1l0 ml/kg body weight of a 20% fructose
solution before weaning and free access to a 20% fructose solution after weani@g;(@

males, 11 females); ZFr110 ml/kg body weight of a 20% fructose solatemmbined with
zingerone at 40 mg/kg body weight before weaning and free access to a 20% fructose solution
after weaning (= 21; 9 males, 12 females); Zgrzingerone only at 40 mg/kg body weight in

10 ml/kg body weight of distilled water before wearand free access to plain tap water after
weaning (n= 18; 8 males, 10 females); GAcorpuscular area; GTA= glomerular tuft area;

USA-= urinary space area, scale bar 50 um.
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Table 5.4:Effects of neonatally administered zingerone on kidney mangiiy of the fructoséed rats.

Parameter Sex Con Fru ZFru Zgr

Mean SD Mean SD Mean SD Mean SD 95% CI P

Corpuscular Male 15370.00 4151.00 15016.00 3877.00 16151.00 4584.00 19928.00 5384.00 -5838, 6544 0.1393

i
area (un) Female 15702.00 4000.00 16440.00 3679.00 17339.00 4316.00 16971.00 3944.00 -6187, 4710 0.8579

Glomerular Male 12614.00 3521.00 14012.00 3553.00 13557.00 4433.00 16247.00 4267.00 -6810, 4015 0.3252

tuft 2
uftarea (UM% e 12765.00 3932.00 15046.00 3636.00 14596.00 3992.00 13857.00 3996.00 -7595, 3032 0.6292

Urinary space Male 2755.086 1077.00 1005.00 500.90 2594.06 620.30 3681.08 1465.00 395.6, 3106 0.0076

i
area (un) Female 2937.08 815.90 1394.080 49120 2744.06 93920 3114.086 1090.00 364.9, 2721 0.0067

G.D. Male 3.36 7.80 3.86 7.09 3.23 1.13 3.41 3.41 -1.67,6.65 0.4847

N/um?; x10°
(Nfm*, ) Female  3.23 8.97 3.38 8.12 3.66 1.04 3.63 3.63 -1.33,1.03 0.7067

Data expressed as mean and standard deviation (SiBy @nalysis of variance (ANOVAY,= within row means with different
superscript letters significantlgifferent at P< 0.05; Cl = confidence interval; B predictive value; Cor= 10 ml/kg body weight of
distilled water before weaning and free accesgléin tap water after weaning @ 20; 9 males, 11 females); Frul0 ml/kg body

weight of a 20% fructose solution before weaning and free access to a 20% fructose solution after wea2in@ (nales, 11

females); ZFru= 10 ml/kg body weight of a 20%@ictose solution combined with zingerone at 40 mg/kg body weight before weaning
and free access to a 20% fructose solution after weanirg2ty 9 males, 12 females); Zgrzingerone only at 40 mg/kg body

weight in 10 ml/kg body weight of distilled wabefore weaning and free access to plain tap water after weanmd & 8 males,

10 females); G.D.= glomerular dsity.
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Figure 5.2: Representative photomicrographs of the male (Panel A) and female (Panel B) rat
kidney sections stainedwithMassn 6 s tri chrome (x40).
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Con= 10 ml/kg body weight of distilled water before weaning and free access to plain tap water
after weaning (= 20; 9 males, 11 females); Fru1l0 ml/kg body weight of a 20% fructose
solution before weaning and free access t@% Zructose solution after weaning$i20; 9

males, 11 females); ZFr110 ml/kg body weight of a 20% fructose solution combined with
zingerone at 40 mg/kg body weight before weaning and free access to a 20% fructose solution
after weaning (= 21; 9 male, 12 females); Zgr zingerone only at 40 mg/kg body weight in

10 ml/kg body weight of distilled water before weaning and free access to plain tap water after

weaning (n= 18; 8 males,10 females); scale bar = 50 pum.
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5.5 Discussion

We investigated the pential protective effects of neonatal administration of oral zingerone on
long-term dietary fructosenduced nephropathy later in adulthood. Increased levels of plasma

KIM -1 and reduced urinary space area were observed in the adult male and femalewatg fol
long-term administration of the 20% fructose solution. Zingerone administered orally to the
neonatal rats protected them against Higlotose dieinduced increased in KIM and the

reduced urinary space area later in adulthood in both sexes.nBonsital administration of oral
zingerone attenuated the development of {Erg fructosanduced nephropathy in both male

and female rats in adult life. A sexually dimorphic response was observed only in kidney masses,
where the absolute kidney massesevhigher in males and the relative kidney masses were

higher in females.

The weight of a kidney is an important parameter in evaluating renal tissue hypertrophy that may
be associated Wi nephropathy®. Additionally, changes in organ weights are used in toxicology

to determine whether a particular substance has adverse effecismay cage atrophy®. The

current study @l not note any differences in the absolute weight of the kidneys of the study rats
within both sexes, implying that the interventions did not produce gross effects on the kidneys.
The fact that male rats had greater absolute kidney weights than fematebeattributed to

inherent body sizes of the male rats coragddor female<®, due to greater musateass® and

organ weight3!in males than female rats.

However, when scaled relative to body mass it was obseraeththfemales had relatively

heavier kidneys. This may be attributed to the fact that the kidneys stop growingtatudgpar

age*, however in male rats the body mass increase is relatively gieatefemale rat®. The

observed increase in relative kidney weight in female rats compared to their male counterparts
could also probably be attributed to fewer nephron number in female rat kidneys when compared

to male kidneys, thereby making the kidney indeghbr infemale rat<®.

Renal function can be assessed using different parameters including glomerular filtration rate,
blood urea andreatinine®?. Measurement of glomerular filtration rate and blood urea and
creatinine levels is commonly employed to assess renetidur however, these measurements
are normally diagnostic in cases of severe renal injury and have limitations in identifying and

monitoring kdney disease¥. It is therefore important to use more sensitive and direct
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assessments. Metabolomics shbat plasma® ard urinary®* KIM -1 is affected in the early

stages of nephropathy.

In the current study, we observed an increase in the plasma levels df Kiklbth male and

female rats that received the letegm high fructoseliet only compared to the other groupseTh
fructoseinduced increase in KIM was prevented by neonatal administration of zingerone,
meaning that neonatal zingerone had programmed protection against the renal injury secondary
to highfructose diet consumption. The finding of this study expandbatrof a previous study

that reported a decrease in KiMfollowing administration of 50 mg/kg body weight of

zingerone to streptozotocinduced diabetic adult male Wistar rats 16 weeks®. Thus, we

have shown a prophylactiéfect while Rehman et al® showed a therapeutic effect of

zingerone. This beneficial effect of zingerone has been partially attributed to its antioxidant

properties including suppression of MDA production, which is a lipid peroxidatmoupt®®,

An increase in MDA level is an indicator of nephropathy associatedtisddsdress®. In the

current study, neither administration of fructose nor that of zingerone had any effects on the
kidney tissue level of MDA in the study rats in both sexes. This is in contrast to a previous report
that demonstrated zingerone to inhitxidative stress via decreasing MDA iialoetic mice'°.

The disparity could éthat the higtiructose diet did not cause severe kidney damage (evident on

histology) in the study rats that were not diabatduced.

Assessment of kidney histopathology is considered as the gold standard in the clinical diagnosis
of nephropathy®. Additionally, histological lesions of kidneys may develop without

derangement of metabolomicsriaphropathy?. In the present study, we observed a reduction in
the urinary spce area in the kidney sections of both male and female rats that received high
fructosediet only compared to the other groups, without change in the corpuscular area,
glomerular tuft area and glomerular density. Decreased urinary space area is astednfyh

feature of nephropathy that can lead to reduced glomerular filtration capacity and eventual
kidney failure!®. The observed fructosaduced histological lesions in both sexes were

prevented by neonatal administration of zingerone in this study, implying that zingerone had
programmed protection against the early histologeatiures of nephropathy secondary to high

fructose diet consumption. The observed histological outcomes in the current study require
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further investigations involving bibistochemical assessments to establish the fundamental

physiological mechanisms.

Whilst corpuscular area, tuft area and glomerular density are important parameters in evaluating
nephropathied, these parameters were not affected in this study. This implied that the rats on
high fructose diet had developed only early features of the disease since these parameters are
usually alteed in advancecenal diseas&. The absence of glomerular, tubular or interstitial

lesions (particularly fibrosis) in the histological sections of the fruetedeats despite elevated

KIM -1 further supported this assertion. That the rats did not develop advanced nephropathy, is
not surprising since significant proportion of individuals do have early histological features of
nephropathy without affecting the tubules and surrounititegstitium 2,

5.6 Conclusion

Early postnatahdministration of zingerone together with fructose to rats prevented théelong
fructoseinduced early nephropathy as measured with the early renal injury market Kid
confirmed by histological assessment in adulthood in both sexes. These findisgst a
potential alternative strategic prophylactic interventmneduce the global burden of
nephropathy in humans by targeting a critical period of developmental plasticity with this
naturally derived phytochemical. This study has also shown thge¢mne could be safe for
administration in the neonatal period, despite repihidt neonatal treatment with
phytochemicals couldause toxicity” as most physiological systems are not fdyveloped®.
Future studies will be directed towards understanding the mechanisms of actiorecdrzenttpat
resulted in these loRgrm reneprotective effects.
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CHAPTER SIX - Effects of neonatally administered zingerone on
general health status of rats fed a higtiructose diet
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6.1 Introduction

The global prevalence of metabolic disorders is projected to-26%0in the adult populatioh

and 3.3% in the paediatric age gréupPietary manipulations during the developmentally plastic
early postntal period can lead to metabolic disordees improved healtfi later in life. Among

other factors, the high prevalence of metabolic disorders is associated with an increase in
fructose consumption Althoughfructose is mainly metabolised by the lieit has been

shown that other organs also play important roles in metabolizing a small amount of dietary
fructose, including the small intestine, pancreas and téstésis, dysregulation of fructose
metabolism in primary tissues (particularly the ljyean alter fructose utilization in other

tissues leading to the development of obesity, pancreaticaadibvascular dysfunctiors
Excessive consumption of higtuctose diets can lead to increased epididymal fat deposition and
reduction in testiculaweight in males, and this can affect their reproductive perfornfaitigh
fructose diets can also cause haematological complications including altered red blood cell
indices [e.g. packed cell volume (PCV)], haemoglobin (Hb) and mean corpuscular ha@mog|
concentration (MCHC), thereby impacting on the physiological and pathological statuses of
animals®. Additionally, high fructose diets can adversely affect cardiac mass thereby
contributing to the development of cardiovascular complication

The gatrointestinal tract (GIT) plays an important role in metabolism of dietary nutrients due to
its digestive and absorptive capadcityThe development of the gut in rats is rapid during the
suckling period thus dietary interventions during the neonateigpean cause alterations in GIT
morphomtery and functional changes including precocious maturation of theé. ®¥Ecocious
enteral fructose consumption in the early developmental stages upregulates the expression of
GLUT-5 transporter (a highly specificuctose transporter) in the gtit' thereby altering the
morphometry of the GIT visceral and accessory organs that predisposes to the development of

metabolic disorders later in adulthood.

Orally ingested phytochemicals during the early postnatabghean also affect the development
of the gut and its accessory orgahgreby affecting the GIT morphometry and function, which
in turn affects the growth of the growing anin¥alBeneficial and adverse health outcomes were
reported with the use of ploghemicals. For example, it was reported that orally ingested
phytohaemagglutinin, a lectin from red kidney bedtsa&eolus vulgar)s causes hyperplastic
growth of the intestines and pancreas in 1at8 It alsodisrupts the brush borders of the inner
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absorptive cells of the intestines, leading to diarrhoea and reduced body weidfit gain
Additionally, ursolic acid'® and oleanolic acié® were demonstrated to havemtective effects

on the intestinal mucosal barrier and liver respectively.

While maabolic syndrome is well recognized as a consequence of high fructose diets, the impact
of fructose on bone health is recogni$&despite the physiological effects of sex steroids and
growth hormone on long bones, it has been reported that sugarhatkenegative effect on

bone mineralization in growing anima&fs Srinaath et a! have shown that zingerone possesses

osteogenic properties in mice.

Having considered the impact of the neonatal zingerone administration on general metabolism
(Chapter3), nonalcoholic fatty liver disease (Chapter 4) and nephropathy (Chapter 5) in high
fructose diet fed rats, it was important to further establish the effect of the neonatal
administration of zingerone on general health of the study rats. Thus, thisrategyatrts on the
supplementary data which were collected on alternative measures of obesity, red blood cell
indices, GIT and accessory visceral organ morphometry, masses of heart and pancreas and long
bonesd morphometry.

