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ABSTRAK

Penuaan merupakan penyumbang utama kepada disfungsi metabolik dan penyakit hati
kronik. Oleh kerana hati berperanan sebagai hab metabolik utama yang mengawal
metabolisme tenaga, detoksifikasi, dan homeostasis redoks, perubahan hati yang
berkaitan dengan umur mempunyai implikasi kesihatan yang signifikan. Penuaan
dikaitkan dengan perubahan progresif dari segi struktur dan metabolisme hati, yang
menyumbang kepada tekanan oksidatif dan keradangan. Oleh itu, pemahaman
mekanisme di sebalik penuaan hati adalah penting untuk membangunkan strategi bagi
mengekalkan kesihatan metabolik semasa penuaan. Fraksi kaya tokotrienol (TRF)
dilaporkan memiliki sifat antioksidan dan anti-radang, serta mampu memodulasi
metabolisme tenaga, menunjukkan potensinya untuk menentang gangguan oksidatif
dan metabolik hati yang berkaitan dengan penuaan. Walau bagaimanapun, hubungan
antara tekanan oksidatif, keradangan, perubahan histologi, dan laluan met@bolik semasa
penuaan hati, serta pefanan modulasi“ TRF, masih belum jelas. Metabolomik
membolehkan profil menyeluruh metabolit bersaiz kecil, memudahKan pengenalpastian
perubahan laluan metabolik yang berkaitan dengan umur. Kaedah ini memberikan
pandangan mengenai bagaimana TRF mungkin mempengaruhi perubahan metabolik
berkaitan umur dan melengkapkan penilaian _biokimia serta histologi. Walau
bagaimanapun, pendekatan ini belum banyak digunakan dalam konteks ini. Oleh itu,
kajian ini bertujuan untuk mencirikan- p/erﬁbahan berkaitan umur dalam tekanan
oksidatif hati, penanda keradangan,/histologf,/dan laluan metabolik, serta menentukan
sama ada TRF memodulasi perubghari ini menggunakan pendekatan metabolomik tanpa
sasaran (untargeted metabolérr@cs)ﬁ Tikus Sprague-Dawley berumur 3, 9, dan 21 bulan
dibahagikan kepada kumpulan kawalan dan rawatan, menerima samada minyak sawit
atau suplemen FRF. Tisu hati dianalisis menggunakan metabolomik tanpa sasaran
melalui LC-MS/MS, berserta penilaian histologi dan penilaian biokimia bagi enzim
antioksidan (SOD, CAT), penanda keradangan (IL-6, TNF-a [dan penanda peroksidasi
lipid (MDA). Aktiviti SOD menurun dengan ketara dengan peningkatan umur dalam

" kumpulan kawalan dan TRF tua (p<0.05), menunjukkan penurunan pertahanan
“antioksidan. Tiada perubahan ketara diperhatikan dalam CAT, IL-6, atau MDA antara
kumpulan. Tahap TNF-a | ebi1i h tinggi secara signifi [
berbanding kumpulan TRF muda. Penilaian histologi secara kualitatif menunjukkan
infiltrasi sel keradangan dan perubahan fibrotik seperti yang lebih jelas dalam hati
kawalan, manakala hati yang dirawat dengan TRF menunjukkan perubahan yang lebih
ringan. Profil metabolomik mengenal pasti perubahan berkaitan umur dalam
metabolisme taurin dan hipotaurin, metabolisme pirimidin (uridin dan urasil), serta
komponen kitaran TCA (malat dan glutamat). Penemuan ini menunjukkan bahawa TRF
mungkin memodulasi perubahan hati berkaitan umur, terutamanya dari segi laluan
metabolik dan ciri histologi, walaupun terdapat penurunan aktiviti antioksidan yang
berterusan. Kajian ini memberikan pandangan mengenai laluan metabolik utama yang
terlibat dan menyediakan asas untuk strategi terapeutik masa depan yang menyasarkan
kesihatan hati semasa penuaan.



ABSTRACT

Ageing is a major contributor to metabolic dysfunction and chronic liver diseases. As
the liver is a metabolic hub regulating energy metabolism, detoxification, and redox
homeostasis, age-related hepatic alterations have health-related consequences. Ageing
is associated with progressive structural and metabolic changes in the liver, contributing
to oxidative stress and inflammation. Thus, understanding the mechanisms underlying
liver ageing is essential for developing strategies to preserve metabolic health during
ageing. TRF has been reported to possess antioxidant and anti-inflammatory properties,
to modulate energy metabolism, and to counteract age-associated hepatic oxidative and
metabolic disturbances. However, the relationship between oxidative stress,
inflammation, histological alterations, and metabolic pathway changes during liver
ageing, as well as the potential modulatory role of TRF, remain unclear. Metabolomics
enables comprehensive profiling of small-molecule metabolites, facilitating the
identification of age-related pathway-level alterations. This method provides insight
into how TRF may modify age-related metabolic abnormalities and complements the
biochemical and histological evaluations. Nevertheless, this platform has not been
extensively applied in this context. Therefore, this study aimed to characterise age-
related changes in hepatic oxidative stress, inflammatory markers, histology, and
metabolic pathways, and to determine whether TRF miodulates these alterations using
an untargeted metabolomics approach. Sprague-Dawley rats aged 3, 9, and 21 months
were assigned to control and treatment groﬁps, receiving either palm olein or TRF
supplementation. Liver tissues were analysed using untargeted metabolomics via LC-
MS/MS, along with histolo/gica’i evaluation and biochemical assessments of antioxidant
enzymes (SOD, CAD), inflariimatory markers (IL-6, TNF-alpha), and lipid peroxidation
markers (MDA ): SOD activity declined significantly with age in both the control and
TRF-treated” old groups (p<0.05), suggesting reduced antioxidant defence with
increasing-age, whereas no significant changes were observed in CAT, IL-6, or MDA
levels. TNF-a was significantly higher in the old TRF-treated group than in the young TRF-
- treated group. Histologically, TRF-treated livers displayed both milder fibrotic-like
“alterations and inflammatory cell infiltration than control livers. Metabolomics revealed
age-related alterations in taurine and hypotaurine metabolism, pyrimidine metabolism
(uridine and uracil) and TCA cycle components (malate and glutamate). These findings
suggest that TRF might modulate age-related liver changes in morphology and
metabolism, despite a persistent decline in antioxidant activity. It provides insight into
key metabolic pathways involved, offering a foundation for future therapeutic strategies
targeting liver ageing.
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Ageing is an inevitable process /chﬁxécferiéed by the gradual decline in
biological functions and the/ chgflin/”lulatiodn of structural and molecular alterations
in the body over time (Elg/éérs et al. 2025). Currently, ageing represents the
foremost demog’raplhic \chzlllenge both now and, in the years, to follow. The
majority-of people on earth are in their middle years or older, and the number of
i peéﬁlé,,mler 760 1s rising quicker than that of the rest of the population (Zulfah et
al. 2021) (Blinkouskaya & Weickenmeier 2021)(Zulfah et al. 2021)In 2019,
approximately 1 billion people worldwide were aged 60 years or older, a
number projected to reach 1.4 billion by 2030 and 2.1 billion by 2050. This
unprecedented demographic shift is expected to place substantial pressure on
healthcare systems and individuals due to the increased prevalence of age-
related frailty, chronic illnesses and cognitive decline (Arum et al. 2014a;

Monamo et al. 2025).

Indeed, advanced age is a risk factor for a wide spectrum of conditions,
including cardiovascular diseases (Zambon et al. 2009), metabolic disorders
(Tomaru et al. 2012), and neurodegenerative diseases (Leary et al. 2000). This

heightened susceptibility to disease is driven by interconnected processes,



including oxidative stress, chronic inflammation, metabolic dysregulation, and
functional decline at molecular, cellular, and tissue levels (Elkordy 2025;
Garrido et al. 2019; Tokarz et al. 2021). Given the multifactorial nature of
ageing, studying isolated molecular changes is insufficient to fully capture its
complexity. Therefore, high-t hr oughput approaches S
technologies have become increasingly important for investigating ageing as a

systemic and multifactorial phenomenon (Mora et al. 2022).
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Tmong the [Domics'’ technologies,
weight metabolites including metabolic intermediates and end products, occupies a
unique position (Eylem et al. 2022; Tokarz et al. 2021). Metabolites represent the
downstream products of gene expression and protein activity, providing a direct
functional readout of biological processes and reflecting real-time biochemical
responses to physiological stimuli (Tzu-Ming Liu 2025). Thus, they are a crucial
component of the metabolic signature that represents the overall state of the organism
during the ageing process (Chan et al. 2019; Hoogerland et al. 2019). Furthermore,
metabolites play essential roles in energy metabolism and cellular signalling, and
metabolite profiling enables the characterization of physiological and pathological
conditions by capturing a wide range of metabolites associated with bjolqgi(;al
processes (Yu et al. 2012).-Systemic metabolic alterations are closely ass’QE:iated ‘with
ageing (Tang et al. 2023), reflecting disruptions across multiple interconnected
pathways (F. Zhang et al. 2021). Therefore, untargeted rrietabolomics provides a
comprehensive, systems-level snapshot of metabelic /changes associated with ageing.
In recent years, metabolomic profiling hgs,b/e/(;/o@eé valuable analytical technique for
studying global metabolic chqugs/ 11 biJological systems, identifying putative
biomarkers and providing msﬁ:gl;foinjto age-related metabolic shifts. (Choi et al. 2025;
Menni et al. 2013) - p

met abo

Thése metabolic changes are largely reflective of the performance oftheb o d y * s

;:ore metabolic machinery (Yu et al. 2023). Central to this machinery is the liver. As a
high-capacity metabolic hub, the liver is predisposed to progressive alterations in both
structure and function throughout the lifespan (Hafez & Elbassuoni 2022; Luceri et al.
2018; Saleh et al. 2019). The liver preserves overall body homeostasis through the
control of molecular biosynthesis, endobiotic and xenobiotic removal, and energy
metabolism (Kalra et al. 2023). Due to its primary role in regulating metabolism, the
liver is susceptible to cumulative molecular damage associated with ageing, making it

a key target for metabolomic investigation (Ekeuku et al. 2024).

Additionally, with advancing age, the liver undergoes progressive structural and
functional changes, including the development of cellular senescence and chronic low-

grade inflammation, which collectively impair hepatic function (Huang et al. 2021;



Maeso-Diaz et al. 2019; Zoli et al. 1999). These impairments can also impact the
metabolism of lipids, carbohydrates, and proteins, and their key metabolic pathways.
Thus, are accompanied by numerous metabolic diseases, such as liver fibrosis,
nonalcoholic fatty liver disease (NAFLD), and metabolic syndrome (Maeso-Diaz et al.
2019; Sabir et al. 2022; Yki-Jarvinen 2014). For example, in NAFLD, the lipid
metabolism is altered which can lead to the accumulation of triglycerides (Williams et
al. 2011). In essence, the excess of fatty acids can elevate cellular stress levels,
ultimately leading to cytotoxicity, which in turn leads to more age-related diseases,
including type-2 diabetes, CVD, etc. (Fujita et al. 2018; Smith et al. 2020).
Consequently, ageing is often characterized by upsurge of lipid synthesis and
accumulation in liver (Hornburg et al. 2023; Mentha et al. 1992; Williams et ql.,»~201 i);
At the cellular level, hepatocytesin aged mice not only-accumulate more lipids but also
exhibit increased uptake of both cholesterol and glucose comparéed to-their younger
counterparts, explaining the mechanism underlying lipid /accﬁmulation in the ageing
liver (Seo et al. 2019). This coupling contributes fo fiuctuations in blood sugar levels
and elevates the risk of insulin resistance, Whif(/ﬂjjis/also related to NAFLD and type-2
diabetes in older age (Mitra et aL 2(}20/)
SR
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Additionallj},/with ageing there are alterations in glucose metabolism (Gaspar et

al. 2020), Wthh ;Il"e indicated by the elevated gluconeogenesis and increased expression
) of” énzymeg such as Glu-6-phosphatase and phosphoenolpyruvate carboxykinase
ultimately leading to enhanced glucose production in the liver (Gaspar et al. 2020). The
changes in metabolic pathways within the liver during ageing are further characterised
by a relative decrease in components of the tricarboxylic acid (TCA) cycle and an
increase in pyruvate levels, indicating a suppression of downstream pathways mediated
by pyruvate (Roichman et al. 2021). These age-related alterations in liver function,
including lipid accumulation, compromised glucose metabolism, and disrupted TCA
cycle, can lead to various hepatic disorders such as steatohepatitis and cirrhosis, thereby
affecting overall systemic glucose metabolism and potentially contributing to metabolic

syndromes (Lanaspa et al. 2012; Mu et al. 2025; Zheng et al. 2023).

In metabolic syndromes and other age-related diseases a, heightened amount of

reactive oxygen species (ROS) and oxidative stress were seen to be associated with



ageing (Banerjee et al. 2023; Chen et al. 2022). Increased oxidative stress contributes
to elevated lipid accumulation within the liver with increased age thus causing
inflammation and fibrosis (Maimunah et al. 2024). Conversely, reducing oxidative
stress can have a lipid-lowering effect within hepatocytes (Hassan et al. 2014). and

improved liver wellness (Arroyave-Ospina et al. 2021).

As individuals age, the gradual increase in ROS production can have detrimental
effects on the liver. These ROS, including free radicals, hydroxyl radicals, superoxide
radicals, nitric oxide and hydrogen peroxide, disrupt the body's biological equilibrium
and cause oxidative damage (Liu et al. 2022). Antioxidant enzymes and small-molecule
antioxidants regulate ROS levels within cells. Because of the disparity between ROS
and biological antioxidant mechanisms, “it results in oxidative stress.. Antioxidant
enzymes, such as catalase (CAT), glutathione peroxidase (GPX); gl/utathibne reductase
(GR), superoxide dismutase (SOD), and thioredoxins KTI‘X)/ reduce oxidative stress and
reduce the ageing process (Yener et al. 2024). If ‘or éxample, to counteract the generation
of superoxide, manganese-dependent /supe/r/icz(i_dje dismutase (MnSOD) catalyses the
dismutation of superoxide into hydrbgen peroxide and oxygen (Harris et al. 2019). As
in hepatic tissue, MnSOD,/%Q;‘l?g with other antioxidant enzymes, declines with
advancing age (Saleh et al. é019). Additionally, the Bcl-2 apoptosis pathway, which
involves Bel-2 family proteins and apoptosis-related genes including p21 and p53, is
inﬂuené'ed/’by SOD, CAT, and GSH-Px (Hu et al. 2019). These antioxidant enzymes
- ilave a vital role in the nuclear factor erythroid 2-related factor (Nrf2) pathway, which
“modulates the antioxidant protein expression during inflammation. Nrf2 regulates CAT,

SOD, and a wide range of other antioxidant molecules (He et al. 2020). The release of
ROS and oxidative stress activates the nuclear factor kappa B pathway (NF-kB) (Atia
etal. 2021) and IKK/NF-kB signaling pathway has been suggested to play a crucial role
in the regulation of the ageing process (Liu et al. 2020). NF-kB leads to the upregulation

of proinflammatory <cytollines-Algha) and IL-@ [/F a

(Interleukin-6), amplifying liver inflammation during the ageing process (Cavaliere et
al. 2023; Ekeuku et al. 2024). Elevation of these cytokines contributes to oxidative
damage, metabolic dysfunction and progression of age-related liver disorder(Kundu et
al. 2020; Luo et al. 2019; Papatheodoridi et al. 2020; Saleh et al. 2019;;Wong et al.

2020). In parallel, excessive ROS induces lipid peroxidation through oxidative damage

0



to membrane lipids (Gao et al. 2020), which produces two primary products: 4-hydroxy-
2-nonenal (4-HNE) and malondialdehyde (MDA). Studies have reported that these lipid
peroxidation markers are elevated in ageing liver [ [1 o {lltb b a sebal. 19977; Uysal
et al. 1989).

Furthermore, stress related damage in the liver cells can cause cellular
senescence and cause age related steatosis (Ogrodnik et al. 2017; Xu et al. 2018). The
oxidative stress results in the buildup of lipid peroxidation byproducts, along with
disruptions in the regulation of signaling pathways associated with senescence (Huang
et al. 2021). Substances released by senescent cells, known as, senescence-associated
secretory phenotype (SASP), drive persistent inflammation and have the poteﬁti/al to
trigger senescence in_otherwise healthy cells (Xu et al. 2018). The  senéscent
hepatocytes release pro-inflammatory substances such as IL-6 aﬁd/TNFiélpha (Huang

et al. 2021; Kundu et al. 2020; Papatheodoridi et al. 20\2/0). Subsequently, liver cell

senescence alters multiple metabolic pathways, iricluding NF-[] (1, 0o0o0d, -Dand

(Anerillas et al. 2020). Collectively, these 'ége-f;lated alterations highlight the liver as

a critical organ in the progression of metabolic dysfunction during ageing.
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Given the /c/éntlial role of the liver in regulating systemic metabolism,
metabol,on}iéé p;ovides a thorough approach to study hepatic ageing. As the liver
governs kej; biochemical pathways involving lipids, carbohydrates, and amino acids,

//metabolomic profiling enables the comprehensive assessment of metabolic alterations
occurring within this organ (Banerjee et al. 2023; Choi et al. 2025; Yang et al. 2015).
Therefore, liver-focused metabolomic profiling provides an in-depth understanding of
how ageing disrupts metabolic homeostasis and a valuable approach to characterise age-
related biochemical changes and their association with oxidative stress and other

physiological processes in the liver (Guo et al. 2024).

As mentioned before, a major contributor to these age-related hepatic changes
is increased oxidative stress and chronic low-grade inflammation, which disrupt
metabolic homeostasis (Barcena et al. 2021; Cavaliere et al. 2023; Ekeuku et al. 2024;
F. Zhang et al. 2021). Therefore, interventions that can attenuate oxidative stress and

inflammation may play a crucial role in preserving liver function during ageing.

T



Given that oxidative stress and inflammation are key drivers of hepatic ageing,
antioxidant-based interventions may play a protective role (Mustafa 2023). Vitamin E
can serve as a fat-soluble antioxidant combating hepatic oxidative stress and
inflammation (Ara et al. 2025). Research shows growing evidence that vitamin E,
specifically its isomer tocotrienol, can prevent illnesses related to age and age-related
metabolic disturbances, such as obesity (Al-Baiaty et al. 2021; Zhao et al. 2016)(Al-
Baiaty et al. 2021; Zhao et al. 2016). There are eight different types of vitamin E,
including four tocopherols and four tocotrienols (Sharif et al. 2025). Tocotrienols have
homologs of delta [ [‘gamma [ ybeta [ [and,alpha [ a A¢cording to previous clinical
studies, tocotrienols have more potent anti-oxidative and anti-inflammatory qualities
than tocopherols (Pervez et al. 2022) . Palm oil is a rich source of tocotrienols- ahd/is
often referred to as the-tocetricnol-rich-fraction—(TRF) (Al-Baiaty e’tf al. 2021),
comprising approximately 75% tocotrienols and 25% tocopherols (Zainal et al. 2019).
TRF has demonstrated robust capabilities as an antioxidant andx anti-inflammatory agent
(In Het Panhuis et al. 2023;Mathew et al. 2023), é@nsistent with this, there is an
increased focus in exploring the potential ‘/rf)JJgEZOf/tocotrienols in the prevention and
treatment of chronic and age—relatgd 'jllr/lesseszl—Baiaty etal. 2021; Makpol et al. 2011;
Qureshi et al. 2001). TRF/enlﬁngés‘. er;dogenous antioxidant defences primarily through
regulation of key cnz’ymziltic §ys/t/ems, including SOD and CAT (Abd Manan et al. 2012;
Budin et ’lalf.«f 2009). Experimental studies have shown that tocotrienol treatment
effe/ctivéiyf‘at‘rtenﬁates oxidative stress by preventing lipid peroxidation and restoring
< ém:cioxidant status (Budin et al. 2009; S. K. Wong et al. 2020). In animal models,
“tocotrienol administration reversed oxidative damage, as evidenced by reduced MDA

levels alongside preservation of SOD and GPx activities and intracellular glutathione
content, indicating improved redox balance (Abd Manan et al. 2012; Budin et al. 2009).
In older individuals, reduced SOD activity following TRF supplementation has been
attributed to diminished superoxide generation due to the radical-scavenging action of
tocotrienols and tocopherols, whereas increased GPx activity reflects an adaptive
response to enhanced hydrogen peroxide detoxification (Chin et al. 2011b).
Concurrently, tocotrienols suppress inflammatory signalling by inhibiting NF-[] []
activation and downregulating pro-inflammatory cytokines, including TNF-o and IL-6
(Wu et al. 2008; Yam et al. 2009). This dual regulation of redox and inflammatory

pathways is particularly relevant in ageing, where chronic low-grade inflammation and



oxidative stress are closely linked. TRF reduces oxidative damage to lipids and DNA
within months of supplementation, highlighting its effectiveness in limiting cumulative

oxidative injury associated with ageing (Kamat et al. 1997; Mutalib et al. 2003).