139



6.2 Materials and mettods
6.2.1 Study setting, ethical approval, animal housing and study design

As described in the methods section of Chapters 3, 4 and 5.

6.2.2 Terminal procedures and measurements

The rats were euthamig as stated in Chapters 3, 4 and 5.

6.2.2.1 Obesityndices

After euthanasia, the terminal body length (Raeas length) was measured using a measuring
tape. The length (together with the terminal body mass) were used to determine the body mass
index (BMI) and Lee obesity index which was computed as folféws

BMI = body mass (g) / body lendttcn?)
Lee index = cube root of body weight (g) / body length (cm)

6.2.2.2 Erythrocyte indices

A midline incision was then made ventrally on the thorax and abdomen, andardrac blood was

drawn and used for detaimation of PCV and Hb concentration with a haematd@@&moglobin

meter (I nSight HCT Meter, Woodley Equipment C
instructons. The PCV and Hb values werged to compute the mean corpuscular haemoglobin

concentratn (MCHC) as follows?:
MCHC (g/dL) = [Hb (g/dL) + PCV (%)] x 100

Where MCHC = mean corpuscular haemoglobin concentration, Hb = haemoglobin, PCV = packed cell

volume.

6.2.2.3 GIT morphometry and tissue masses

The heart, pancreas, stomach, small intestiaege intestines, caecum, testes gmdidymal fat pads
(males) weralissected out. The contents of the stomauotall and large intestines wararefully

emptied. The masses of these tissues were determined using a Presica 310M balance (Precision
Instruments, Johannesburg, South Africa). The lengths of small and large intestines were determined
after they were carefully stretched on a dissection board and measured with a ruler. Empty carcasses

following evisceration were also weighed (Snowrex Electr&aigle, Clover Scales, Johannesburg).
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6.2.2. 4. Long bonesd morphometry

The long bones (femur and tibia) were dissected otfledbed and ovedried (Salvis®, Salvis

Lab, Schweiz, Switzerland) at 40°C until constant mass for 5 days. The bones weveigisd

with a balance (Snowrex Electronic Scale, Clover Scales, Johannesburg) to determine their dry
mass, and their lengths measured with a pair of digital Vernier callipers [Major Tech (Pty) Ltd,

KTV 150 digital calliper] to evaluate their growth.
Bonemass to length rati@relative bone density) was then estimated as folfdws
Relative bone density = mass of bone (mg) / length of bone (mm)

6.2.3 Statistical analysis

Data were analysed by om&y analysis of variance (ANOVA) using GraphPad Prismf8veoe

(GraphPad Software Inc., San Diego, USA). The data were expressed as mean + standard deviation.
A multiple-comparisons Tukegost hodest was used to compare the means, whilst amso

ANOVA was used to compare the effect of sex, interactiahtegatment variations. Statistical

significance was consideredRak 0.05.
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6.3 Results
6.3.1 Obesity indices

The BMI of male rats was not significantly differef< 0.6318, ANOVA) across the different
treatments. However, in female rats, gfteup that consumed only fructose had significarRly (

= 0.0036, ANOVA) higher BMI compared to other treatment groups (Tab)eNeonatally
administered zingerone prevented the fruciosieced increase in BMI in females, such that the
group on combinettuctose and zingerone had similar BN®£ 0.9997, ANOVA) compared to
the negative controls. Male rats had significantly higher BMI than their female counteRparts |
0.0001 (sex effectp = 0.0448 (treatment effectf,= 0.4111 (interaction effect), ABVA].

There was no significant difference observed [Makes 0.3151, ANOVA); Femaled(=

0.4065, ANOVA)] in the Lee index across the different treatment groups in both sexes (Table
6.1). There were no significant differences between the two sexesiregtre Lee indexH =
0.3008 (sex effect = 0.2033 (treatment effectf,= 0.1919 (interaction effect), ANOVA].

The absoluteR = 0.4665, ANOVA) and relativeP(= 0.2567, ANOVA) masses of epididymal

fat pads were not significantly different betweertladl treatment groups in male rats (Tahib.
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Table 6.1: Effects of neonatally administered zingerone on the obesity indices efrbmbse
fed rats in adulthood

Parameter Sex W FS ZF yAY

BMI Male 0.64+0.05 0.65+0.06 0.63+0.04 0.64 +0.04
(g/cnr) Female 0.55+0.02 0.60+0.08 0.55+0.08 0.55+0.04
Lee index Male 0.30£0.01 0.30+0.01 0.29+0.01 0.30 £ 0.01
(g/cm) Female 0.30+0.01 0.31+0.01 0.30+£0.01 0.30+£0.01
Epid. fat () Male 3.00£0.54 3.20+0.62 3.30£0.83 2.80 £ 0.65

Epid. fat (%BM) Male 0.77+0.11 0.83+0.11 0.87+0.14 0.76 £0.14

Data expressed as mean + standard deviafidn within row means with different letters
significantly different at P = 0.0036;= male rats had significantly higher BMI at$0.0001
compared to female§y = negative control (10 ml/kg of distilled water before weaning and
unlimited access to plain tap water post weaning,20; 9 males, 11 females); ESLO ml/kg of
fructose solution at 20% before weaning and unlimited adoefsactose solution post weaning,

n= 20; 9 males, 11 females); Z~10 ml/kg of fructose solution at 20% plus 40 mg/kg of
zingerone dissolved in 10 ml/kg of distilled water before weaning and unlimited access to plain
tap water post weaning,#21; 9 nales, 12 females); ZW 40 mg/kg of zingerone dissolved in

10 ml/kg of distilled water before weaning and unlimited access to plain tap water post weaning,

n=18; 8 males, 10 females); %B#relative mass of organ expressed as a percentage of body
mass; B/l = body mass index; Epid epididymal.
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6.3.2 Erythrocyte indices

In males, rats that received zingerone with or without fructose had significantly highePRCV (
0.0002, ANOVA) and Hb contenP(= 0.0633, ANOVA) compared to negative controlsk{féa
6.2). The MCHC was not significantly?(= 0.6794, ANOVA) different across the different

treatment groups.

The PCV P =0.6074; ANOVA), MCHC P = 0.0571, ANOVA) and concentrations of Hb ¥

0.5877, ANOVA) were not significantly different across all tlteatment groups in female rats.

Male rats had significantly higher concentrations of Alx[0.0424 (sex effect]? = 0.2419
(treatment and interaction effects), ANOVA] than female rats (TéB)e However, there were
no significant differences betweére two sexes regarding the PG¥4 0.3181 (sex effectp =
0.1128 (treatment effectp,= 0.5549 (interaction effect), ANOVA] and MCH® E 0.2543 (sex
effect),P = 0.0618 (treatment effec,= 0.8099 (interaction effect), ANOVA].
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Table 6.2: Effects of neonatally administered zingerone on clinical haematological parameters of
high-fructose fed rats in adulthood

Parameter Sex W FS ZF ZW
Male  53.00+3.20 55.00+2.28° 56.00+4.00 58.003.00
PCV (%) Female 54.00+2.60 54.00+420 55.00+4.00 56.00 +2.00
Male  18.00+1.086 18.00+0.6%% 19.00+ 1.38 19.00 + 0.95"
Hb (g/dL)

Female 18.00+0.85 18.00+1.40 18.00+1.30 18.00+0.64
Male 33.32+0.19 33.31+0.18 33.37+0.15 33.26+0.15
Female 3323+0.12 33.27+0.16 33.38+0.18 33.21+0.16

MCHC (g/dL)

Data expressed as mean + standard deviafion within row means with different letters in
superscript significantly different at P = 0.0002 (PCV) and P = 0.0633 (fb)nale rats had
significantly hidner Hb concentrations than female rats at B.0424; W= negative control (10
mi/kg of distilled water before weaning and unlimited access to plain tap water post weaning, n
= 20; 9 males, 11 females); ESLO0 ml/kg of fructose solution at 20% before wiegrand

unlimited access to fructose solution post weanirg 20; 9 males, 11 females); ZF10 ml/kg

of fructose solution at 20% plus 40 mg/kg of zingerone dissolved in 10 ml/kg of distilled water
before weaning and unlimited access to plain tap watset weaning, = 21; 9 males, 12
females); ZWe 40 mg/kg of zingerone dissolved in 10 ml/kg of distilled water before weaning
and unlimited access to plain tap water post weaning18; 8 males, 10 females); PGV

packed cell volume; Hb haemoglobin; MEIC = mean corpuscular haemoglobin

concentration.
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6.3.3 Visceral organ gross morphometry

The absolute and relative masses of stomach, intestines and accessory organs of the GIT, and the
absolute and relative lengths of small and large intestinesnagrsignificantly R > 0.05,

ANOVA) different across the different treatment groups in both sexes (6&)le

The absoluteR = 0.6904, ANOVA) and relatived?@(= 0.9907, ANOVA) masses of testes were
not significantly different between all the treatmgrdgups in male rats.

The absolute masses of the organs were significahtyq.0001, ANOVA) higher in males than
females, whereas the masses relative to body weight were signifidartly.0001, ANOVA)
higher in females than male rats (Tabl&). Theabsolute lengths of small and large intestines
were significantly P < 0.0001, ANOVA) higher in males than females, whereas the relative
lengths of small and large intestines were significafly 0.0001, ANOVA) higher in females

than male rats.
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Table 6.3: Effects of neonatally administered zingerone on the morphometry of GIT visceral

organs, masses of the heart, pancreas and testes -dfuutgise fed rats

Parameter Sex W FS ZF W
Male 1.30+0.16 1.20+0.17 1.20+0.13 1.20 + 0.09
Heart
@ Female 0.86 + 0.066 0.93+£0.05 0.93+0.13 0.87 £0.07
Male 0.33+£0.02 0.32 £0.02 0.32+£0.01 0.33+£0.02
Heart (% BM)
Female 0.36 +0.08 0.35+0.02 0.38£0.07 0.37 £ 0.03
Male 1.30+£0.25 1.40 £ 0.26 1.30+0.12 1.20 + 0.34
Pancreas (Q)
Female 1.00 £ 0.19 1.20+0.12 1.00+£0.16 1.10 +0.08
Pancreas Male 0.34 £ 0.06 0.36 £ 0.06 0.35+0.04 0.33+£0.08
(%BM) Female 0.42 +0.06 0.44 £ 0.0 0.42 £ 0.06" 0.45 £ 0.04
Male 1.70+0.18 1.80 +£0.22 1.90 + 026" 1.70 £ 0.14
Stomach (g)
Female 1.30 £ 0.08 1.50+0.17 1.40+0.14 1.40+0.13
Stomach Male 0.48 £ 0.06 0.47 £0.03 0.48 £ 0.04 0.48 £ 0.04
(%BM) Female 0.54 +0.03 0.55 £ 0.06" 0.57 £ 0.0 0.58 £ 0.04
Male 1.40 + 0.25 1.20 +0.22 1.20+ 0.2% 1.30+0.18
Caecum (g)
Female 0.99 £0.18 0.91+£0.15 0.89+£0.18 0.98+£0.11
Caecum Male 0.37 £ 0.07 0.31+£0.04 0.32+0.04 0.35+0.03
(%BM) Female 0.44 +0.08 0.39+£0.07 0.39 £ 0.08 0.42 + 0.06
Male 9.20 +0.76 9.40 + 0.9* 9.10 +0.95 8.40+0.74
S. Intestine (g)
Female 6.50 £ 0.38 6.80 + 0.83 6.70 £ 0.54 6.70 £ 0.62
S. intestine Male 2.40+£0.25 2.40+0.14 2.40+0.17 2.30+0.17
(%BM) Female 2.70+0.13 270+ 0.19 2.80 £ 0.20 270+£0.19
Male 1.70 + 035* 1.70 £ 0.26 1.60 +0.16 1.80 +0.16
L. intestine (g)
Female 1.50+0.30 1.40+0.18 1.30+£0.20 1.30+0.31
L. intestine Male 0.45+0.11 0.45+0.04 0.42 +0.03 0.49 £ 0.04
(%BM) Female 0.61+0.13 0.52£0.07 0.54 £ 0.09 0.53+0.12
S. intestine Male 1330.00 + 89.00 1371.00 + 157.00 1334.00 +51.00 1334.00 + 84.00
length (mm) Female 1188.00+41.00 1228.00+ 64.00 1178.00 +40.00 1187.00 +50.00
Male  234.00 +15.00 223.00+18.00 224.00+8.80 231.00 + 15.00
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L. intestine Femde 209.00 +10.00 207.00 £9.80 205.00 = 8.30 209.00 = 8.50

length (mm)
Testes (Q) Male 5.10 £ 0.39 5.20+£0.48 4.90 + 0.36 490+ 0.74
Testes (%BM) Male 1.30 £ 0.09 1.30 £ 0.07 1.30 £ 0.09 1.30+0.25