TRF is highly relevant to liver ageing due to its ability to modulate key
biological processes that deteriorate with age, many of which are directly reflected in
hepatic metabolomic profiles (Ekeuku et al. 2024; Fang et al. 2023). TRF supplements
have been shown to promote healthy ageing (Goon et al. 2024), antioxidant properties
and affect biochemical pathways, such as, bile acid and cholesterol mechanisms (Md
Shahrulnizam et al. 2024). Although there have been studies on metabolites in ageing
liver (Choi et al. 2025; Han et al. 2021), there have been no studies on me/tzibglites
altered in ageing liver with and without TRF supplementation, and metabolomic studies
on TRF and ageing remain limited. Reversing the precise mi(;roenvir(/)nment in the
ageing liver and effectively counteracting its consequencgé is a critical area of research,
and there is a clear need to study metabolomic aiigf;ttion/s in the liver with an antioxidant
like TRF. In relation to TRF, metal/aoloﬁli“csjprévides a systems-level perspective on
TRF-mediated metabolic regyaﬁ,’(‘m‘ in the ageing liver. Because TRF affects multiple
interconnected metabolic I;a(th/wa};s, metabolomics provides a powerful approach to
capture the compléx/ity lof the ageing liver microenvironment and assess how TRF
modulates';aéé—a;s’ociated hepatic metabolism. This is especially important as TRF not

) only exerts antioxidant and anti-inflammatory effects but also modulates key pathways
_involved in cellular homeostasis (Md Shahrulnizam et al. 2024). Indeed, studies using
NAFLD animal models have demonstrated that TRF supplementation alters multiple
metabolic pathways, including purine metabolism, fatty acid oxidation, bile acid
metabolism, and lipid metabolism, highlighting its broad impact on hepatic metabolic
networks ( Goon et al. 2025). Therefore, metabolomics is an essential tool for
comprehensively characterising the metabolic effects of TRF that cannot be fully
captured by conventional methods. Besides, as metabolomics provides a snapshot of
the biochemical state of the ageing liver, it is well-positioned to reflect the interaction
between age-related hepatic alterations and interventions such as TRF that modulate
ageing-associated metabolites, including BCAAs and TCA cycle intermediates,
highlighting its influence on key metabolic processes related to ageing (Saud Gany et

al. 2022; Selvaraju et al. 2014).



Despite advances in understanding liver ageing and the therapeutic potential of
antioxidants such as TRF, the integrated effects of TRF on age-related metabolic
alterations in the liver remain insufficiently explored at the metabolomic level (Azman
et al. 2018; Han et al. 2021b; Wu et al. 2022). Combining liver-focused metabolomics
with antioxidant intervention provides a comprehensive framework to simultaneously
investigate metabolic dysregulation, oxidative stress, and inflammation. This integrated
approach is essential for elucidating the complex interactions underlying hepatic ageing

and for identifying potential metabolic targets for intervention.

Therefore, in our study, we aim to investigate the metabolomic changes
associated with ageing in the livers of Sprague Dawley rats, a widely used nidsde,l for
studying ageing and metabolic disorders. By comparing young, adult and old rats, we
seek to identify key metabolites and metabolic pathways that-are altered with age and
to assess the relationship between these changes and ‘fhe expressmn of oxidative stress
markers. This research will contribute to/ a fbetter understandlng of the molecular

mechanisms underlying age-related }1ver dy&functlon. It may offer potential targets for

therapeutic interventions to mitigate the effects of ageing.
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Further, wé willlexplore the role of TRF as an antioxidant in mitigating the
adverser éfﬁ;cts of ageing on the liver, shedding light on strategies to promote liver
) héaith throﬁghout the ageing journey and utilising metabolomic analysis to relate
~metabolites and lipids to changes associated with ageing liver. Moreover, we will
examine oxidative stress and inflammatory markers to investigate further the changes
that occur in various pathways during ageing and how TRF affects these pathways in
the liver. Understanding these multifaceted age-related liver changes is essential for
addressing the unique health needs of older individuals and enhancing their overall

well-being.
1.2 PROBLEM STATEMENT

The problem addressed by this study is the significant impact of age-related liver
changes, characterised by oxidative stress, inflammation, and disrupted metabolic
pathways, on the health of the ageing population. These changes can lead to various

liver disorders, including liver fibrosis and NAFLD, posing substantial healthcare
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challenges. Consequently, there is a critical need to explore potential interventions, such
as TRF, as a therapeutic agent to alleviate age-related hepatic dysfunction. TRF has
been reported to possess strong antioxidant and anti-inflammatory properties that may
help mitigate oxidative stress and inflammatory responses associated with ageing.
However, the potential role of TRF in modulating age-related hepatic metabolic
alterations remains insufficiently understood. Therefore, further investigation is
required to evaluate whether TRF can alleviate age-related liver changes and to develop
new strategies to improve liver health in the ageing population, thereby potentially

reducing the healthcare burden associated with age-related liver disorders.

1.3 OBJECTIVE OF RESEARCH AND SCOPE OF WORK

1.3.1 General Objective K

Py
P
-

To elucidate the hepatic changes associated with ageing through metabolomic profiling

and their modulation by tocotrienol-rich frz‘(cgonzéupplementation.

e
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1.3.2  Specific Objective’

1. g “To determine the changes in liver metabolites with ageing in Sprague

s Dawley (SD) rats by metabolomic profiling.

2. To evaluate the histological changes and expression of oxidative stress,
lipid peroxidation and inflammatory markers in the liver of SD rats with
ageing using H&E staining, enzyme assays and ELISA

3. To determine the modulation of tocotrienol-rich fraction (TRF) on hepatic
changes with ageing in SD rats by metabolomic profiling, H&E staining,
enzyme assays and ELISA.

14 HYPOTHESIS

This study hypothesizes that ageing in Sprague Dawley rats will induce alterations in
hepatic metabolomic profiles, accompanied by histological changes, oxidative stress,
lipid peroxidation, and inflammatory responses, and that tocotrienol-rich fraction (TRF)

supplementation will modulate these age-related hepatic alterations.



11

CHAPTERII

LITERATURE REVIEW

2.1 THE LIVER AND THE HALLMARKS OF AGEING

Life expectancy has increased globally. Studies highlight that health expectancy
has not kept pace, resulting in a widening gap between lifespan and h/ealthsioan )
(Chen et al. 2024; Islam et al. 2018). This divergence.is furt/her reihforcec/l’ by
reports showing that extended lifespan is often accompanied by a higher burden
of chronic diseases (Chan et al. 2023; Garmany & Te;‘zic 2024; Hu et al. 2022),
suggesting that longevity does not necc;ssa"rﬁily equate to healthy ageing. In
parallel, the rapid growth of the aégfpgj population (Lee & Miller 2002),
together with the strong as§oéiati0n between age and healthcare expenditure
(Mason & Miller 2/016,//mf‘derscores the increasing societal and economic
impact of agé‘iﬁg. \Therefore, understanding the underlying mechanisms of

ageing has become increasingly important.

-

Ageing has been described from multiple complementary perspectives.
While some studies define it as a progressive decline in physiological function
(Erez et al. 2016; Manyilov et al. 2023), others emphasise it as a reflection of
changes at the cellular, tissue, and organ levels (Nie et al. 2022; Phillip et al.
2017). The body's capacity to sustain a stable internal environment in the face
of persistent internal and external stimuli shapes how we age (Forsberg et al.
2012). Important functions like immunological response, metabolic control, and
cellular repair are supported by this equilibrium (Manyilov et al. 2023a;
Ocampo et al. 2016; Salpeter et al. 2013). Extending this view, ageing is widely
characterised as the progressive accumulation of molecular and cellular damage
over time, ultimately leading to functional deterioration and increased disease

susceptibility (Manyilov et al. 2023). These can cause physiological



12

deterioration when disturbed which manifests across organ systems: muscle

mass and strength decline with age, contributing to sarcopenia (Dodds et al.
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2017), which is associated with inflammation, mitochondrial dysfunction, and
increased mortality risk (Newman et al. 2006; Xue et al. 2010).Cardiovascular disease,
the leading cause of death in older adults, is similarly driven by age-dependent vascular
remodelling and chronic inflammation (Zambon et al. 2009). Furthermore, age-related
diseases are a leading cause of morbidity and mortality, imposing significant economic
and social burdens (Fledsberg et al. 2023). These conditions include chronic conditions,
including  diabetes, neurodegenerative  diseases, cardiovascular  disease,
musculoskeletal disorders, osteoporosis, and osteoarthritis, to name a few (Chen et al.
2022, 2024; Hasan et al. 2023; Jauhari et al. 2020; Wijsman et al. 2011; Xue et al. 2010).
These can be influenced not only by intrinsic cellular damage but also by systemic
factors (Ximerakis et al. 2023). While earlier views focused on cell—autgnqmdus
mechanisms, emerging evidenee highlights the rote-of intercellular comn/lunicﬁtion.
Crucially, ageing is not_purely cell-autonomous, research showed ‘that exposing aged
progenitor cells to a young systemic environment restores tﬁeir function, suggesting
that circulating factors actively contribute to agq—relate/d decline, which also support the
role of systemic signals, such as metabolites; jﬁ@haﬁing the ageing process (Ximerakis
et al. 2023). Previous research sug\ggst/that ag‘éing is not a single process, but rather the
outcome of interconnected fuﬁctgdﬁalldecline and cumulative biological damage, which
speeds up ageing and m?kes\pg(;ple more vulnerable to age-related illnesses (Arum et

al. 2014b; Faggieli et al. 2012; Manyilov et al. 2023b; Wijsman et al. 2011).

v

) To organize these processes, a framework of hallmarks was proposed: telomere
shortening, epigenetic modifications, compromised protein homeostasis, compromised
mitochondrial function, disrupted nutrition sensing, cellular senescence, stem cell
exhaustion, and disrupted intercellular communication chronic inflammation, disabled
macroautophagy, and dysbiosis (Devesa-Peiro et al. 2022; Fraser et al. 2022; Ximerakis
et al. 2023). Critically, these hallmarks do not operate in isolation, but they form an
interconnected network of reinforcing feedback loops (Fraser et al. 2022). For instance,
telomere dysfunction activates p53, which directly represses the mitochondrial
regulators PGC-llao andlJ[Jl[establishing a mol ecul ar
attrition and mitochondrial dysfunction across liver, heart, and haematopoietic stem

cells (Sahin et al. 2011). Same research also shows that mitochondrial dysfunction in

turn increases reactive oxygen species production, which drives further DNA damage,
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epigenetic alterations, and cellular senescence creating a self-amplifying cycle of
deterioration. The liver is a natural focus for studying these processes, given its central
role in metabolic homeostasis, detoxification, and immune regulation (Gao et al. 2020;
Hamelin et al. 2007; Niu et al. 2022). It governs glucose, lipid, and protein metabolism
through tightly regulated pathways, for instance, modulating glycogen storage versus
gluconeogenesis in response to energy availability and clears both endogenous
metabolites and exogenous xenobiotics (Asiwe et al. 2024; Cavaliere et al. 2023;
Garrido et al. 2019). Age-related impairments in hepatic function therefore have
widespread systemic consequences (Gao et al. 2020; Niu et al. 2022). The liver is
particularly vulnerable to the interconnected decline (Sinha et al. 2025). The li\{er
undergoes all the cellular hallmarks of ageing, driven by genomic and epigenbmic
alterations that dysregulate-mitochondrial function and-nutrient sensing,’/leadiﬁg to
cellular senescence and-chronic-low-grade-inflammation (Coggér et-al. 2003; Le

Couteur et al. 2011; Ny s-g [la d y stal262T] SchuIz et al. 2012; Sinha et al.

2025). Consistent with these changes, a study shewed that the composition of organelles
and functional output are altered by J1Ver a/ erﬁg and aged hepatocytes accumulate
damaged mlto‘gh;gndrla, |l ygosdmssd [Is @da
Structural and metabolic ifnpﬁ,imfénts with hepatic ageing have also been reported,
including lipid acc’ﬁrﬁulation, collagen deposition, and reduced vitamin A metabolism

(Cogger et“’a’lf—ZOO3) At the molecular level, epigenetic studies further demonstrate age-

-

- associated remodelling in the liver. For instance, a study analyzed ~455,000 CpG sites
“in human liver, identified over 20,000 sites with age-associated altered DNA
methylation, some of which overlap with systemic ageing signatures observed in blood
(Bysani et al. 2017) Similarly, another study reported 8,823 age-associated
differentially methylated CpG sites in human liver, where pathways such as Wnt
signalling and epithelial imesenchymal transition were implicated (Bacalini et al. 2019).
When it comes to senescence and inflammation, cellular senescence connects to chronic
inflammation through the senescence-associated secretory phenotype (SASP). Previous
research developed a model of stress-induced hepatocyte senescence and characterised
its unique secretory profile, showing that senescent hepatocytes release IL-8, IL-6,
serum amyloid A4, and fibrinogen, and that conditioned medium from these cells

promotes inflammatory macrophage migration.(Irvine et al. 2014)

det ip
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These converging processes examine telomere-driven mitochondrial
compromise, senescence-driven inflammation, and epigenetic erosion of metabolic
gene regulation examine ultimately drive the spectrum of age-related liver diseases,
from non-alcoholic fatty liver disease through fibrosis to hepatocellular carcinoma
(Lara-Lemus et al. 2024; Niu et al. 2022; Zhou et al. 2016). The following sections
examine in detail the key mechanisms examine oxidative stress, inflammation, and
structural alterations examine through which these hallmarks manifest in the ageing

liver.

Discussing the hallmarks of ageing is important in the context of this study
because they provide the mechanistic framework underlying the hepati/c,/al’[éfegtions
investigated. Several hallmarks, including mitochondrial dysfunction; altered nutrient
sensing, cellular senescence, and chronic inflammation, are cl()sély assoéiated with the
metabolic dysregulation, oxidative stress, lipid per(;iidation, and inflammatory
responses observed in the ageing liver (Deyes’s};lseiro /et al. 2022; Fraser et al. 2022;
Ximerakis et al. 2023). Since this study ‘evaluafes hepatic metabolomic, biochemical,
and histological changes dl(l‘g'ngjageing, understanding these interconnected ageing
mechanisms is essentjal f()r/intgrpréting how ageing contributes to liver dysfunction and

how tocotrienol-rich fradtion (TRF) may modulate these processes.
22 STRUCTURAL ALTERATION IN THE AGEING LIVER

As a key metabolic organ, the liver changes significantly in both structure and function
in ageing organisms (Sinha et al. 2025). Hepatic tissue's ability to operate and maintain
its structural integrity gradually deteriorates with age. At the macroscopic level, the
liver undergoes a progressive reduction in volume with advancing age (Tajir & Shimizu
2013). This is partially explained by a decline in the number of hepatocytes and an
increase in cellular senescence (Schmucker & Sachs 2002). Recent evidence identifies
hepatocyte enlargement as a key structural feature of liver ageing, often associated with
increased nuclear ploidy (Sinha et al. 2025). In addition to that, ageing also affects the
relative quantities of hepatocyte organelles. As reported, age-related cytoplasmic
accumulation of highly oxidized insoluble protein lipofuscin, also known as age

pigment, is a common alteration in diagnostic liver biopsy results (Schmucker & Sachs
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2002). This accumulation is indicative of a corresponding rise in the volume of the
dense body compartment. Additionally, polyploid hepatocytes are the main source of
physiological hepatocyte turnover during ageing, with no evidence of a major
contribution from diploid liver stem cells, according to a study that used lineage tracing
in Rosa-RGBow mice (Matsumoto et al. 2021). According to their RNA sequencing,
polyploid hepatocytes upregulate genes related to mitochondrial function at baseline
but significantly downregulate these genes as they age, indicating that polyploid cells
may be more susceptible to mitochondrial malfunction as they age. Most recently, a
study used single-nucleus RNA sequencing to show that polyploidisation
pleiotropically buffers against age-related decline: tetraploid hepatocytes exhibit more
robust transcriptional networks and can restore wild-type genome composition thrbugh
non-random allelic segregation;-while haplotnsufficiency of master regulatt)fs (HNF4A,
CEBPA) that promotes._early tetraploidisation dramatically suppressed age-related
steatosis tissue-wide (Yin et al. 2024). The deterio;gtioﬁ of hepatic sinusoidal
endothelial cells, which are crucial in order to p/reserv/e/hepatic metabolic homeostasis,
is one of the main causes of decline in the h@;{;@ flihction as ageing advances (Hansen
et al. 2002). Advanced glycatior\l ¢nc/1—prodﬁ/cts (AGE), which have been linked to
inflammation, oxidative §t1:es/b;,;ﬁd ﬁbrotic alterations in the liver tissue, accumulate
due to the age-related relducﬁor; /in liver sinusoidal endothelial cells function (Mousavi

et al. 2007(),,,,/ E

-

) Furthermore, a reduction in autophagic activity, which is necessary for
removing damaged organelles and protein aggregates, causes cellular debris to
accumulate in the cytoplasm, which exacerbates hepatocellular dysfunction (Kim et al.
2021; Ravikumar et al. 2002). These cellular modifications eventually lead to noticeable
structural changes, such as increased fibrotic deposition, sinusoidal capillarization, and
lobular disarray. When combined, these structural and functional impairments provide
a crucial basis for comprehending therapies meant to maintain liver health in ageing

populations and explain the steady loss in hepatic performance with age (Cuervo et al.

1995; Schneider et al. 2014).
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Together, these structural alterations and functional alterations creates a
microenvironment increasingly vulnerable to oxidative stress and inflammation (Gan et

al. 2011), which are explored in the following section.

2.3 ROLE OF OXIDATIVE STRESS IN AGE-RELATED HEPATIC
DYSFUNCTION

2.3.1 Reactive Oxygen Species (ROS)

Early theories of ageing, such as the free radical theory, proposed that reactive oxygen
species (ROS) are key drivers of cumulative molecular damage (Weydert S/L,Cullén
2009). Reactive molecules, ROS; are-produced naturally as byproducts of several
metabolic activities, particularly when the mitochondria produce eﬁergy/(Eggers et al.
2025). It serves essential signalling functions at low/\goncxentrations but becomes
destructive when production exceeds antioxidant capa/c,ity and results in a state termed
oxidative stress (Hassan et al. 2014). T}}epefgf;%); even if the small quantities of these
molecules are helpful for regular cell signalling but an overabundance harms vital

cellular constituents like pr()te/i/ns,"ljpi/ds, and genetic material (Christensen et al. 2024).

v

I

Expéﬁdir;g on this, protein carbonyls represent one of the many ROS-derived
gnodiﬁcatié’ﬁs and are recognised as key indicators of oxidative stress. They were found
X altered during liver ageing, reflecting oxidative damage and suggesting the presence of
/hepatic injury (Luceri et al. 2018). Additionally, mitochondria are both the principal
source and primary target of ROS in hepatocytes, placing them at the centre of an age-
related vicious cycle (Kiviméki et al. 2024). The genetic basis of this mitochondrial
decline involves progressive damage to mitochondrial DNA (mtDNA). In a previous
study, mtDNA copy number, cytochrome c oxidase (COX) transcript levels, and COX
enzyme activity across tissues in young and aged rats were examined, and a striking
50% decline in hepatic mtDNA copy number with age was found, representing a larger

reduction than in any skeletal muscle group (Barazzoni et al. 2000).

Subsequent studies extend this mitochondrial narrative of how ageing disrupts
the electron transport chain, reducing ATP production while paradoxically increasing

ROS generation (Barcena et al. 2021; Dankel et al. 2023). Further studies explain that
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oxidative stress-induced mitochondrial dysfunction can trigger apoptosis and necrosis,
reinforcing a vicious cycle in which damaged mitochondria generate even more ROS

(Bejma et al. 2000; Chen et al. 2022a; Mizota et al. 2021).

Beyond the mitochondrial respiration, ROS are also generated during
inflammatory responses and immune activation, further amplifying the oxidative
burden (Su et al. 2019). As reported, elevated ROS levels can induce widespread
molecular damage and mutagenesis, ultimately impairing hepatocellular function (Gao
et al. 2020). Additionally, oxidative DNA damage can spread to neighbouring cells
through bystander effects mediated by gap junctions and diffusible ROS, while the
SASP from senescent hepatocytes amplifies inflammatory signalling and ";fgrther
elevates local ROS production (Barcena et al. 2021). This convergence of mitochondrial
dysfunction, oxidative stress, and inflammation establishes the chror/lic low-grade

oxidative state that characterises the ageing liver (Irvine etal. 2014).
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exogenous toxins fur‘therI elevates ROS production (Shingina et al. 2019). At the same
time, ~tthe antiofllidant defence syste
ne}ltraliéé reactive species (Yang et al. 2015). This imbalance accelerates structural and
< functional deterioration, ultimately contributing to chronic inflammation, fibrosis, and

“carcinogenesis (Shingina et al. 2019).
2.3.2 Antioxidant Defence Mechanisms in the Ageing Liver

The liver is equipped with a coordinated antioxidant defence system, comprising both
enzymatic and non-enzymatic components, to counteract oxidative stress ( Yang et al.
2015). Superoxide dismutase, catalase, and glutathione-related system enzymes like
glutathione peroxidase and glutathione peroxiredoxin are important enzymatic
antioxidants that play central roles in detoxifying reactive oxygen species (Watanabe et
al. 2014). To efficiently neutralise reactive species, these enzymes are divided into
several cellular sites. Superoxide dismutase, for instance, comes in two isoforms: SOD-
1, which is found in the cytosol, and SOD-2, which is found in the mitochondria.