Data expressed as mean * standard deviatiermale rats hadsignificantly higher absolute

organ masses and lengths than female rats (P < 0®5§emale rats had significantly higher

relative organ masses than male rats (P < 0.05); %BKlative mass of organ expressed as a
percentage of body mass; IWegative control (10 ml/kg of distilled water before weaning and
unlimited access to plain tap water post weaning,20; 9 males, 11 females); ESLO ml/kg of
fructose solution at 20% before weaning and unlimited access to fructose solution post weaning,
n= 20; 9 males, 11 females); ZF10 ml/kg of fructose solution at 20% plus 40 mg/kg of
zingerone dissolved in 10 ml/kg of distilled water before weaning and unlimited access to plain
tap water post weaning,#21; 9 males, 12 females); Z2WA0 mg/kg of zing®ne dissolved in

10 ml/kg of distilled water before weaning and unlimited access to plain tap water post weaning,

n= 18; 8 males, 10 females);=Ssmall; L = large.
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6.3.4 Empty carcass mass and long bones parameters

Table6.4 shows the effas of neonatally administered zingerone on gngprcass mass and
morphometry of long bones of higluctose fed rats in adulthood. There were no significant
differences on the empty carcass m#&ss (0.4795, ANOVA) and long bones parametéts (

0.05, ANOVA) across the different treatment groups in male rats.

In female rats, the group that was administered fructose only had significantly higher empty
carcass mas$ (= 0.0025, ANOVA), femoral mas®E 0.0076, ANOVA), and femoral length
(P=0.0192, ANOVA),compared to the remaining groups. Rats on fructose only had
significantly higher tibial mas$>(= 0.0131, ANOVA), and tibial densitie® £ 0.0217,

ANOVA), compared to those on zingerone only. There were no significant differences in the
femoral densitieand tibial length® > 0.05, ANOVA).

Male rats had significantly higher empty carcass mass and long bones parameters than the
corresponding female rats (Sex efféek 0.0001, ANOVA).
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Table 6.4: Effects of neonatally administered zingerameempty carcass mass and long bones
of high-fructose fed rats in adulthood

Parameter Sex W FS ZF W
Empty carcass Male  297.00 +27.00 307.00 +38.00 287.00 +30.00 287.00 *24.00
mass (g) Female 186.00 +10.00 201.00 +7.1® 185.00 +1DC* 182.00 * 15.00
Femur mass Male 595.00 +42.00 598.00 + 60.00 590.00 + 42.00 583.00 + 35.00
(mg) Female 471.00+37.00 514.00+24.00 482.00+33.00 467.00 + 37.00
Femur length Male 35.00 + 0.94 35.00 + 1.90 3400+ 1.10 34.00 + 0.54
(mm) Female 32.00+1.30 33.00 + 0.59 32.00+£0.76 32.00 £ 0.86
Femur R.D. Male 17.00 + 1.16 17.00 +1.20 17.00 + 0.90 17.00 +1.18
(mg/mm) Female 15.00 £ 0.76 16.00 £ 0.67 15.00 £ 1.00 15.00 £ 0.87
Tibia mass Male 397.00 + 37.00 400.00 + 39.00 396.00 + 36.00 384.00 + 27.00
(mg) Female 306.00 +17.08% 327.00+13.00 305.00 + 25.08? 297.00 + 27.00
Tibia length Male 38.00 + 0.62 37.00 + 1.50 38.00 +1.20 38.00 + 0.80
(mm) Female  35.00 +0.77 35.00 £ 0.35 3500 +0.64 35.00£0.91
Tibia R.D. Male 10.00 + 0.88 11.00 + 0.68 10.00 £ 0.74 10.00 + 0.6%1
(mg/mm) Female 8.80+0.4%° 9.30 +0.38 8.80 + 0.66° 8.60 + 0.61

Data expressed as mean + standard deviafida within row means with different lett®in

superscript significantly different & < 0.05;%= male rats had significantly higher empty

carcass mass and long bones parameters than female rats @td®01; W= negative control

(20 ml/kg of distilled water before weaning and unlimited acteptain tap water post

weaning, r= 20; 9 males, 11 females); ESLO ml/kg of fructose solution at 20% before

weaning and unlimited access to fructose solution post weann@0n9 males, 11 females);

ZF = 10 ml/kg of fructose solution at 20% plus #@/kg of zingerone dissolved in 10 ml/kg of

distilled water before weaning and unlimited access to plain tap water post wearirii,;®

males, 12 females); ZW40 mg/kg of zingerone dissolved in 10 ml/kg of distilled water before

weaning and unlimitedccess to plain tap water post weaning; ©8; 8 males, 10 females);

R.D.=relative density.
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6.4 Discussion

The current study was conducted to investigate the potentiatéomgprotective effect of

neonatally administered zingerone on the generatthstdtus and extra growth parameters
secondary to higifructose diets in male and female rats. We showed that neonatal administration
of zingerone orally to higifructose fed rats had no loitgrm adverse effects on general health
status and GIT morphomgtof the rats in both sexes. However, BMI and growth parameters

were negatively affected by the higjluctose diet in adult female rats, which was prevented by

the neonatal zingerone administration. Sexually dimorphic outcomes were observed in that male
rats had higher BMI, Hb concentrations, absolu
than their female counterparts.

Lee obesity index and BMI are positively correlated with body fat percentage in rats and are thus
used as an indirect indicators of lyddt percentag€ 26 A Lee index greater than 0.3 is an
indication of obesity in rat®. In the current study, the interventions did not affect the Lee

obesity index of the study rats in both sexes, implying that the rats did not develdpriong

ovett obesity based on this index. Araujo et4hlso reported similar finding on obesity index
following consumption of 10% fructose solution to adolescent male Wistar rats for 8 weeks, the
finding they attributed to the period of fructose consumption visiavas not long enough to

induce changes to the index.

However, we observed an increase in BMI following consumption of excess fructose solution by
the female rats, a finding that was not observed in male rats. The increase in Bialef fats

is in ageement withthe finding we reported in Chapter 3, in which the female rats had

developed longerm increased terminal body mass and visceral adiposity following consumption
of 20% fructose solution, which are important indicators for the developmenesity.

Novelli et al.?? reported similar finding on BMI and Lee index following consumption of 30%
sucrose solution by the adolescent male Wistar rats for 30 days. This finding indicates that there
might be a discrepancy in the sensitivity of the iedjcthus future studies would require further
sensitivity analysis for obesity markers

Despite the male rats on fructose alone developing visceral adiposity as we have reported in
Chapter 3, the rats had similar BMI across the different treatment grbhipduther reinforces

our finding inChapter 3 where the male rats had similar terminal body mass across different

treatments. Thus, it could be speculated that despite the increased visceral adiposity observed on
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dissection and weighing on the visdd, its accretion had not reached the threshold level for
inducing significant changes to the BMI and Lee intfér the males. Thus, reinforcing the

need for use of methods to quantify the visceral fat quantitatively rather than the proxy measures.
Since BMI does not differentiate between fat and lean ma%sarsd the fact that female rats had
higher visceal fat percentage than mal&h@pter 3), the higher BMI of male rats could be
attributed to the increased muscle mass associated with mal Tatis effect has been ascribed
to increased activities of testosterone and growth hormone in maté¥athis could be

reflected by the higher terminal body masses of male rats compared to females reported in
Chapter 3.

Epididymal fat is a subset tie general abdominal adipostfy Increased epididymal fat is
associated with oxidative and inflammatory processes that lead to epididymitis and sexual
dysfunction in male&*. The interventions of the current study did not affect the epididymal fat
mas of the males. This had reinforced our findings on body mass, BMI and Lee index of male
rats. FakhounBayegh et af® reported similar observation on the epididymal fat when 20%
fructose enrichedliet was consumed by adolescent male Wistar rats foree&svHowever,
Crescenzo et af® reported a contradictory finding as epididymal fat was increased in adult male
Sprague Dawley rats that consumed fructoste diets for eight weeks. The age of the rats could
be responsible for the contrasting findingge adult rats are more prone to fructostuced
metabolic derangements

It would be observe that the visceral adiposity (which is wrongly considered as general intra
abdominal adiposity) of male gsatvas increased as reportedCimapter 3. Despite atidymal fat

is considered part of the general abdominal fat, however, not alaibtd@minal fats surround

the visceral organs, and this includes epididymal fat since testis/epididymis are not visceral
organs®. Thus, increased visceral fat could notays translate to increased epididymal fat,
hence correlates well with the finding of this study.

Red blood cell parameters particularly PCV, Hb and MCHC are important tools used for
assessing the health and pathological statuses of arifixiitey reflet alterations that may

occur during the course of a disease, as well as evaluate the efficacy of management
interventions’. Whilst PCV (haematocrit) is the percentage of red cells in the blood and Hb is a
protein contained within the red cells which ispensible for oxygen transport, MCHC is the

ratio of Hb weight to the volume of an averagecellin a population of cell®. These red cell
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indices can be affected by deficiency of iron, vitamin B12 or folic ciBor instance, iron
deficiency resus in microcytichypochromic anaemia, whilst vitaminBand folic acid

deficiencies result in megaloblastic anaeflian addition, the bioavailability of these nutrients
can be affected by phytochemicals; it has been reported that phytates can deeralaserption

and bioavailability of iron in the GIf?. It is therefore necessary to evaluate the red cell status of
the study rats by determining the PCV, Hb and MCHC

The current study observed an increase in PCV and Hb concentration in the angesated

groups compared to the controls in male rats, with no significant changes in the red cell indices
of female rats. This implies that zingerone could be a haematinic phytochemical that could be
safe for administration without adversely affecting thd blood cells indices in both sexes. The
haematinienormochromic effect of zingerone observed in this study could be attributed to its
ability to promote erythropoietin secretion, a hormone that stimulates formation of red blood
cells in the bone mayw 4. Additionally, all the mean values of Hb, PCV and MCHC recorded

in the current study were slightly higher than the normal ranges previously reported for rats in
the age set and sé&%*3. The higher values could be attributed to the relativadylerde altitude

of Johannesburg (1, 753 meters above sea level) where the study was cdftdlidted been
reported that at moderate to high altitudes, there is a compensatory mechanism in response to
tissue hypoxia, causing the release of erythropoieainléads to increased erythropoiesis, which

translates to increased red cell indites

The higher red blood cellsd indices observed
testosterone effect of activating red cell production via stimulatienysfiropoietin releas®. In

addition to impact on red cell indices, GIT and accessory organs can be affected by dietary
interventions.

Oral administration of plantsd phytochemicals
nutrients in the gutand this can affect the development of the gut and its accessory organs
thereby interferi ntfFovexanmhpletfliavenoidsarid phythtés san ghelatevt h
iron and zinc thereby reducing the absorption of these micronutrients; they cesdalse the

activities of digestive enzymes by forming complexes with dietary carbohydrates or ptbteins
Additionally, ingestion of higkructose diets can cause cardiovascular and pancreatic

complications that affect their individual organ massesekample, excess dietary fructose is

metabolized and converted into fat mainly by the liver, and deposited at the ectopic sites
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including pancreas and blood vess€éldn the pancreas, the excess fat may affect the beta cells

of the pancreas impairing n secretion, and can lead to pancreatic darhadde excess fat

may also be deposited in blood vessels inform of cholesterol anddosity lipoprotein, which

leads to narrowing of the arteriolar walls, resistance to blood flow, hypertension ahshéyen

cardiac failure’. However, the interventions of the current study did not adversely affect the
masses of the GIT organs, heart, pancreas (both sexes) and testes (males) in adult life- Fakhoury
Sayegh et af® also did not observed changes inweghts of pancreas when 20% fructose
enricheddiet was consumed by adolescent male Wistar rats for 16 weeks. The absence of
changes in the abdominal and thoracic organs implies that zingerone did not negatively affect the

heart, pancreas and absorptiom@tary nutrients in the gut of the rats in this study.