Superoxide radicals are converted by these enzymes to hydrogen peroxide, which is
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then further broken down by mitochondrial enzymes, for example glutathione
peroxidase and peroxiredoxins, as well as catalase. To maintain cellular homeostasis
and stop oxidative damage to proteins, lipids, and DNA, this multilevel antioxidant
system is essential. However, these antioxidant systems' effectiveness tends to decrease
with age, which adds to the buildup of oxidative damage and structural degradation in

hepatic tissue (Banerjee et al. 2023).

Consistent with this, multiple studies report age-related reduction in hepatic
SOD and CAT activities, highlighting a weakened antioxidant capacity in the ageing
liver (Barcena et al. 2021; Périchon & Bourre 1995; Watanabe et al. 2014). Reports
further support this decline, reinforcing the idea that impaired superoxide and éé}alase

scavenging is a key feature of hepatic ageing (Béarcena et al. 2021; Yang etal. 2015).

The functional consequences of reduced /SOD activity are evident in
experimental models in the liver. For 1n§fea/1‘1/c§ Copper/zinc superoxide dismutase
(SOD1)-deficient mice exhibit pronouiiced hepatic lipid accumulation and liver injury,
even under conditions of lqw&&ff;péfty, indicating that oxidative stress rather than fat
mass drives this phenoty/pe (Kﬁrahashi et al. 2015). Extending this, Sakiyama et al.
(2016) demqnstraté that EODI deficiency disrupts collagen homeostasis, promoting its
accumulatilo/n'and/ impairing degradation, thereby accelerating fibrotic progression in

_the /liver. These findings collectively suggest that loss of SOD not only enhances
| ~oxidative damage but also contributes directly to metabolic dysfunction and fibrosis in
liver (Sakiyama et al. 2016). Furthermore, reduced SOD2 expression has been observed
in HCC tissues and is associated with ageing, tumour progression, and poorer patient
outcomes, suggesting that compromised antioxidant capacity may contribute to both
liver ageing and disease severity (R. Wang et al. 2016). Importantly, restoration or
enhancement of antioxidant enzyme activity has been associated with improved hepatic
outcomes. As reported, increasing SOD and CAT activities reduces lipid peroxidation,

inflammation, and fibrosis in diet-induced liver injury, reinforcing the protective role

of these enzymes against oxidative stress mediated hepatic damage (Ulla et al. 2017).

There was a decline in antioxidant activity with age as catalase activity declined

(Yang et al. 2015). Supporting the functional importance of SOD in maintaining hepatic
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integrity, evidence showed that restoration of SOD1 expression specifically in the liver
of deficient mice reduces oxidative damage and improves liver function, ultimately
extending lifespan (Zhang et al. 2016). Additionally, there was a decline in key
antioxidant genes, including mitochondrial SOD2, in aged livers, particularly under
metabolic stress such as prolonged fasting. This reduction was accompanied by
increased lipid peroxidation, indicating impaired oxidative defence and reduced
adaptability in older organisms (Zhang et al. 2016). Collectively, these findings suggest
that the imbalance between ROS detoxification pathways may contribute to increased
oxidative damage, impaired metabolic adaptation, and heightened susceptibility to liver

dysfunction with advancing age.

In addition to these defences, non-enzymatic antioxidants such as glutathione,
ascorbic acid, retinol, and tocotrienols further support the/scavéhging o/f free radicals
within hepatic cel | siibiblatsioall @t eal .al 10 [MTa
Rigobello 2024). These molecules act as/crijdip"al/ blszers against oxidative stress,
particularly under conditions Whe/re/eﬁz‘;n;aﬁé capacity is compromised. At the
regulatory level, antioxidant fipféi}‘gé is tightly controlled by transcriptional mechanisms
of genes encoding anfpioxfdéntgzwﬁich is governed mainly by nuclear factor E2-related
factor 2 (Nrf2),.a crucial component of antioxidant defence. Numerous genes that are
responsjbl'@}/or ;naintaining the oxidation-reduction balance within cells have their

) expression modulated by this transcription factor. It was reported that Nrf2 protein
‘content and the basal and inducible expression of Nrf2-dependent genes were
significantly attenuated in hepatocytes from aged rats (Smith et al. 2015). It is
increasingly recognised that activating the nuclear factor E2-related factor 2 pathway
with exogenous drugs is a viable approach to enhance antioxidant capacity, particularly

in ageing-related liver dysfunction (Atia et al. 2021).
24 INFLAMMATION IN HEPATIC AGEING

Oxidative stress and persistent low-grade inflammation, sometimes referred to as
"inflammageing," are two crucial interrelated processes that frequently make the age-
related decrease in cellular function and resilience worse (Yang et al. 2025).

Inflammageing is a low-grade chronic inflammatory condition that arises from the
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simultaneous impact of internal and external stimuli accumulated throughout life, as
opposed to acute inflammation, which is a temporary reaction to illness or injury
(Nguyen & Cho 2025). Prolonged immune pathway activation, elevated pro-
inflammatory cytokine production, and immunological homeostasis dysregulation are
characteristics of this process that all lead to the cumulative functional impairment that

comes with ageing (Garcia-Dominguez 2025).

In addition to oxidative stress, pro-inflammatory cytokines including IL-6 and TNF-
a are produced at higher levels as people age (Minciullo et al. 2015b). Pro-inflammatory
cytokines are implicated in the advancement of age-related diseases, according to recent
meta-analytical evidence (Tylutka et al. 2024b). A meta-analysis, which iﬁ@uded
patients with age-related diseases and healthy controls, examined the Iev;ls’ of the pro-
inflammatory cytokines. The study reported that IL-6 levels were signiﬁcantly higher
in elderly patients with diseases compared to healthy controls (Tylutka et al. 2024b).

-~

This suggests that IL-6 may take part jn/t/hé a:évélopment of ageing related diseases.
This is consistent with the mor/e,\gér}e/ral id;l of "inflammageing," which holds that
long-term, low-grade inﬂaﬁl/mggi;)n plays a part in the liver's and other organs'
functional decline,(G’artlet al. 5022; Jauhari et al. 2020). In older populations, higher
IL-6 levels could be a useful biomarker for tracking disease progression and maximising
tre/atmehi.‘Curiously, TNF-a |l evels were also discovered
1 groups (Minciullo et al. 2015; Tylutka et al. 2024). Elevated TNF-oo  a n-@levels in
“aged livers have been linked with disrupted metabolic pathways and impaired
mitochondrial function (Cavaliere et al. 2023). Their measurement, often via ELISA, is
therefore vital in evaluating the extent of age-related inflammatory changes and the
efficacy of therapeutic interventions. Clinical and population-based studies demonstrate
that IL-6 is not only elevated in individuals with NAFLD, but is also independently
associated with disease severity and related complications, suggesting a central role in
linking hepatic inflammation to systemic pathologies (Simon et al. 2018). Similarly,
increased circulating levels of IL-6 and TNF-a. have been observed
syndrome, reinforcing their contribution to chronic low-grade inflammation and

metabolic dysregulation (Mohammadi et al. 2017).
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Experimental models further support these findings by demonstrating that
dysregulation of pro-inflammatory cytokines is closely associated with impaired lipid
metabolism in the liver. For instance, elevated TNF-o 1 e ve l s have been
correlate with lipid abnormalities in NAFLD models, indicating a mechanistic link
between inflammation and hepatic metabolic disturbances (Toktogulova et al. 2021). In
addition, interventions that attenuate IL-6 and TNF-a levels have been associated with
reduced liver injury, oxidative stress, and fibrosis, highlighting the pathological role of
these cytokines in mediating hepatic damage (Asiwe et al. 2024). Thus, IL-6 and TNF-
o are not merely mar Jers of inflammation T

liver dysfunction.

The role of pro-inflammatory cytokines in hepatic ageing is further /s’upp/oyyl’"t'/ed by
both clinical and experimental evidence linking IL-6 and TNF-a. "t o 1 i ver i n [J
fibrotic progression. Clinical studies in patients with chronic Iivér condi:tions, who are
often older or exhibit age-related disease progression,/ ‘demonstrate that circulating
levels of TNF-a  a n-@ are positively asspofated w1th the severity of liver fibrosis,
with TNF-o. s howi ng /a//ﬁa//rjtlcularly strong corr
driving fibrogenesis (Malmun/a}{e,tal 2024). Complementing this, experimental models
provide more direct ev1dence ef age -dependent effects, where aged animals exhibit
significantly /eleyated he¢patic TNF-o. 1l evels and a heightened
injury follp&ing""physiological stress compared to younger counterparts, indicating
) impaired immune regulation with advancing age (Meng et al. 2023). The contribution
of these cytokines to hepatic ageing is further reinforced by intervention studies. In a
D-galactose-induced ageing model, which mimics accelerated ageing, it was
demonstrated that attenuation of TNF-a 1 evel s was associated w
stress, improved antioxidant capacity, and decreased fibrotic changes in the liver (Saleh

et al. 2019). This suggests that TNF-a 1 s not only elevated wi

contributes to the progression of age-related hepatic damage.

Consistently, insulin resistance, fibrosis, and heightened vulnerability to liver
disorders such as cirrhosis and NAFLD are influenced by this systemic inflammation

(Gart et al. 2022; Jiang et al. 2020; Mak et al. 2012; Niu et al. 2022). In addition to
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structural and functional deterioration, ageing of the liver also involves the
accumulation of senescent cells, which are influenced by both internal ageing processes
and extrinsic factors such as lifestyle, environmental exposure, and chronic liver
diseases (Irvine et al. 2014). Liver ageing is primarily caused by cellular senescence,
which is characterised by irreversible cell cycle arrest and the pro-inflammatory
secretory profile known as SASP (Huang et al. 2021). Stressors such as oxidative stress,
telomere shortening, and DNA damage cause senescent hepatocytes to accumulate
(Barazzoni et al. 2000), and secrete cytokines, chemokines, and proteases that alter the
tissue microenvironment (Zhu et al. 2014). These cells release inflammatory chemicals
that impair liver function and continuously signal genomic stress. Senescent cells emit
various secreted factors and signalling molecules that are included in, SASP
(Covarrubias et al. 2020)., These chemicals.ean affect neighbouring cells an’d/chang'e the
microenvironment. SASP_initially promotes. tissue healing and_the immune system's
removal of injured cells in response to oxidative stress or lbng-term DNA damage.
Long-term SASP activation, on the other hand, /prom(;tes ageing-related illnesses such
as cancer, fibrosis, and neurodegeneratipm/gfi/s@pfs tissue homeostasis, and spreads
senescence to neighbouring cellsi "Fhe/se characteristics have the potential to disrupt

P

liver function and promote Ih@prégression of liver disease (Zhu et al. 2014).

e’

Oxidat':i\je' stress and inflammation are not independent processes but are intricately
_ connected. ’ROS can activate transcription factors such as NF-[] [, thereby pro
~the expression of pro-inflammatory cytokines. In turn, cytokines can further stimulate
ROS production, creating a vicious cycle of damage (Masenga et al. 2023). This self-
perpetuating loop is particularly detrimental in the ageing liver, where the regenerative
capacity is already diminished. Therefore, breaking this cycle by targeting both
oxidative and inflammatory pathways is a promising strategy for preserving liver health

during ageing.
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2.5 LIPID PEROXIDATION MARKER IN HEPATIC AGEING

Hepatic architecture and function gradually deteriorate with age, in part because of the
cumulative effects of oxidative stress (Chin et al. 2011). Lipid peroxidation, or the
oxidative breakdown of polyunsaturated fatty acids in cell membranes, is a defining
feature of oxidative stress in biological systems in the liver. It results in organ
dysfunction and hepatocellular damage (Su et al. 2019). As a key metabolic organ with
many mitochondria and a role in lipid metabolism, the liver is especially vulnerable to
lipid peroxidation as we age (Chin et al. 2011). Lipid peroxidation produces
malondialdehyde (MDA), which is frequently employed as a biomarker for oxidative
damage in hepatic tissues. Increased MDA levels are intimately assg)ciatéd'/witﬁ
hepatocellular damage;-inflammation, and mitochondrial dysfunction aﬁd have been

regularly seen in ageing livers (Jiang et al. 2020; Varma et al. 201 6).

.
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Evidence from an early ageing stgdy/dér@on’étrates that hepatic MDA levels are
significantly elevated in older 0rg\ar;isfns, ina/icating increased lipid peroxidation with
advancing -/Fﬁibg’(pe/ef'fs/bmdinuet al . ooooo.
observations, a study’ provid\ed/;l more comprehensive picture, in their mouse model,
hepatic MDA 1cvels, Iprotein carbonyl content, and DNA oxidation were all
signiﬁcéﬁt‘ly élev&ted in aged livers, and the apoptotic cells presented elevated levels of
R bx/idised DNA, suggesting that ROS-induced apoptosis in these oxidative stress

“sensitive cells contributes directly to liver ageing (Colantoni et al. 2001).

Lipid peroxidation is caused by the production of ROS, which attack membrane
lipids and start a chain reaction (Abd Manan et al. 2012). In the end, this mechanism
leads to age-related hepatocyte apoptosis, steatosis, and fibrosis by impairing
membrane fluidity and integrity (Abd Manan et al. 2012; Asiwe et al. 2024; Kilig et al.
2022). Reduced antioxidant enzyme activity, including SOD and CAT, and histological
signs of liver deterioration have been linked to elevated hepatic MDA concentrations in
animal studies (Su et al. 2019). As animals age, these alterations show a shift in the
redox equilibrium that leans towards oxidative damage (Petr et al. 2021). Supporting

this, it was reported that elevated levels of MDA and protein carbonyls in aged mouse

Cuil d
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liver were accompanied by activation of the Nrf2 pathway and its downstream

antioxidant genes (Luo et al. 2022).

The impact of ageing on lipid peroxidation appears to be further exacerbated
under pathological conditions. For instance, significantly increased hepatic MDA levels
have been observed in aged type 2 diabetic models, indicating that metabolic
dysfunction amplifies oxidative damage in the ageing liver(Fan et al. 2022). In line with
this, it was demonstrated that ageing is associated with increased lipid peroxidation
alongside elevated pro-inflammatory cytokines, including IL-6 and TNF-a and reduced
antioxidant capacity (Albrahim & Alonazi 2022). This highlights a close interplay

between oxidative stress and inflammation in driving hepatic dysfunction. -~

A

2.6 HISTOPSTHOLOGICSL CHANGES IN HEPATIC AGEING

PN

A variety of histological changes that /rqﬁ‘/@gejlt the liver's deteriorating structural
integrity and functional ability are'/in/(iicati\/de of hepatic ageing (Elkordy 2025). As
reported, histopathologic/al/ as@e/s’s?ﬁ{e/rlt remains essential in liver research because it
involves a systematie evaludtio/r; of changes in individual components of normal liver
architecturle,(/Cain & Hiibscher 2019). Chronic low-grade inflammation, metabolic
dysregu‘lé’lt’ignr, anii cumulative oxidative stress cause the liver to gradually deteriorate
e in(/)rphologically as it matures (Conde de la Rosa et al. 2022). These alterations are
“visible under a microscope and are significant markers of liver degeneration in older
models (Conde de la Rosa et al. 2022). In the context of ageing specifically, histology
is indispensable because the liver's deterioration is not uniform: different cell types,

zones, and structural compartments age at different rates and in different ways, and only

microscopic examination can capture this heterogeneity (Hafez & Elbassuoni 2022).

For instance, histological changes in the ageing liver include pseudo
capillarisation of the sinusoidal endothelium (McLean et al. 2003), demonstrating that
ageing is associated with significant thickening of the sinusoidal endothelium. It was
confirmed these findings extend across species, reporting similar pseudocapillarisation

in old baboons (Cogger et al. 2003) and later validated in rat model (Warren et al. 2005).
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Futhermore, the functional significance of these ultrastructural changes was elucidated
in perfused rat livers to demonstrate that age-related pseudo capillarisation directly
impairs hepatic transendothelial transfer of chylomicrons (Hilmer et al. 2005),
providing a mechanistic link between sinusoidal ageing and the postprandial

hyperlipidaemia commonly seen in elderly populations.

Beyond the sinusoidal endothelium, age-related changes in hepatic stellate cells
(HSCs) have attracted increasing attention (Le Couteur et al. 2011). Evidence show that
desmin-positive HSCs doubled in number in old mice and rats, with a substantial
increase in the number and size of lipid droplets (Le Couteur et al. 2011). Increased fat
accumulation within hepatocytes, known as hepatic steatosis, frequently coexists /with
age-related structural alterations. Steatosis is especially significant in eldérly animals
fed a diet high in fat or calories (Sabir et al. 2022). Furthermore; th/e liver's capacity to
regenerate itself is compromised with age, which exacgrb‘atés the damage that gradually
accumulates. Haematoxylin and eosin (H&E) sf‘;aiﬂ’ing usually shows periportal fibrosis,
altered liver architecture, and increased eyfo/fpja;f\nic vacuolation in older mice (Hafez
& Elbassuoni 2022). These cham_ctérjstics, which include compromised detoxification

A >
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and protein synthesis, are.consisterit with functional decline (Kilig et al. 2022).

Thé/sporifaneous progression from age-related structural changes to overt

) ﬁb/résis haé been directly demonstrated in recent study (Qiu et al. 2023). Similarly,
| _studies demonstrated that aged mice develop NASH phenotypes (steatosis, lobular
inflammation, hepatocellular ballooning) more rapidly and severely than young mice
on the same high-fat diet, with fibrosis emerging significantly earlier (Li et al. 2023a;
Sagar et al. 2025, ), underscoring why histological assessment at multiple time points

is critical for capturing the accelerated disease trajectory in ageing models.

At the parenchymal level, the histological hallmarks of ageing include
hepatocellular hypertrophy, nuclear enlargement, cytoplasmic vacuolisation, and
lipofuscin accumulation (Kiviméki et al. 2024; Ocampo et al. 2016). A previous
study documented these changes comprehensively using transmission electron
microscopy in 24-month-old Wistar rats, observing sinusoidal collapse and congestion,

endothelial thickening and defenestration, cytoplasmic vacuolisation, a significant
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increase in the volume densities of nuclei, mitochondria and dense bodies, and marked
lipofuscin accumulation (Mahmoud & Hegazy 2016). Numerous experimental models
have shown that decreased antioxidant enzyme activity and increased oxidative stress
indicators such as MDA are correlated with the degree of histopathological damage
(Kilig et al. 2022). In addition, ApoE-null mice as a model of accelerated liver ageing,
showing that oxidative stress drove pseudocapillarisation, increased polyploidy,
decreased hepatocyte number, and increased nuclear size in vitamin E deficient mice
(Bonomini et al. 2013). This lends credence to the idea that oxidative damage is a

significant factor in the age-related structural decline of the liver.

27  TOCOTRIENOL-RICH FRACTION (TRF) COMPOSITION 7 AND
BIOLOGICAL ACTIVITY ol

Tocotrienols occur naturally in select plant-based oils, With rice bran oil, annatto
bean seeds, and palm oil containing the highest poncer/ltrations of tocotrienols (Drotleff
et al. 2014; Vardanega et al. 2019). qum/()ii;:acknowledged as the most abundant
natural source, is the primary source of the tocotrienol-rich fraction. Several variables,
such as formulation, intes/tinaf,abéérp/tion methods, and dietary fat consumption, affect
tocotrie/n"oll \b/ioavailability. There -
[+, -, v a-nfdrms [of tocopherols and tocotrienols (Drotleff et al. 2014). Unlike
tocophéri)l‘s, tOC(;tI’iCl’lOlS possess an unsaturated farnesyl side chain, which confers

\ dis/tinct biological properties, including enhanced cellular uptake, superior membrane
“distribution and more potent biological activity in several tissues, including the liver
(Atia, Salem Alra, & Abdullah 2021; Ayu Jayusman & Balkis Budin 2017). For
example, this unsaturated tail enhances their lateral mobility within lipid bilayers,
enabling rapid interaction with lipid radicals and contributing to more efficient
termination of lipid peroxidation (Mutalib et al. 2003). Recent findings have highlighted
that the enhanced biological activity of TRF may be partially attributed to its higher
cellular uptake compared to tocopherols (Mohd Zaffarin et al. 2020). This difference is
strongly mediated by albumin, a major serum protein that facilitates the transport of
vitamin E analogues into cells. Evidence suggests that tocotrienols have a greater
binding affinity to albumin than tocopherols, enabling more efficient uptake (Nakatomi
et al. 2023). This process appears to occur primarily via facilitated diffusion rather than