The significantly greater absolute weights of the GIT organs, heart and pancreas compared to
their matched females was probably due to the effects of testosterone which promotes tissue
growth, the oncentrations of which are usually higher in adult males compared to fe¥ales

The fact that female rats had greater relative organ weights than males could be due to inherent
body sizes of the male rats when compared with females, since male ratsda®erguscle

mass and organ weight than female &4

Empty carcass mass is a good indicator of growth performance since the effect of GIT and
bladder residual content is avoid@dAlthough administration of 20% fructose solution did not
affectthe empty carcass masses of the male rats, the empty carcass masses of théefiluctose
group was heavier than the control group in female rats. This is not surprising since female rats
are more susceptible to fructeiseluced metabolic derangements tihetit male counterpares.

The fructosenduced increase in empty carcass mass in female rats was unlikely due to lean
body mass since male rat have greater muscle mass than fénialéhapter 3, we have

reported increase in terminal body mass (femaidyg) and visceral fat accumulation (both

sexes) secondary to excess fructose consumption. Thus, we speculate that the heavier carcass
mass of female rats (which was not seen with males) could be due to subcutaneous fat
accumulation since fructose has eeported to contribute to subcutaneous fat syntfesitie
fructoseinduced increase in empty carcass mass observed in females was prevented by neonatal

administration of zingerone, implying that zingerone had providedtemg protection against
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fructoseinduced increase in carcass mass of female rats. This beneficial effect of zingerone

could be attributed to its ability to regulate bone metabolism in rodents

Male rats had heavier empty carcass masses compared to their corresponding femalast this
surprising since male Sprague Dawley rats are naturally bigger than females due to the greater
muscle mass associated with male rats compared to fethaléss could be due to the greater
effect (secondary to higher concentrations) of testostdromales, a hormone responsible for

promoting tissue growtfr.

Longt er m gr owth performance can further be asse
length of the bones does not usually change acutely dilvéengrowing phase, despite thiect

of growth hormone on long bong&s High- fructose diet has been shown to lower the levels of
osteocalcin (a marker of bone formation) thereby affecting the growth of Boieshe current

study, administration of 20% fructose solution did not affectahg bones morphometry of the

male rats. However, the mass (femur and tibia), length (femur) and density (tibia) of the fructose
fed group were increased in female rats. This is could be attributed to the increased BMI
observed with female rats in this @yl since fructosénduced increased BMI (which is a

measure of obesity) has been shown to affect the morphometry of long*hdftes was

reversed by the neonatal administration of zingerone, implying that zingerone had provided long
term protection agast fructoseinduced morphometric changes on long bones of female rats.

The long bones indices of the male rats that was greater compared to females in matched groups
could probably be attributed to the increased activity of growth hormone secondagly to hi
testosterone levef&.

6.5 Conclusion

The findings indicated that consumption of 20% fructose solution for 12 weeks did not adversely
affect the haematological proxies of general health, GIT gross morphometry and accessory

organs of both male and fereahts. However, the fructose solution had increased the BMI and

l ong bonesd morphometry of the female rats, w
administration of zingerone. This implies that while administration of zingerone to neonates does

not have log-term deleterious effect to the overall health status of the animals, future studies

need to critically examine the mechanisms by which zingerone exerts its protective effects on the

long bones in high fructose fed individuals.
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The following chapter prests an overalfiscussion oChapters 3, 4, 5 and 6, in which all the

major findings of the individual chapters are concisely articulated and contextualised.
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7.1 Introduction

This study evaluated whether orally administered zingerone in the neonatal period retedt p
against the longerm development of dietary fructeseluced metabolic dysfunction, fatty liver,
nephropathy and alteration in the general health status in male and female Sprague Dawley rats.
It was observed in adulthood that rats provided witbtbyse solution consumed more fluid, ate

less foodstandardrat chow) and had a greater total calorie intake than those that had plain
drinking water in both sexes. Additionally, rats that consumed only fructose had increased
terminal body masses (femalasly), visceral adiposity, elevated plasma TGs and cholesterol

concentrations in adulthood in both sexes (metabolic dysfunction).

Rats that consumed only fructose had lbergn increased hepatic lipid accretion and steatosis in

both sexes (fatty liverf-urthermore, rats that consumed fructose only had increased plasma

KIM -1 and decreased urinary space at termination in both sexes (early features of nephropathy).
The empty carcass mass and | on-fyuctbsedietisférriad ensi t
rats only. All these fructosmduced derangements and pathologies were prevented by neonatally
administered zingerone, implying that zingerone had programmed protection against high

fructose dietinduced metabolic derangements. Otherwise, no-terrgadverse effects on

general health status were observed following neonatal administration of oral zingrone to
fructosefed rats in both sexes. However, sexually dimorphic responses indicated that female rats

are more susceptible to fructeseluced metabati derangements than male rats.

Central obesity, dyslipidaemia, hyperglycaemia and NAFLD are amongst the major components
of metabolic syndrom& These metabolic abnormalities can affect the renal and general health
physiology if not promptly addresséd. The current study observed that following a kbeign
consumption of higtiructose solution, the study rats had developed adiposity, dyslipidaemia and
fatty liver, which were complicated by renal involvement. Thus, excluding hyperglycaemia, the
rats haddeveloped a nearly fublown metabolic syndrome in adulthood, and neonatal
administration of oral zingerone had programmed for-@mm protection against the syndrome.
Visceral obesity and its associated dyslipidaemia are the early features of findtass

metabolic dysfunction observed in the current study.
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7.2 Development of metabolic dysfunction

Although waist circumference is considered a major determinant of central Ghésityever

the current study quantified the actual visceral fat pastéval adiposity) since it is the major
determinant of central (abdominal) obesityn addition, BMI was also evaluated in this study.
Despitethe fact thaBMI does notdifferentiate between muscle and fat mass, however it (BMI)
correlates well with vaous cardiemetabolic risk factors including dyslipidaendialhis is

evident in this study as higlhuctose solution had programmed for lelegm development of
increased adiposity (both sexes; Chapter 3), BMI (females ohbpt€r 6) hepaticgdid
accunulation (both sexes;tapter 4)and dyslipidaemia (both sexeshdpter 3) in the study rats.
These metabolic derangements are strongly associated with cardiovascular eliseases
Interestingly, neonatally administered zingerone had programmed fetdongrotection

against the fructosemduced metabat dysfunctions as reported €hapter 3. However, despite
the merits and demerits of BMI over watstcumference beindebated, it would be best to
assess the risk and progression of metabolic syndromeasuring both the BMI and waist
circumferencé, as both predict the risk of developing insulin resistance, hyperglycaemia, and
type 2 diabeted

Both male and female rats did not develop insulin resistance or hyperglycaemia in this study,
despite thdact ratshad developed visceral obesityh@pter 3). This is not surprising since it has
been shown that visceral obesity precedes the development of type 2 diabetefact that the
rats did not develop hyperglycaemia had been reinforced by the finoimigsulin, HOMAIR,
adiponetin (Chapter 3) and pancreash@pter 6), all of which were not affected by the
interventiors in this study. As stated ilh@pter 2, insulin resistance and hyperglycaemia could
be due to oxidative and inflammatory processseeaiated with metabolic dysfunctiénit

would be observed that the levels of TBARSGland TNFU wer e not eaf fected b
interventions of this study (@pter 4), and this is a reflection of normoglycaemia observed in
chapter 3, on the levels of faggi blood glucose. Althougbral glucose tolerance te€S0GTT)

can be used to diagnose type 2 diabéteweverthe currentstudy opted for fasting blood

glucose becaus@GTT is heavy, difficult, poorly tolerated and consumes so much'fime
Additionally, six-hour fasting blood glucose correlates well with chronic hyperglycaemia than
OGTT,
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The fact that female rats were more prone to fruetodeced metabolic dysfunction in this
study has been discussed in chapter 3. In addition to visceral ohégiky 2 diabetes is also a

risk factor for the development of NAFLE}2

7.3 Development of noralcoholic fatty liver disease

As stated in chapter 4, NAFLD is the hepatic manifestation of metabolic syndrome as it

(NAFLD) is invariablyassociated with theomponents of metabolic syndrome, including

visceral obesity, dyslipidaemia, insulin resistance, elevated blood glucose levels and didbetes

There are two major and progressive causes of liver injury that can lead to the development of
NAFLD and NASH,and these include hepatic lipid accretion and oxidative stte§he
progressive nature olfi tNOAFtLDe a rnw:o | tvlees ftihres ti t hwiot
deposition and the second hit beingingnhe oxi da
resulting to developmentof NASHK. Thi s fAtwo hito theory is par:
asevident by hepatic steatosiSHapter 4) as the first hit in both male and female rats; and the

liver is yet to be affected by the second hit adewt by the insignificant levels of oxidative and
inflammatory markes, TBARS, MDA, 1-6 and TNFU CHapters 3, 4 and 5). This finding also

correlates well with the glycaemic parameters that were not significantly affected by th

interventions in both ses Chapter 3), implying that there was no significant oxidative damage

that could alter insulin sensitivity or glucose metabolism.

Despite the issue of NAFLD as a cause or a result of insulin resistance or glucose intéterance
it has been reportatiatNAFLD precedes thdevelopment of type 2 diabetesdamll blown

metabolic syndromesven in patients with normal BMJ since 56% of patients with NAFLD are
non-diabetics'®. This is similar to the finding of the current study where male rats were eldserv
to develop hepatic steatos@hapter 4 without affecting their BMI Chapter 6) The fact that

male rats developed fatty liver without changes in their BMIs is not surprising since hepatic lipid
content is independently associated with the componémgtabolic syndromé

The longterm fructosanduced hepatic steatosis was prevented by neonatal administration of

oral zingeronen both sexes as describedGhapter 4.

Although it has been claimed that males have a higher risk for developing Istgatiosis than

females!, current study did not observe dimorphic response to development of frirdlosed
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fatty liver. Extrahepatic manifestationsiAFLD include renal involvement and can lead to

chronic kidney disease

7.4 Development of nephroptny

In this study, longerm highfructose consumption had led to the development of early features
of nephropathy via elevated plasma KiMevels and decreaserinary space in both sexes
(Chapter 5). These features are invariably associated with diategthropathy”. Although the
levels of other markers of renal damage including uric acid, txedand inflammatory markers
(Chaptes 4 and 5) were not significantly altered in this study, we could conclude that fructose
consumption had induced renajury in the rats since KIML is not expressed in normal renal
parenchyma but expressed only in injured renal éells

Althoughdiabetes is the major cause of diabetic nephropathy globally, it has been shown that
obesity can lead to poor renal outcomepehdent of diabeté$® This is in agreement with
finding of this study in which the glycaemic parameters werafietted by the interventions
(Chapter 3) despite development of early features of nephropgathgth male and female rats
(Chapter 5).This implies that administration of fructose solution had programmed foitéony

development of early features of nephropathy in rats, without inducing diabetes.

Neonatally administered zingerone had programmed fortiemg protection against the
develgpment ofearly features of nephropath@hapter 5). Similar protective effects of zingerone
against diabetic nephropathy were demonstrated by Rehman’etral.Cui et al*®in rats and
mice respectively. It has been shown that nephropathies cantb&eptneral health status

including red blood cell indices in patients with metabolic syndrtine

7.5 Alterations to the general health markers and extra growth parameters

Routinely, red blood cell indices are used in various blood tests for quartdifieatd physical
characterization of erythrocyté% Altered red cell indices can lead to insulin resistance

secondary to reduction in the blood flow, thereby decreasing flow of oxygen, glucose and insulin
to the tissues including the red blood c&lISThis renders the erythrocytes to cellular oxidative
stress and inflammatory processes that may be associated with components of metabolic
syndrome*@.

Except for zingerone treated groups that had higher PCV and Hb concentration in male rats, the

interventions of the current study did not affect the red blood cell indices in the study rats
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(Chapter 6). This finding could be reinforced by the levels of oxidative stress markers (MDA and
TBARS) and inflammatory cytokines (6 and TNFU) t hat wer eeocunent af f ect e
study interventionsGhapters 4 and 5). Thus, this indicated that zimgercould be safe for

administration in the neonatal period to provide kbegn protection against fructogeduced

metabolic derangements. This finding also showed that zingerone causedas haematinic

agent to manage anaemic conditions when begesrally via the GIT.

In the first few weeks of life, the immature GIT of rats undergoes rapid functional and structural
developmental changé$ such that dietary interventions during this plastic period can positively
or adversely affect the struceuand or function of the GIT later in lif€ As such, evaluation of

GIT morphometry could explore the impact of dietary interventions on the GIT physiology.

The interventions of the current study did not affect the morphometry of the GIT, implying that
neonatal administration of zingerone did not adversely affect the GIT structure, since it has been
reported that phytochemicals (including lectin from red kidney bean) can cause precocious
maturation of GIT in suckling rafs. However, a previous studydaeported similar finding in

which the GIT morphometry was not affected following administration of dietary interventions

in neonatal raté’. The finding of this study on GIT could be reinforced by that of chapter 4 and

5, in which the oxidant and inflammatory markers (which are also implicated in the pathogenesis
of GIT dysfunctior??) were not affected by the interventions. GIT function influences growth
parameters in growing animé&fs

The current study observed greater empty carcass mass and lenglion densi ti es i n f
that consumed only fructose. This has contrasted the findings of previous studies in which excess
fructose consumption did not affect the empty carcass mass and morphometry of long bones in
growing rats of both sexé§242° This is not surprising since there have bearflicting reports

on the effect of fructose on bone health, in which either beneficial or adverse effects of excess
fructose consumption on bones were obsef¢ét The effect of fructose on empty carcasssna

and long bones of female rats observed in this study could be reinforcedihgrdased

terminal body massChapter 3) and BMIGhapter 6) observed with the females in the same
treatment group. However, neonatal zingerone administration had corddomrgiterm

protection against fructosaduced changs on extra growth paramete@hépter 6).
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The next chapter summarises the findings of this study, highlights some limitations and provides

recommendations for future studies.
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8.1Summary and conclusion

The current study evaluated the potential therapeutic effects of orally administered zingerone to
neonatal male and female Sprague Dawley rats on the development of metabolic derangements
induced by longerm consumption of a fructosih diet, specifically on four focus areas:

1. Metabolic dysfunction [By measuring/evaluating fluid and feed intake, total calorie
intake, body mass and length, BMI, Lee index, FBG, TGs, cholesterol subtypes, insulin,
adiponectin, HOMAIR index, visceral fatrad epididymal fat pad (males)].

2 Nonalcoholic fatty liver disease (By measuring/evaluating ALT activity, liver mass, hepatic
lipid content, TBARS, TNFU, -6)ahd liver histology).

3. Nephropathy (By measuring/evaluating kidney mass, uric acid; KIMDA ard kidney
histomorphometry).

4. General health [By measuring/evaluating erythrocyte PCV, Hb, MCHC, morphometry of
stomach, small intestines, large intestines and caecum; masses of heart, pancreas and testes
(males); empty carcass mass and linear growth].

This study has demonstrated that letegm fructose consumption had programmed for the
development of visceral obesity and dyslipidaemia (features of metabolic dysfunction), hepatic
lipid accretion and steatosis (features of NAFLD), elevated-KIMvels and daeased urinary

space area (early features of nephropathy), in both male and female rats. The ability of fructose
to induce longerm metabolic derangements have been attributed to its interaction with the early
developmental period of plasticity (includirarly postnatal period), dysregulation of genes and

receptors involved in fructose metabolism and epigenetic predispdsition

Zingerone administered to rats orally during the neonatal period had programmed f&riong
protection against the developnt of highfructose dieinduced metabolic dysfunction, fatty

liver and early features of nephropathy later in adult life of male and female rats. The
mechanisms by which zingerone exerted these protective and beneficial effects could be
attributed to itaantrobesity, hepatoprotective and nephroprotective properties secondary to its
antiroxidant and antinflammatory activities*,

Glycaemic parameters, which could point to insulin resistance and hyperglycaemia, were not

affected by the interventions tife current study despite the male and female rats had developed
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lipid abnormalities. This could be attributed to the fact that development of obesity usually
precedes type 2 diabetes

The findings of this study indicated that letegm consumption of 2@ fructose solution, as well

as neonatal administration of zingerone did not adversely affect the red cell indices of the study
rats. Interestinglythe current study observed a haematinic potential of zingerone. Except for the
empty carcass mass and |ldane densities that were heavier in female rats that consumed high
fructose diet, current study observed that both fructose and neonatal zingerone did not alter the
GIT morphometry and extra growth parameters of the study animals. This implies thatrengero
could be safe for oral administration in the neonatal period, despite reports that neonatal
treatment with phytochemicals could cause toxicity as most physiological systems are not fully
developed’. Thus, the findings of the current study indicateat administration of zingerone to

neonates does not have letegm deleterious effect to the overall health status of the animals.

Additionally, the current study observed sexually dimorphic responses to thetomg
consumption of higliructose dietsin which female rats were more prone to fructoskiced
metabolic derangements than their male counterparts. This could be due to increased fructose

consumption observedith female rats in this study (@pter 3).

Conclusivelyin order to reduce the globaurden of fructosenduced metabolic disorders on
health care delivery, a similar strategic use of zingerone in the critical period of developmental
plasticity could be explored in humans to manageidakiced metabolic syndrome; thereby
replacing the sie of animal models in exploring the therapeutic effects of plant phytochemicals.
This could be in form of zingerone being incorporated as a supplement to infant food formula,
which would be consumed orally during the neonatal period, and this couldelforngterm

protection against the development of dietuced metabolic syndrome later in life.

8.2 Limitations and recommendations
Additional measures that were not investigated in this study, which could have further explored
the longterm effects of fuctose administration, as well as the potential effects of neonatal

administration of zingerone should be considered in future studies. These include the following:

8.2.1 Further assessment of metabolic dysfunction
Hypertension, defined as abnormally elexbblood pressure, is one of the major components of

metabolic syndrom& and was not evaluated in this stu@iius, | recommend future studies to
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incorporate hypertension while exploring the fructosiiced metabolic dysfunction, and the
potential theapeutic effects of neonatal zingerone, such that the full picture of metabolic

syndrome could be explored.

Some metabolic hormones sucHeggin and ghrelin also regulate metabolism, as they regulate
sat i e tcgl development and functiofs®. Thee hormones were not evaluated in this
study.Thus, | recommend future studies to evaluate leptin, ghrelin when investigating the long
term effects of higHructose diets, as well as the therapeutic potential of neonatal administration

of zingerone.

8.2.2Further assessment of NAFLD

Obesityinduced oxidative stress is the major cause of NAFLD, in which there is imbalance
between oxidant and astixidant markers, in favour of oxidant markétsAlthough the oxidant
markers (MDA and TBARS) were determinelge tantioxidant markers such as superoxide
dismutase and glutathione could not be determined in the current Slugy.l recommend

future studies to evaluate these antioxidant enzymes in order to have a full picture of oxidative

processes associated withctoseinduced metabolic dysfunction.

Despite some inflammatory markers (T/F a n-@) wereldetermined in this study, however,
there is need for future studigsconducimmunchistochemical staining of hepatocy{@gich
was not conducted in the cant study)such that the presence of activated macrophages could be

detected. By so doing, the extent of hepatic inflammatory processes could be evaluated.

8.2.3 Further assessment of nephropathy

Another limitation ofthis studyis that the kidney histolgical evaluation was done with light
microscopenstead of electron microscgpend renal tissue micro alterations could have been
missed.Thus, future studies should consider using electron microscope as well as iImmuno

histochemical staining to histologity evaluate renal tissues.

8.2.4 Further assessment of general health status
8.2.4.1 Assessment of bones

Despitethefact thatcurrentstudy had determined the Seedor index of long bones, however,
Seedor index only indicates the relative bone deAsifensitometry and duanergy Xray

absorptiometry objectively measure bone density, and were not considered in the current study.
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As such, | recommend future studies to objectively measure bone density using densitometry and
dualenergy Xray absorptiomey, the latter being the gold standard for measurement of bone

density!3,

Despite 1 has been reported that consumption of excess fructose decreases the levels of calcium
and phosphorous in the long bones of rats thereby affecting their bone breakigthsty

Current study was unable to test for bone breaking strehigtis, bone breaking strength tests
should be considered in the future. In addition, the actual levels of calcium and phosphate should

be determined from the ash content of the bones.

Ogeocalcin is a hormone secreted by osteoblasts, and plays a critical role in bone metabolism
and bone healtt. Current study did not determine plasma osteocaldins, | recommend

future studies to consider measuring plasma osteocalcin.

8.2.4.2 Histologral assessment of pancreas and GIT

It has been shown that excess fructose consumption can adversely affect the GIT andSancreas
particularly through the development of Ralcoholic fatty pancreas disease (NAFPD) which is
now being recognised as a magause of morbidity and mortality globaly NAFPD is the
accumulation of fat in the pancreas, and is associated with visceral adiposity and metabolic
syndrome*®. Despite the pancreatic mass and GIT morphometry were not affected by the
interventions bthis study, histological evaluation of the GIT and pancveas not done in the

current study. Thisould have revealed micrstructural changes that could be associated with
fructose consumption in rats. Thus, future studies should consider histometphofrihese

organs.

8.2.5 Assessment of molecular mechanism of action of fructose and zingerone

Excess dietary fructose consumption may directly alter the expression of genes and receptors
involved carbohydrate and lipid metaboli$tnThese includ®PARJ, S RIECBIREBP and
TNF-U2%2L which were not evaluated by the current stidhe deleterious effects of fructose,

and the beneficial effects of zingerone observed in this study could have affected the expression
of these genes and receptors. Thuscommend the future studies to evaluate the expression of
these genes, proteins and receptors (using quantitativennegbolymerase chain reaction and
western blotting technique), as well as determination of DNA methylation and histone

modification (epgenetic studies). This would provide a broader understanding of the molecular
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mechanisms of action of fructose and zingerone that resulted in thegerdaonigetabolic
alterations and protective effects respectively, and the possible transgeneratiefi bktine

interventions.

The following section consists of appendices that are relevant to the current study.
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ANIMAL ETHICS SCREENING COMMITTEE (AESC)

CLEARANCE CERTIFICATE NO. 2017/010/71/B

APPLICANT: Dr B i.embede

SCHOOL.: Physiology

DEPARTMENT:

LOCATION:

PROJECT TITLE: The potential of orally administered Zingerone o protect and to programme

for protection against high-fructose high-cholestercl diet-induced
metabolic derangements in Sprague-Dawley rats

Number and Species

50X 21 day old male and 50X 21 day old female Sprague-Dawley rats and 100X 4-day old male rals pups
and 100X 4-day old femaie rat pups Sprague-Dawley rats

Approval was given for the use of animals for the project described above at an AESC meeting hsid on
2017/10/31. This approval remains valid until 2019/14/12.
Unreported changes to the application may invalidate the clearance given by the AESC

An annual pragress repoert must be provided

The use of these animals i1s subject to AESC guidelines for the use and care of animals, is limited to the
procadures described in the application form and Is subject to any additional conditions listed balow:

Signed: =N Date: _MMFMBUK | qum 7

"‘—-"“(Citaimmﬁj\ﬁﬂi)

| am satisfied that the persons fisted in this application are competent to perform the procedures therein,
in terms of Section 23 {1} {c) of the Veterinary and Para-Veterinary Professions Act {19 of 1982)

Signed: Y J,{,‘C{A K Date: 13 November 2017
(Ff?;E emd Vetarinarlan)
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Appendix 3: First Modification of Ethics Clearece

AESC 2018 M&E

Please note that only typewritten applications will be accepted.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREENING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

a. Name: Busisani W. Lembede (AO026777}

b. School and email address: School of Physiology | Busisani.Lembede@wits.ac.za

C. Experiment to be modified / extended AESC NO
QOriginal AESC number | 2017 [ 010 | 71/8
Other M&Es : |

d. Project Title: The potential of orally administered Zingerone to protect and to programme

for protection against high-fructose high-cholesterol diet-induced metabolic derangements
in Sprague-Dawley rats

No. Species
e. Number and species of animals originally approved: 300 | Sprague Dawley
f. Number of additional animals previously allocated on M&Es: 0
B. Total number of animals allocated to the experiment to date: 0
h. Number of animals used to date: 0
i. Specific modification / extension requested:

¢ include Assoc Prof Aletta Millen, Ms Nondumiso Immaculate Lushozi and Nasiru
Muhammad as co-workers.

e Perform non-invasive cardiovascular measurements (echocardiography and aortic pulse
wave velocity) on the rats at termination. The echocardiographic and aortic pulse wave
velocity techniques have been performed in the CPGRU for many years and will be
conducted by a single experienced operator. Rats will be anesthetized 15 minutes prior to
the performance of echocardiography and aortic pulse wave velocity measurements.

i- Motivation for modification / extension:

¢ Ms Nondumiso Immaculate Lushozi and Nasiru Muhammad will be involved with animal
husbandry, data collection and analysis and write-up of publications as part of their
Masters and PhD studies respectively. Assoc Prof Aletta Millen will perform the
cardiovascular measurements.