ATP-dependent mechanisms such as endocytosis. The structural differences,
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particularly in the side chains of these compounds, contribute to variation in albumin-
binding affinity, which in turn influences cellular transport efficiency. These
mechanistic insights reinforce the notion that TRF's superior intracellular delivery may
underpin its therapeutic advantage, especially in tissues vulnerable to age-related
oxidative damage such as the liver. This structural variation contributes to the enhanced
antioxidant capacity of tocotrienols compared to tocopherols (Maniam et al. 2008). For
instance, TRF produced from palms is reported as a promising agent for liver protection
since it tends to collect preferentially in hepatic tissue and exhibits greater antioxidant
potential than tocopherols, which has been attributed to their unsaturated isoprenoid

side chain that facilitates deeper distribution (Maniam et al. 2008; Mutalib et al. 2003)

Vitamin E, as a“group, is renowned for its lipid-soluble antioxidant capacity,
with the chr omanol ring’/s*qlphe/nolic group
oxygen species (Ebhohimen et al. 2021). Tocotrienols,/aue to their unsaturated side
chains, demonstrate superior biological zg:tiv;ities i;1 comparison to tocopherols,
particularly in terms of anti-inﬂammgltor}?, éh&esﬁerol-lowering, and antioxidant effects

(Maniam et al. 2008; Nakatomi¢€tal. 2023).
Pl o
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2.8 THERAPEUTIC IEFFECTS OF TRF ON AGE-RELATED LIVER CHANGES

-

< T(;cotrienols have gained considerable attention due to their potent antioxidant and anti-
“inflammatory properties, which are particularly relevant in the context of ageing and
age-associated liver dysfunction (S. K. Wong et al. 2020). Given that oxidative stress
and chronic inflammation are central drivers of hepatic ageing, TRF has been widely
investigated for its capacity to modulate these processes and restore cellular
homeostasis (Grimm et al. 2016). One of the mechanisms underlying the therapeutic
effects of TRF is its ability to improve systemic oxidative status (Fahami & Tajudin
2011). Clinical and experimental studies consistently demonstrate that TRF
supplementation enhances antioxidant defence systems while reducing oxidative
damage (Atia et al. 2021b; Lee et al. 2010). For instance, it was seen that in a human
RCT involving healthy older adults, six months of TRF supplementation improved
HDL-cholesterol, markedly decreased protein carbonyl content and advanced glycation

end-product levels, and modulated SOD and CAT activities, indicating a restoration of
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redox balance particularly relevant to the ageing population (Chin et al. 2011). In ageing
mice specifically, long-term TRF supplementation increased SOD, CAT, and GPx
activities in skeletal and cardiac muscle compared to untreated controls, suggesting a

systemic effect on age-related antioxidant decline (Karim et al. 2015) .

Supporting these findings, mechanistic in vitro studies further highlight the
superior antioxidant efficacy of TRF compared to a-tocopherol. For example, TRF was
shown to significantly delay lipid peroxidation and reduce thiobarbituric acid reactive
substances (TBARS) formation in oxidised low-density lipoprotein and endothelial
cells, demonstrating stronger protection against oxidative damage at lower
concentrations (Mutalib et al. 2003)Likewise, earlier work in liver rpierésémeé
demonstrated that TREF effectively inhibited both protein oxidation " and /lipid
perollidatiton, wi t Hocogherad, aeitnfer,aiﬁg/ies fole as@a potery t h an
chain-breaking antioxidant relevant to hepatic oxidative stress (Kamat et al. 1997) . At
the cellular level, tocotrienols also appear to mpdulate ageing-related processes beyond
oxidative damage. For example, eyideﬁ% from fibroblast models shows that
tocotrienols protect against oxjdati\;e stress-induced cellular ageing by preserving
telomere length and enhaﬁé%gjtéomerase activity, particularly when administered
prior to oxidative insult (Malgpol et al. 2010). This is further supported by recent clinical
evidence demonsirating that tocotrienol supplementation in older adults improves
antioxidanif«/enzyme activity, reduces inflammatory markers such as TNF-a , and
- énhances telomerase activity, indicating improved genomic stability and resilience
/against ageing-associated stress (Sharif et al. 2025). Additionally, TRF supplementation
has been shown to reduce lipid peroxidation (MDA) and DNA damage in older
individuals, with some sex-specific differences observed, further highlighting its role in
mitigating oxidative stress during ageing (Goon et al. 2017). Also, TRF
supplementation significantly reduced systemic inflammatory mediators including

TNF-o  a n-G(Zainallet al. 2019).

Importantly, the hepatoprotective effects of TRF are particularly evident in
models of liver injury. In experimental studies, TRF supplementation significantly
attenuated oxidative liver damage by reducing hepatic MDA and protein carbonyl levels

while restoring endogenous antioxidants such as glutathione (GSH), GPx, and ferric
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reducing antioxidant power (FRAP) (Ayu Jayusman & Balkis Budin 2017) . These
biochemical improvements were accompanied by reductions in liver enzymes and
histological evidence of reduced hepatic damage, indicating direct protection against
hepatocellular injury. Similarly, in xenobiotic-induced liver injury models, tocotrienols
exerted cytoprotective effects by reducing reactive oxygen species, inhibiting lipid
peroxidation, suppressing apoptotic pathways, and promoting markers of liver

regeneration, further supporting their therapeutic potential in hepatic injury (Tan et al.
2015).

A key mechanism through which TRF exerts its hepatoprotective effects is the
reinforcement of endogenous antioxidant defences. For example, in -af s@ronic
hepatotoxicity rat model, daily oral administration of palm TRF significantly enhanced
liver CAT, SOD and glutathione peroxidase (GPx) activities, ‘while s/imultaneously
reducing hepatic thiobatbituric acid reactive substances (TBARS) triglycerides, and
cholesterol levels (Lee et al. 2010). These findings ahgn with work showing that TRF
supplementation in stress-induced rats s1gmﬁcéntly reduced liver MDA levels and
increased glutathione contqu/céﬁﬁrming its capacity to restore hepatic redox balance
under oxidative chal{engé /(Fel/harﬂi & Tajudin 2011). More recently, TRF was shown
to dose-dependenﬂ}; increase liver SOD3 gene and protein expression in mice (Atia et
al. 2021) As pr]:’viously mentioned, the molecular basis for these antioxidant effects
) involve activation of the Nrf2 signalling pathway. It was demonstrated that TRF
‘administration in mice initiated Nrf2 nuclear translocation in the liver with a

concomitant dose-dependent increase in the expression of Nrf2-regulated
cytoprotective genes (Atia et al. 2020). Taken together, these findings suggest that TRF
engages the Nrf2-antioxidant response element axis to broadly enhance hepatic

detoxification and antioxidant gene expression (Atia et al. 2018).

Beyond oxidative stress, TRF and its constituent tocotrienols have demonstrated
potent anti-inflammatory properties relevant to hepatic ageing (Pervez et al. 2023; Sabir
et al. 2022). This anti-inflammatory capacity was supported by evidence establishing
that tocotrienols suppress NF-[] dependent transcription of pro-inflammatory
mediators including TNF-a JL-[1 [1L.-6, and iNOS, with reductions ranging from 30%

to 70% in macrophage models derived from both young and senescent mice (Qureshi
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2022) . Supporting this, in vitro studies in monocytic and macrophage models revealed
that TRF inhibits the production of nitric oxide, prostaglandin E2, and pro-
inflammatory cytokines through downregulation of NF-[] [1, 1 oo, 2
expression (Wu et al. 2008; Yam et al. 2009) . Notably, tocotrienols were found to
exhibit stronger anti-i n f | a mmat or y -tecbphemlc highlighting gheir
therapeutic potential. Furthermore, in stress-induced rat models, tocotrienol
supplementation significantly reduced hepatic MDA levels while restoring glutathione
content, indicating effective attenuation of lipid peroxidation and oxidative stress within

the liver (Azlina Mohd Fahami & Tajudin Abstrak 2011) .

The relevance of these antioxidant and anti-inflammatory prgper’ﬁe‘/s is
particularly evident in_metabolic liver diseases such as NAFLD. In a rat model of
NAFLD, tocotrienol treatment inhibited Toll-like receptor (TLR) a;:tivafibn, increased
the anti-inflammatory cytokine interleukin-10, and r/edueéd lipid peroxidation while
raising hepatic antioxidant activities (S. K. f/W(")"ng €t al. 2020). Histopathological
analysis in that study confirmed r/educ/e/jt/ _sdfjeatosis, lobular inflammation, and
hepatocyte ballooning with palm}oéqtrienol at 100 mg/kg (S. K. Wong et al. 2020).

Wose

-
3
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The translati(;nallrelevance of these preclinical findings has been corroborated
by clinigal';s{ﬁdie;s (Magosso et al. 2013; Pervez et al. 2018, 2022, 2023). Additionally,
q-tobopherd/l supplementation downregulated circulating miRNAs involved in hepatic

//steatosis, inflammation, and apoptosis (Pervez et al. 2022). Additional studies using
modified TRF formulations also reported reduced NAFLD severity and lower NAFLD
activity scores, supporting its role in slowing disease progression (Goon et al. 2022).
Collectively, both preclinical and clinical evidence support the therapeutic potential of
TRF in mitigating age-related liver changes. By simultaneously targeting oxidative
stress, inflammation, and cellular ageing pathways, TRF emerges as a promising
nutraceutical for preserving liver function during ageing. These multifaceted effects
highlight its potential not only in preventing hepatic dysfunction but also in modulating

the underlying mechanisms driving liver ageing.
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2.9 METABOLOMICS IN LIVER AGEING RESEARCH

Despite the multifactorial nature of age-associated hepatic changes, conventional
biochemical assays remain limited to the measurement of isolated markers, providing
only a partial view of the underlying alterations (Petr et al. 2021). This limitation of
single-marker approaches is further reflected in recent consensus frameworks. The
Ageing Biomarker Consortium of China published a consensus framework in 2024
which emphasises that liver ageing biomarkers should span three dimensions:
functional (cholesterol metabolism, coagulation), imaging (steatosis, blood flow), and
humoral (hepatokines, enzymatic changes) (Jiang et al. 2024). This multi-dimensional
framework acknowledges that no single conventional marker captures the *ageing

-

phenotype.

P
.

Multi-omics studies are now mapping what tKose conventional assays miss. A
study integrated transcriptomics, proteomlcs, ‘and ‘metabolomics from baboon livers
across the adult age span and identified agemg cérrelated modules involving ER stress
and xenobiotic metabohslp/pathways, changes invisible to standard biochemistry
(Puppala et al. 2023). Un/targe/%’d ;md targeted metabolomics methods have been used
in liver ageing re’s/earchI to identify significant metabolic alterations. These include
changes in. 11p1d metabolites, decreased antioxidant metabolites such glutathione (Jin et
~al. 2023) and changes in the amounts of TCA cycle intermediates (Dankel et al. 2023).
_Additionally, branched-chain amino acids (BCAAs) and urea cycle intermediates are
altered in aged livers, indicating dysregulation in amino acid metabolism and
compromised nitrogen balance and protein catabolism (Wang et al. 2024b). This is
further supported by metabolomic profiling across multiple organs, which demonstrates
that ageing is characterised by widespread metabolic reprogramming. It identified both
shared and tissue-specific metabolite alterations across several organs, including the

liver, suggesting that ageing involves coordinated systemic and organ-specific

metabolic shifts (F. Zhang et al. 2021).