« The cardiovascular related measurements will provide insight on the effects of the
interventions on the cardiovascular system of the rats.

Date: 4*" of April 2018 Signature:
RECOMMENDATIONS

Date: Z 9 / s / 2ord Signature: é{j

Chairman, AESC
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Appendix 4: Second Modification of Ethics Clearance

AESC 2018 M&E

Please note that only typewritten applications will be accepted.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREENING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

Name: Busisani W. Lembede (A0026777)

a.
b. School and email address: School of Physiology | Busisani.Lembede @wits.ac.za
(= Experiment to be modified / extended AESC NO
Original AESC humber 2017 010 71/8

Other M&Es :

d. Project Title: The potential of orally administered Zingerone to protect and to programme
for protection against high-fructose high-cholesterol diet-induced metabolic derangements
in Sprague-Dawley rats.

No. Species

e. Number and species of animals originally approved: 300 Rats

f. Number of additional animals previously allocated on M&Es: (o]

g. Total number of animals allocated to the experiment to date: 134

h. Number of animals used to date: 134

Specific modification / extension requested:

To amend the title of the study.
To amend the concentration of the fructose solution to be used in the study.
To modify the study design so that experiment 2 will consist of 2 interventional stages
(first and second) as against the previously approved 3 stages and consequently
terminate the rats earlier than planned.

e To no longer use Dimethyl sulphoxide (DMSO) as a solvent for the zingerone.

Motivation for modification / extension:

Due to poor growth performance of rats noted by colleagues within our research lab who
have used cholesterol supplementation, we would like to no longer use the cholesterol
enriched feed but retain the fructose solution as originally planned. We have found fructose
to be effective in inducing metabolic dysfunction as has been reported by others (Mamikutty
et al., 2015). Additionally, our colleagues noted decreased fluid consumption when rats were
given 25% w/v fructose solution. Thus | would like to use a lower concentration of 20% w/v
fructose solution in the current study. We have previously found this (20%) concentration to

be effective for metabolic studies.

I would like to change the focus of my study (second experiment) from adulthood to
adolescence. There is a rising of prevalence of childhood obesity. Several studies have shown
that feeding rats on a high-fructose diet from post-weaning for 6 weeks results in metabolic
changes that are detectable in the adolescent period (Spahis et al., 2018). Thus a six week
post weaning high fructose diet intervention should suffice for the purposes of my study. This
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change in duration will necessitate that we remove the last phase of the originally approved
study design. Instead of ending at 112 days the study will now be terminated at day 70. This
will also result in less rats (80 instead of 200) being used in the study (See appendix 1).

DMSO is usually used as vehicle of delivering intervention in rats. Studies have shown that
zingerone is sparingly soluble in water, and the oral absolute bioavailability is 72.2% (Archana
and Maheswari, 2016; Hemalatha and Prince, 2014). Hence there is no need to use DMSO.

The proposed new title “The potential of orally administered Zingerone to protect and to
programme for protection against high-fructose diet-induced metabolic derangements in
Sprague-Dawley rats” will reflect the above mentioned modifications to the study design.

All other approved procedures will remain unchanged.
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of Wistar Albino rats. International Journal of Pharma Sciences and Research, 7, 254-260.

Hemalatha, K. L. & Prince, S. M. 2015. Antihyperlipidaemic, antihypertrophic, and reducing effects of
zingerone on experimentally induced myocardial infarcted rats. Journal of Biochemical and
Molecular Toxicology, 29, 182-188.

Mamikutty, N., Thent, Z. C. & Haji Suhaimi, F. 2015. Fructose-drinking water induced nonalcoholic
fatty liver disease and ultrastructural alteration of hepatocyte mitochondria in male Wistar
rat. BioMed Research International, 2015, 1-7.

Spahis, S., Alvarez, F., Ahmed, N., Dubois, J., Jalbout, R., Paganelli, M., Grzywacz, K., Delvin, E.,
Peretti, N. & Levy, Emile. 2018. Non-alcoholic fatty liver disease severity and metabolic
complications in obese children: impact of omega-3 fatty acids. The Journal of Nutritional
Biochemistry, 58, 28-36.
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YanneseDT November 21, 2018

Certificate reference: 2017 010 71/B

Applicant : Busisani W Lembede
Department: Physiology
Tel: +27 (0)11 717 2154 ; Email: Busisani.l embede@wits. ac.za

RE: Clarification/recommendations to M&E request

Title: The potential of orally administered Zingerone to protect and to programme
for protection against high-fructose high-cholesterol diet-induced metabolic
derangements in Sprague-Dawley rats.

Clarification:

The study is to be shortened - the end point is now going to be adolescence
rather than late adulthood. The request is to continue with fructose solution
straight after weaning rather than give a break before recommencing with
fructose. Therefore the continual exposure to fructose without a break means
that the study does not have to go on for so long.

Study numbers — 300 rats allocated & 134 used leaving 166 allocated but not
used.

Expt 1 used 100 rats and the study has been completed

Expt 2 allocated 200 rats - 34 had been allocated to phase 2 at the time of
application. The study is still in the early phase of gavaging as originally approved.
M&E reduces study number to 80.

DMSO no longer required - warming in water to 41C solubilises the zingerone and
hence DMSO is no longer required as a solvent.

- APPROVED November 21, 2018

GPM

Geoffrey Candy
Chair : Animal Ethics Research Committee, University of the Witwatersrand

Geoffrey P Candy PhD
Professor, Department of Surgery, Faculty of Health Sciences, University of the Witwatersrand, 7 York Road
Parktown 2193, Johannesburg; Tel: 27-11-717-2574; Email: geoffrey.candy@wits.ac.za
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Appendix 1

a. Timeline and study design for currently approved second experiment

Stage 1i: Adult intervention
= Allocated to two sub-group
= OGTT on PND 140

= Termination on PND 144

Stage Il: No intervention

= Weaned on PND 21

* Access to standard rat chow and
_plain drinking water Ad libitum

Stage I: Neonatal intervention
*® Litters housed with their respective dams
= Gavage daily with their respective treatment

Bicad Bload | [ Oral glucose
collection | |_collection tolerapce test E—
Habituation I | 1 1 P | “Terrminatan
e } + 1 1 _ &tissue
Postnatal day 4 3 22 56 8a 112 1a0  1aa collection
r Dimethyl sulphoxide Standard rat chow (SRC) + Plain water (PW) ]
(DMSO)
- Standard ratch with 2% ch 1 1 d 1% B
(7 =20 © = 20] e SRCEys 395 mtose orvstngevaret s )
("25% Fructose solution (Fs) SRC + PW
+ cholesterol (Chol)
5 (
[ =20; = =20] L SRCC + FW J
Four-day old, FS + Chol + Fenofibrate [ SRC + PW I
Sprague-Dawley, rat (Feno)
= mf’a';"”- 100 [T =20; & =20} SRCC + FW ]
FS + Chol + low-dose SRC + PW
zingerone (Z1) =
[ =20; - =20] SRCC + FW
FS + Chol + high-dose r———[ SRC + PW
zingerone (Zh)
| [ =20; & =20] SRCC + FW j

b. Proposed timeline and study design for modification of second experiment

PND

Four-day old,
Sprague Dawley
rat pups:

Males = 40;
Females = 40.

KEY: PND= postnatal day; DW= distilled water;

F = females.

[M =10; F =10]
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Habituation Stage I: Neonatal intervention Stage II: Adolescent intervention
e Litters housed with their e Continue on SRC and PDW or FDW
dams and gavaged daily ® OGTT on PND 68
with their treatments ® Termination on PND 70
respectively
eWeaned on PND 21
4 6 21 68 70
| ] | ]
| I g
DW [M = 10; F = 10] SRC + PDW
FS [M=10;F=10] | | SRC + FDW
FS + Z
SRC + FDW
[M=10; F=10]
ViR SRC + PDW

FS= fructose solution; SRC= standard rat chow; PDW= plain
drinking water; OGTT= oral glucose tolerance test; FDW= fructose drinking water; Z= zingerone; M = males;



Appendix 5: Third Modification of Ethics Clearance

AESC 2012 M&E

Please note that only typewritten applications will be accepted.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREENING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

a. Name: Busisani W. Lembede (A0026777)
b. Department: School of Physiology/ busisani.lembede@wits.ac.za
(o Experiment to be modified / extended AESC NO
Original AESC number 2017 010 71/8B
Other M&Es : 2
d. Project Title: The potential of orally administered Zingerone to protect and to programme

for protection against high-fructose diet-induced metabolic derangements in Sprague-
Dawley rats.

No. Species
e. Number and species of animals originally approved: 180 | Rats
f. Number of additional animals previously allocated on M&Es: 0
g. Total number of animals allocated to the experiment to date: 180 | Rats
h. Number of animals used to date: 179 Rats
iz Specific modification / extension requested:
- Toinclude the following students as co-workers:
Student number Name & Surname Reason
2246651 Ajah Austin Azubuike | Provide technical assistance and animal husbandry
1889383 Bernice Asiedu Provide technical assistance and animal husbandry
1965524 Abubakar Namadina Provide technical assistance and animal husbandry
Muhammad
1427369 Nonosi Kennedi Will work on the liver samples and plasma to
investigate NAFLD as part of her BHSc honours degree
requirements
1157915 Tholane Tsotetsi Provide technical assistance and animal husbandry
361160 Sthembi Notha Provide technical assistance and animal husbandry
iz Motivation for modification / extension:

Ajah Austin Azubuike, Bernice Asiedu, Abubakar Namadina Muhammad, Tholane Tsotetsi, and
Sthembi Notha will Provide technical support during the course of the study. They will be involved
with the animal husbandry and data collection. While Nonosi Kennedi will work on the liver samples
and plasma to investigate non-alcoholic fatty liver disease (NAFLD) as part of her BHSc honours
degree requirements.

All other approved protocols will remain unchanged.
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AESC 2012 M&E

Date:27/03/19 Signature:

RECOMMENDATIONS

Addition of Ajah Austin Azubuike, Bernice Asiedu, Abubakar Namadina Muhammad, Tholane Tsotetsi,
Sthembi Notha and Nonosi Kennedi— condition: They have to complete the CAS orientation course

Date: 28/02/2019 Signature: —— =
Chairman, AESC pp.
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Appendix 6: Supplementary Figure S1 (For chapter 3)
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Supplementary FigS1: Effects of neonatally administered zingerone on average weekly body

weight of highfructose diet fed maled) and femaleB) rats in adulthood.

Data expressed as mean + standard deviatig#.= significant increase in body mass from
induction (PND 8)o weaning (PND 21) and from weaning to termination (PND 91) at P <
0.0001; Q= postnatal day 42 at which the weekly body weight of the group FS started to differ
compared to the other groups in the female rats; postnatal day 91 at which the terminal

body weight of the group FS was significantly different at P < 0.0001 compared to the other
groups in the female rats; Wgavaged with 10 ml/kg body weight (bwt) of distilled water before
weaning and then provided unlimited access to plaimtajer postweaning [MalegM) = 9,
FemaleqF) = 11]; FS= gavaged with 10 ml/kg bwt of a 20% fructose solution before weaning
and then provided unlimited access to a 20% fructose solution to drinkvpasing (M= 9, F

= 11); ZF = gavaged with a combination of 20ftictose solution (10 ml/kg bwt) and zingerone
(40 mg/kg bwt) before weaning and then unlimited access to 20% fructose solution to drink
postweaning (M= 9, F= 12); ZW= gavaged with zingerone only at 40 mg/kg bwt dissolved in
distilled water before waning and given unlimited access to plain tap water to drink-post
weaning (M= 8, F= 10).
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Appendix 7: Supplementary Table S1 (For chapter 3)

Supplementary Table S1Effects of neonatally administered zingerone on weekly fédd (

fluid (B) andcalorie intake €) of high-fructose diet fed rats in adulthood

A

Experimental

Week

Sex

Weekly food intake (g/100g body mass)

w

FS

ZF

W

Male

53.00 + 1.66

32.00 + 4.80

32.00 +5.20

55.00 + 0.82

Female

57.00+ 2.6C* *

32.00 + 4.60°

34.00 + 5.50°

55.00 £ 2.26°

10

Male

45.00 = 0.55

30.00 +5.30

32.00 +3.20

47.00+2.10

Female

55.00 + 1.56°¢

29.00 + 2.8p 2

32.00 + 6.00°

54.00 + 4.66°

11

Male

45.00 £ 1.20

28.00 + 6.80

28.00 + 2.70

45.00 £ 0.1%

Female

49.00 + 3.90°

24.00 £ 2.3p°

25.00 + 3.50°

49.00 + 3.306°¢

12

Male

43.00 + 2.20

22.00 + 5.90

25.00 + 4.40

47.00 + 4.60

Female

52.00 £5.16°

25.00 + 8.6 °

20.00 + 3.60°

54.00 £ 2.16°

Experimental
Week

Weekly fluid intake (ml/100g body mass)

Sex

W

FS

ZF

W

Male

52.00 +0.11

84.00 + 18.00

80.00 + 14.00

47.00 £ 4.16

Femak

84.00 £9.76°

110.00 £ 9.0b?

110.00 + 14.09°®

10

Male

59.00 £ 5.50

100.00 + 13.09

05.00 + 6.40

61.00 + 4.60

Femak

107.00 £ 9.20°

138.00 + 7.5p?

149.00 + 23.002

11

Male

60.00 £ 8.20

94.00 + 3.50

90.00 + 1.90

66.00 £ 19.00

Femak

93.00 £+ 16.00°

144.00 + 12.002

133.00 + 11.002

85.00 £ 8.76°

12

Male

62.00+ 3.4C0

97.00 + 8.4

99.00 + 9.9

58.00 +1.76

Femak

92.00 +8.306°

132.00 + 13.00® 141.00 + 15.002
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C

Experimental Total weekly calories intake (Kcal/100g body mass)
Week Sex w FS ZF ZW

Male 120.96 +4.37 155.87 +8.12  154.23+19.05 131.92+1.62

’ Female 158.96 + 7.18%> 173.77 +1.07> 171.79+5.69%> 154.86 + 6.08>
Male  119.41+4.3% 164.84+698 160.92+7.50 131.15+5.93
10 Female 153.86 +4.16% 183.34+ 14.73 % 203.48 + 18.61% 151.60 + 12.97°
Male  115.38+10.38 152.46 +16.57 142.65+14.07 125.89+0.30
1 Female 136.78 + 10.99% 183.35+4.95> 165.14 +3.36%> 136.38 +9.17>
i’ Male  120.27 £+6.02  138.29+13.434 147.98+18.96 131.48 + 2.98

Female 145.60 + 14.312 175.65 + 28.46% 167.84 + 19.13% 151.54 + 6.080°

Data expressed as mean + standard deviafida within row means with different letters
significantly different at P < 0.05’= female rats significantly had higher fodtljid or calorie
intake at P < 0.05; W= gavaged with 10 ml/kg body weight (bwt) of distilled water before
weaning and then provided unlimited access to plain tap wateiweEmting] Males(M) = 9,
FemaleqF) = 11]; FS= gavaged with 10 ml/kg bwt of a @Z0fructose solution before weaning
and then provided unlimited access to a 20% fructose solution to drinkvpasing (M= 9, F

= 11); ZF = gavaged with a combination of 20% fructose solution (10 ml/kg bwt) and zingerone
(40 mg/kg bwt) before weaning atieen unlimited access to 20% fructose solution to drink
postweaning (M= 9, F= 12); ZW= gavaged with zingerone only at 40 mg/kg bwt dissolved in
distilled water before weaning and given unlimited access to plain tap water to drink post
weaning (M= 8, F = 10).
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Appendix 8: Soxhlet Procedure for Lipid Extraction

w0 NP

o

Set the Soxhlet apparatus

Soak the extraction thimble into the petroleum ether

Place a fafree cotton wool into the thimble

Accurately weigh 0.5 g of the freelzied ground liver sampleithh a spatula, and note the
weight

Put the weighed sample into the thimble above the cotton wool, and place the thimble

into the Soxhlet extraction chamber

6. Weigh the empty distillation flask (round bottom flask) and note the weight
7. Add 200 ml of petroleurather into the distillation flask

8.

9. Set the thermostat at 50 + 10°C (boiling point of petroleum ether)

Place the distillation flask (containing the petroleum ether) onto the heating pad

10.Turn on the cooling water supply to the condensers

11. Switch on the powernupply

12.Run the procedure for 2 hours

13. Switch off the power supply and turn off the water supply

14.Remove the thimble from the extractor, and pour the remaining ether into the distillation

flask

15. Distillate the petroleum ether on an evaporator at 50 + 10°Calirttile ether evaporates

leaving only the oil in the flask

16. Allow the flask to cool before weighing

17.Weigh the flask containing the oil, and note the weight

Calculation of the Extracted Fat (%):

% fat = Weight of flask with oili weight of emptyflask x 100
Weight of liver sample
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Appendix 9: Rat Enzymelinked Immunosorbent Assay (ELISA) Kit Protocol

Assay procedure
Bring all reagents and samples to room temperature before use. Centrifuge the sampféeagain
thawing before the assafll the reagents should be mixed thoroughly by gently swirling
before pipetting. Avoid foaming.lIt is recommended that all samples and standards be assayed
in duplicate.
1. AddSampleeAdd 100egL of St andeaewd. TheBlankwelis or Sam
added with Reference Standard & Sample diluent. Solutions are added to the bottom of
micro ELISA plate well, avoid inside wall touching and foaming as possible. Mix it

gently. Cover the plate with sealer we provided. Incubaté for mi nut es at 37

2. Biotinylated Detection Ab: Remove the liquid of each well, don't wash. Immediately
add 100 eL of Biotinylated Detection Ab wo
Plate sealer. Gently tap the plate to ensure thorough mixindodtector 1 hour at 37°C.

3. Wash: Aspirate each well and wash, repeating the process three times. Wash by filling
each well with Wash Buffer (apghameli matel y
pipette, manifold dispenser or automated washer are neededplé€ie removal of liquid
at each step is essential. After the last wash, remove remained Wash Buffer by aspirating
or decanting. Invert the plate and pat it against thick clean absorbent paper.

4. HRP Conjugate:tAdd 100 €L of HRP Cotoeaoshgnvelt @vewor ki ng
with the Plate sealer. Incubate for 30 minutes at 37°C.

5. Wash: Repeat the wash process for five times as conducted in step 3.

6. SubstratetAdd 90 eL of Substrate Solution to eac
Incubate for about 1&inutes at 37°C. Protect the plate from light. The reaction time can
be shortened or extended according to the actual colour change, but not more than 30
minutes. When apparent gradient appeared in standard wells, user should terminate the
reaction.

7. Stop. Add 50 €L of Stop Solution to each wel

immediately. The order to add stop solution should be the same as the substrate solution.
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8. OD Measurement Determine the optical density (OD value) of each well at once, using

a micro-plate reader set to 450 nm. User should open the +plate reader in advance,

preheat the instrument, and set the testing parameters.

9. After experiment, put all the unused reagents back into the refrigerator according to the

specified storage tempéuae respectively until their expiry.

10. Calculation of results:

~

Average the duplicate readings for each standard and samples, then subtract the
average zero standard optical density.

Create a standard curve by plotting the mean OD value for each standhedyo

axis against the concentration on thaxts and draw a best fit curve through the
points on the graph.

It is recommended to use some professional software to do this calculation, such
as curve expert 1.3 or 1.4. In the software interface, ditiggj equation of

standard curve will be calculated using OD values and concentrations of standard
sample. The software will calculate the concentration of samples after entering the
OD value of samples.

198



Appendix 10 IDEXX Catalyst Dx Chemistry Analys Protocol

The procedure is conducted on two separate machines connected to each other: the IDEXX

Vetlab Computer and the Catalyst Dx Chemistry Analyser.

On the IDEXX VetLab Computer Screen:

1. Click AAnalyse sampl ebo

2. Enter the patient/clientds information

3. Select the analysis you wish to run

4. The patient/clientds information is aut oma

Analyser.

On the Catalyst Dx Chemistry Analyser:

Select the patient/client from the touch screen

Choose the sample type you wishrtin

Load the pipettes into the analyser

Load the chemistry slide (cassette) into the analyser

Sample (whole blood/plasma/serum) would have been exposed to room temperature
Mix the sample gently by inverting the microtube

Load 200 pl of the sample intodlanalyser

Press ARunNnoO

© © N o o~ w NP

The result appears in&minutes, and automatically transfer to the IDEXX VetLab

computer for printing and sharing.
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Abstract

During the early postnatal period, dietary manipulations can alter the developmental trajectory
of the growing offspring, causing beneficial or adverse health outcomes later in adult life. We
investigated the potential preventive effects of neonatal zingerone intake on the development of
fructose-induced metabolic derangements in rats.

Four-day old male and female Sprague-Dawley rat pups (7 = 79) were randomly grouped and
administered: 10 ml/kg body weight (bwt) of distilled water (W), 10 ml/kg bwt 20% fructose
solution (FS), 10 ml/kg bwt fructose solution + 40 mg/kg bwt of zingerone in distilled
water (ZF) or 40 mg/kg bwt of zingerone in distilled water (ZW) pre-weaning. After weaning,
W and ZW continued on unlimited tap water, while FS and ZF continued on unlimited fructose
solution for 10 weeks. Body mass and food and fluid intake were evaluated, plasma was collected
for metabolic assays and visceral fat was quantified.

Food intake was decreased, fructose and overall caloric intake were increased due to fructose
feeding in both sexes (P < 0.05). When compared with the controls, the high-fructose diet
significantly raised the terminal body masses of females (P < 0.0001), concentrations of
triglycerides, total cholesterol, LDL-c, TG:HDL-c ratio and visceral fat mass relative to bwt
in both sexes (P < 0.05). Zingerone prevented (P < 0.05) the fructose-induced increase in body
mass (females) and hypercholesterolemia (both sexes). Levels of HDL-c, glycaemic parameters
and adiponectin were not affected by the interventions (P > 0.05). Sex-related differences were
observed in food, fluid and caloric intake, terminal mass, cholesterol subtypes and visceral fat
percentage (P < 0.05).

Zingerone could be used strategically in the neonatal phase as a prophylatic management of
high-fructose diet-induced metabolic syndrome.

Introduction

The early postnatal period of life is a dynamic developmental period where dietary and envi-
ronmental interventions can affect an individual’s phenotypic physiology, leading to beneficial
or adverse health outcomes in subsequent stages of life.' Nutrients and phytochemicals can
interact with the epigenetic machinery of the individual during the neonatal period leading
to epigenetic changes.” These epigenetic changes are associated with dysregulation of gene
expression that underlies the developmental programming of adverse health outcomes in
adulthood.” The diet-induced epigenetic changes occurring during the neonatal period can also
affect the individual’s immature brain.’

During the early postnatal period, the differentiating satiety centre in the brain is influenced
by intrinsic and extrinsic factors that affect appetite, and consequently, nutrition and weight
gain cannot be adequately regulated.* The dietary nutrients that can have an effect during
the neonatal period include high-fructose diets.” Excess dietary fructose consumption during
childhood leads to the development of cardio-metabolic disorders including central obesity,
dyslipidaemia, type-II-diabetes and coronary heart disease in the subsequent developmental
periods of life.° The aforementioned are amongst the components of metabolic syndrome.”

Over one billion people in the world are affected by metabolic syndrome, with females having
a higher prevalence (53%) than males (43%), while children account for 3-4%.% This high
prevalence of metabolic syndrome is associated with an increase in fructose consumption
among other factors.'’

Most of the ingested fructose is transported to the liver where it is metabolised leading to
visceral fat deposition, dyslipidaemia, obesity, excessive weight gain, insulin resistance and
type-II-diabetes."' Whilst glucose metabolism is regulated at the level of phosphofructokinase,
by the amount of adenosine triphosphate (ATP) generated and insulin secreted, fructose
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melabulism i independent of these two factors.'! This resulls in
fructose heing converted to fatty acids, trighyoorides and Towe-
densite lipoprarein cholesteral (LD -c) which predisposes to the
patliogenesis of obesily il metabolic syodrome.'" Truclose also
suppresses hepatic fatty acid oxidation and high-density lipopro-
win cholesterol secretion leading to visceral adiposity and an
increase in the overall body mass,'?

Fructase rich diets affect insulin sensitivity via lipogenesis
leadlingy Lo insulin resislance and evenlually Lype-Tl-cialeles.
Adiponectin, an anti-inflarnmatory adipokine, enhances insulin
scnsitivity, energy metabolism and fatty acid oxidation by actiat-
ing percxisome praliferator activated receplor alpha (PPARe: ™
Fructuse decresses adiponectin sipnalling leading 1o hypoadipao-
nectinaemia, which may aflecl he extent o which adiponsclin
inhibits lipogenesis thereby predisposing individoals to visceral
chesity and metabolic dysfuncrion in larer life'*

Muamagemenl of metabolic disorders remains o chollenge
plobally due e the expense of synthelic conventional drogs and
prar healthcare facilitics, cspecially in deweloping  countrics,
raking the drigs inaccessible to most!™ The corrently used drugs
also tend fo be manatherapentic, targeting specific compaonents of
e metabalic svindeome and hence palients must ke several Lor
mulations simullansously and chronically o treat the conditions,
resulting in adverse side effocts, drug reactions, non compliance
and increased costs,'™' 7 Given these challenges, there is an increas-
ing interest in the strategic use of medicinal plants and natorally
derived phytochemicals with ¢ broad spectrum of hiological
action.’” Previous slodies have demonsiraled positive health
outcomes with the strategic vae, during the neonatal period, of
phetochemicals including 5-allyl cysteine,'® aleanalic acid'® and
ursolic acid'® g proteclion apainst mebolic dysfunclion,

Zingerone (Vanillyl acetone) i= a bivactive ketone found in
ginger (Lingihar afficinale) and iz wsed az 2 flavouring agent in
the fond industry™ It has demoenstrared antichesity (fructose-
inducedy, hypalipidaemic (froctose induced) and antidiabetic
(alloxan and streploselocin-induced) properlies in adull male
rats.?'** The effects of zingerone on the liver include increase
in PI*A R activitics and fatty acid oxidation that attenuate lipogen-
esis and preventing hepatic damage via inhibition of free radicals
peneralion, downregulaling  inflammatory cylobkines ™™ and
decreasmg the aclivily ol ALT# [our largel for slocies). The
biological propertics of zingerone make it a possible candidate
that conld he administered during the neonatal period to protect
apainst loog terim adverse metabolic oulcomes secendary 10
high-lruclose diels.

Metabolic studics were proviously mostly condocted on adult
rrales Y Hpmeever, companents of metabolic smdrome
are also abserved in growing children, with sexually dimorphic
[eatures Detween males and lemales” We thus exploced the
putential of neonatal orally adminiztered dingerene Lo programme
for long-term protoction against the adverse metabolic outcomes
secondary toa high-fracrose diet in male and female growing rars,

Methods
Stircly setting

The study was undertaken at the Central Animal Service of
the University of Witwaterstand, Johanneshurg, South Africa.
following approval by the Animal Research Fthics Comimitres of
the University of Wilwalersrand (Belerence Hor 2007/010/7 175,

201

M. Mubammad ef ol

The study was conducted according W internationally accepted
principles for lahoratory animal wse and care as stipulated in
South  African Wational  Standard  (SANS  1D386;,2002]  and
Animals Proteclion Al 1962 Act Moo 71 The manuscripl was
compiled in alignment with the Animal Kesearch Reporting of
In Vivn Experiments (A RRIVE) moidelines.

Animal housing

The experiment used A-dav-old male and female rar pups and
congisted of a pre-weaning stage (postatal days 8-21) and a
posl weaning stage (postoatal days 22 210 The pre weaning stage
invilved housing ol the pups in each litler with their dams, respec-
tvely, in Perspex cages that were lined with wond shavings. In the
prst-weaning stage. the s were hosged 5ing|:.' in Perspex cages,
Iy oty stages. the rooim of the andinals was keplal a lemperature
range 1t 24-26 70 with & 12-h dark and light cvcles, with lighls on
from 700 hotn 19400 h for all the stages of the ceperiment,

Study design

A total of 7Y, 4-day-ild suckling male and female Sprague- Dawley
rat pups weighing 9.7 = 1.1 gwere received from seven nulliparons
dams, each with a lirter consisting of 8 12 pups, The sunple size
ranged between 8 aml 12 rals per group and was caloulated based
on a previeus stedy conducted In our research Laboratory™ using
the: falloswing formmla:™
Sample siee = 2 STF (196 08421400

where 517 = standard deviatian feom previous study; 1.9 =tipe |
erpar ol 3%; 0642 = al 80% power: d = dillerence belween mean
walues.

The pups were acclimatised to handling and the environment
far 4 days and then randomly allocared ta four treatment gronps;
Group T which served as the negative conlrol (W) gavaged willy
14 mlfkg body weight (bwt] of distilled water before weaning
and then provided unlimited access to plain rap waror post-
weaning, /= 2k M = 9, F = 11]; Groap 1 (5 received fruckose
orlfy (gavaged with 10 mUkg bt af o 20% fructose solution befare
weining and then provided wunlimited access woa 20% lractose
solution e drink post-weaning, = 205 M = % F = 11) w induce
metabolic dysfunction: Groop 111 was administered mingerone
(40 medeg wt) necnatally to progrmme for preotection against
long-lerm  high-lructuee consumption, received 20%  [raclose
solution (10 il bwt) neomatally and then unlimited access to
0% fructose solution to drink post-weaning (KHE » 215
Wo= 49, = 12); Group IV administered with zingerone only
(40 mgdlp bwi o zinperone dissolved in distilled water belore
weaning amd piven unlimiled access W plain lap waler Lo drink
post-weaning CAW. no= 18, M = & F = 11 to assess the offects
of zingerane alone an metabalic health of the animals, In addition,
all the pups nursed lieely rom their respective dams during the
pre-weaning slage and later had (ree access o standard ral chow
[Labchel Rodent Breeder, Rutritivnalbub (Plv) Lid, Stellenbosch
7602, South Africa] during the past-weaning stage.

Frucrose (Matures Choice, South Africal was made as a 20%
solution by diluling 200 p ool [ruclose noooe litre ol waler
Foud grade singerone {W312401-1KG) was purchased from
Higma- Aaldrich (L&A
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Measurements
Food, fluid ond calorie intake

Thie food and Huid ncale by eacl ral was delermined weeldy D the
lasl 4 weeks ol inlervention. Al the end of each week, the remaining
armouinls ol fecd o the coge were sublcacted [rorm the (ol
armnounls supplied at e bepinning of e week The Ouid was
provided in [freshly prepared predetermined amounts such thal
there was a constant supply. The remaining fuid was then
subtracted from the total supplied at the end of cach week. The
wockly food and fluid consumption were computed as a percentage
of body mass as g/ 100 g and ml 100 g. reapoctively.

The tital weekly caloric intake was determined by multiplyving
the amount of food and fructose consumed cach week by their
respoctive reference caloric values, and the fosn were then added
tagether.

Body moss

The rals were weighed daily during the pre-weaning slage and
then twice a week during the post-weaning stape by individwally
placing the rats in a pre-weighed cage on an dectrmic balance
(Snovwrex Blectronic Scale, Clover Scales, Johanneshurg).

Termingl procedires

On postoatal cday 90, the rals were [bsted leomm solid Leed bul
provided plain drinking waler overnight Lor 12 I Termioal body
mast was then determined {von postnatal day 910 as staled earlier.
In vrder to guantily fasting bleed glucose, a drop of blood was
taken after a pinprick on the tail vein. The fasting concentration
of glucnse in the blond was quantified wsing a glucose meter
(Contour  Flus  Bayer Ilealth Care. Disbetes Care, Isando,
South Africa) according to the manufacturer’s instructions. ‘The
rats were then euthanised with sadium pentoharhitone (Centaar
Laboratorics, |ohanneshurg, South Africa) at 150 mgikg body
weight intraperitoneally, which is considered as appropriate and
acceptable euthanasia in rrs?

A ventral midline incision was made oo the o and abdomen,
and intra-cardiag blood was down into syringes via attached nee-
dles, The blood samples were then transfarred into heparinised tulwes
(B Vaculainer, Plvoouth, TR and centriluped {Folalia 324,
Hellich Zentrilugen, Germany) al 3700 g lor 15 min al 20 °C.
The plazma was harvested and stored at =200 "C for laler assays.

Wisceral fat (surrounding the liver, kidneys, pancreas, stomach,
sinall and large intestines) was carelully rermoved and welghed ona
Presica 310M digital scale {Precision Instroments, Johanneshuarg,
South Adrica).

Bload parameters

Lipid pratile

The slored plasma samples were thawed and triglveerides (TGs),
lotal cholesterol (TC), LDL-¢ sand hiph-densily  lipeprolein
choleslerel (HDL-c) concenlralions were  delermined  using
specilic enzyme-based assay kits (Clabscience Biotechnology Co.,
Lid. Wuhan, ubed, China).

Adipanccting, insulin ond Homeostasis Modol of Assessment

Fasting plasma insulin and adiponectin were determined vsing
rat-specific insulin and adiponecting Enayme-Linked  Immuno-
Sorhent Assay kits (Elabscicnoe Biotechnolomy Co, Ltd, Wuohan,
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Huhei, Chinal. The insulin resistance index was computed accord-
ing to the Homenstasis Model of Assessment [HOMA TRy

HORA-IR = [[asting plasma insulin (pUYml] = (asting
elucose (mmol/L)[ 225

Stotistical analysis

GraphPad Prism 5 sollware (Graph-Pad Sollware Inc., San Diego,
LI3A% ws used (o analyse the data Leom all the animals, Dala were
expressedd ws mean & ostamdard deviation, A one-way analvsis of
variance [(ANOVA) parametric] was used o analvse moliiple-
group data on food, Toid and calurie intake, blowd parameters
and wisceral fat, while repeated-measures ANOVA was wied
analyse within-group data om weckly body mass, food and fluid
intake. The mmltiple-comparisoms Takey posr fine tost was 15ed
toy comparc the means. A tweo-way AMNCY A was used to compare
the effect of variation in treatment, sex and interaction, and stat-
istical significance was considerod when I* < (105,

Results
Foad, fufd and calore Intake i odulthood

The weekly food, Muid and calovie intale of the rats in the kst
4 weeks ol the intervenlion peried s shown in Supplementaey
Taubles 514, 5LE anel S1C respeclively. Rals tal received roclose
wilh or withoul zinperene (I%; £ had significantly [# = 00005
(hlales)y P 00001 (Females)] lower food intake compared
the negative cemtrols (W) and the group administered singerone
only neonatally COW: Supplomentary Table 51473 There was no dif-
ferenee [P = 07618 (Males); # = 01083 (Females)] in the food
intake hetween the negative controls (W) and the group that
recefred wingerone only (4 ), as well as betwioen the fructose anlr
growgp (F5) and the group that had frctose and mingerone (7F)
[P = 048511 (Males); P = 0.53231 (Females]: Supplementary
Taldle S1A]

ltats that received fructose with ar without singerane (F5; #F)
baad sipnificantly [P = 00005 (hales): P < 00001 iTemales | higher
Huid intale compared o the contrals (W and the groop Ul had
einperone only (ZW; Supplemmentary Table SLE] There were noe
dillerences [P = 04529 (Males); P = 03105 [Termales] | o Uae [udcd
intake between the contrel (W and zingerene only {ZW) groups, as
well as between the fructose anly group (F5) and the proup admin-
islered o combination of (rectose and singerone (219 [P = 03553
(Mlalesy P = (L1350 (Females); Supplementary Table 5105,

Rats that received fructse with or without dingerone (Fiy £F)
had significantly (/7 = 00003 (dalesh: &= 0.K00 (Females)] higher
calaric intake compared to the controls (W) and the group that had
zingerome anly (W Supplementary Tahle 510, There were no
ditferences [P = 02802 (Males); P = 00113 (Females)] in the
calorie intake between the control (W) and ziogerone only
(AN groups, as well as hetween the fructose only group (FR)
and the group administersd o combination of fructose and
sinpercne (ZF] [P = 08Las (Males); P = 09342 [Females):
Supplementary Table SLC].

However, lemale rals had significantly higher food [P = ROHE
(e efleel), B 00001 (reatment effect), P = 00028 (interaction
effect)], fluid [ < G000 (5ex, treatment and interaction cffects)]
and calorie [P o< RO {sex and lreatment ellects), P = GODPLS
(interaction  effect)]  intake in comparisun e their male
counterparts.
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