Several metabolomics studies have now mapped the specific metabolic
perturbations that characterise hepatic ageing (Petr et al. 2021; F. Zhang et al. 2021).

Similarly, it was reported that an ageing liver exhibits significant alterations in key
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metabolic pathways, including downregulation of glutathione, pyrimidine, and
glycerophospholipid metabolism, alongside upregulation of arachidonic acid
metabolism, indicating impaired antioxidant defence and enhanced inflammatory
signalling (Jiangfeng et al. 2021). Extending this concept, metabolomic evidence also
highlights the influence of the systemic environment on hepatic ageing (Han et al.
2021). It demonstrated that transplantation of young livers into aged recipients resulted
in metabolic profiles resembling those of aged livers, indicating that circulating and
whole-body factors can drive age-associated metabolic reprogramming in the liver.
Pathway analysis further revealed alterations in lipid-related pathways, including
glycerophospholipid and arachidonic acid metabolism, reinforcing the systemic

regulation of hepatic ageing.

A previous study analysed hepatic metabolites across yz)ung an/d old rats and
identified 25 key metabolites contributing to age-re}at&l separation, including lipid
metabolites (glycerol-3-phosphate, lysoph/()spjgéii»dylgholines), energy metabolism
intermediates (carnitine, acylcarni/tines/, ‘/créaffne), and nucleic acid metabolites
(hypoxanthine, xanthine) (Son. et’ﬁl." 2012). More recently, a metabolite profiling study
in ageing rats conﬁrmed ﬂqe/t‘éh/e«pat/ic metabolites, phenylacetic acid, valine, isoleucine,
and tyrosine were /s/igniﬁcantly altered with age, with pathway analysis indicating
mitochondriéi d;fsfunction and phenylalanine metabolism disorders as hallmarks of

) hepatic agei/ng (Choti et al. 2025). A multi-omics investigation combined metabolomics
~and phosphoproteomics in naturally aged mouse liver, identifying 150 associated
metabolic pathways, with evidence of increased fibrosis, inflammatory cell
accumulation, hepatocyte degeneration, lipid droplet deposition, and damaged

mitochondria confirmed by histological examination (Tang et al. 2023).

These metabolomic portraits of the ageing liver converge on several recurrent
themes. Amino acid metabolism is consistently disrupted: a large human metabolomics
study (n=1,030) identified aromatic amino acid catabolites and acylcarnitines as central
hub metabolites of ageing, reflecting decreased mitochondrial oxidation and the
accumulation of unsaturated fatty acids that may drive the oxidative damage and
inflammation characteristic of ageing (Sol et al. 2023). Tissue-specific NMR

metabolomics across six organs in young and old mice confirmed that the liver exhibits
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distinct age-related metabolite alterations, with several metabolites altered across
tissues suggesting potential universal biomarkers of ageing (Liu, et al. 2020). In the
liver specifically, glutathione metabolism and pyrimidine metabolism have emerged as

pathways critically impaired during ageing in metabolomics analysis (Liu, et al. 2020).

The metabolomic profile of the ageing liver directly intersects with clinically
relevant disease states. A 2026 metabolomics study integrating machine learning in
older adults with metabolic dysfunction-associated steatotic liver disease (MASLD)
identified six optimal biomarkers, including phosphatidylcholine, porphobilinogen, and
uridine, and demonstrated that phosphatidylcholine synthesis was significantly
downregulated in both elderly human patients and aged mouse models (Jin et al.”2(/)26)".
Critically for the present study, metabolomics has also demonstrated its p(;wer as a tool
for evaluating the efficacy and mechanism of dietatry interventidns/ on hiepatic ageing.
Similarly, a study used untargeted metabolomic proﬁlipg/to/evaluate the effect of ginger
supplementation on rat hepatic changes duringf ~agéing (Ekeuku et al. 2024). That study
showed that metabolites involved in p}/lrimlfd/;rr/le;nd purine metabolism, nicotinate and
nicotinamide metabolism, glutathiéne metabolism, and arginine biosynthesis were
altered by ageing, and Ihaf/g/injg:er supplementation reversed specific age-induced
alterations in pyrim/fdiqe a;1d glutathione metabolism (Ekeuku et al. 2024). This
highlights thie utility of metabolomics in evaluating dietary interventions, a principle

thathas alse'been applied to tocotrienol research.

In the context of tocotrienol research, an untargeted metabolomics study using
UHPLC/MS demonstrated that tocotrienol supplementation in obese mice lowered
serum levels of inflammatory and oxidative stress metabolites (trimethylamine N-
oxide, kynurenate, oxidised glutathione) while increasing levels of essential amino
acids (lysine, methionine), sphingomyelins, phosphatidylcholines, and B-vitamins
(Shen et al. 2021). A clinical metabolomics study further confirmed that 12-week
tocotrienol supplementation in postmenopausal women led to higher serum levels of
lysophospholipids but lower acylcarnitines and tryptophan metabolites, a metabolic
signature potentially linked to reduced inflammation and oxidative stress (Shen et al.

2021).
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Thus, a metabolomic analysis of the effect of TRF on rat hepatic changes during
ageing would not only validate the biochemical examinations done in this study at a
systems level but would also identify novel metabolite biomarkers and metabolic
pathways through which TRF exerts its hepatoprotective effects, potentially uncovering
therapeutic targets that remain invisible to conventional analytical methods. The
integration of such metabolomic data with histopathological and biochemical findings
would provide a comprehensive assessment of TRF's capacity to mitigate age-

associated hepatic decline.
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CHAPTER III
MATERIALS AND METHODS
3.1 MATERIALS AND TOOLS OF STUDY .

o
PN

-

3.1.1 IL-6 Inflammatory Markers byELI’S_A 2
i

The materials used wer‘e/IE'-ﬁ/l/ELISA Assay Kit (ELK Biotechnology, Wuhan,
#56731546) that inélﬁ(ieﬁddo pg/ml stock standard, standard diluent buffer,
biotinylated aﬁt/ibody (100X), streptavidin-HRP (100X), biotinylated antibody
diluer@t',’/i-IRi’r’ diluent, wash buffer (25X), TMB substrate solution, stop reagent,

- "96-well pre-coated microplates and plate covers.
3.1.2 TNF-Alpha Inflammatory Markers by ELISA

The materials used were TNF-alpha ELISA Assay Kit (ELK Biotechnology,
Wuhan, #56100004) that included 1000 pg/ml stock standard, standard diluent
buffer, biotinylated antibody (100X), streptavidin-HRP (100X), biotinylated
antibody diluent, HRP diluent, wash buffer (25X), TMB substrate solution, stop

reagent, 96-well pre-coated microplates and plate covers.

3.1.3 Malondialdehyde (MDA) by ELISA
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The materials used were MDA ELISA Assay Kit (ELK Biotechnology, Wuhan,
#37075210) that included 2000 pg/ml stock standard, standard diluent buffer,
biotinylated antibody (100X), streptavidin-HRP (100X), biotinylated antibody
diluent, HRP diluent, wash buffer (25X), TMB substrate solution, stop reagent,

96-well pre-coated microplates and plate covers.



38
3.14 Preparation for ELISA

a. 1X phosphate-buffered saline (PBS)

A 10X PBS (Cat. No. 6505-OP, Sigma-Aldrich, St. Louis, MO, USA)stock solution
was diluted to 1X working concentration prior to use. The dilution was carried out by
adding 100 mL of 10X PBS stock to 900 mL of distilled water in a clean 1 L volumetric

flask, followed by thorough mixing until homogeneity was achieved.

The prepared PBS solution was stored at 4 °C until use.

b. Preparation of Tissue Homogenates o

P
.

Tissue homogenates were prepared according tostandard procedures, following the

-~
b

manufacturer’ s in/s‘/@ff;u/ctions provided 1in
modifications depending on tissug ‘gyp/e. Liver samples were first rinsed in pre-cooled
PBS to remove excess bl/ood/"g‘n;f's‘ut;sequently weighed prior to homogenisation. The
tissues were then minced into sr?l/all pieces and homogenised in PBS at a tissue-to-buffer
ratio of 1:9 (w!v); for e)liample, 900 puL of PBS was added to 100 mg of tissue, and
sonicatéd uﬁsyirrlg an ultrasonic cell disrupter (Qsonica, USA) until the solution became
< éle;ar. The homogenates were then centrifuged in a refrigerated centrifuge at 10,000 X
“g for 5 minutes, after which the supernatant was collected for immediate assay or stored

in aliquots at -20 °C until further use. All procedures were carried out on ice to minimise

protein degradation.

3.1.5 Metabolomic Analysis

a. Metabolites extraction

The chemicals used for metabolomics analysis were MS-grade unless specified
otherwise. The materials used were probe sonicator (QSonica), water, methanol
(MeOH) internal standards (SPLASH LIPIDOMIX Mass Spec Standard, Avanti
Research, Alabaster, AL, USA), vacuum centrifuge (Eppendorf, Hamburg, Germany)
and dichloromethane (DCM). The disposable materials used are 2 mL tubes, glass

tubes, and glass serological pipettes.
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The equipment used includes micropipettes, vortex mixers, vacuum centrifuges

(Eppendorf, Hamburg, Germany), and a -80°C refrigerator.

b. Liquid Chromatography with tandem mass spectrometry (LCMS/MS)

The chemicals used for LCMS/MS are MS-grade water, isopropanol (Fisher Scientific,
Hampton, NH, USA), and MS-grade methanol (Fisher Scientific, Hampton, NH, USA).

The disposable materials used are 2 mL tubes.

The equipment used includes a micropipette and an LCMS/MS machine (Q
Exactive HF Orbitrap, Thermo Scientific). [ ™

3.1.6 Histological Study 1

a. 10% neutral buffered formalin (NBF).- G
ol A
10% formalin was prepared iri th¢ fume hood by adding 100 mL of 40% formaldehyde
(R&M Chemicals, Essex, UK) into a beaker containing 900 mL of deionised water. The
solution was-gently mixed and stored at room temperature for use in tissue fixation

procedure.”

“b. Saline solution

0.9% NaCl solution was made by mixing accurately 0.9 g NaCl (EMSURE, Merck,
Darmstadt, Germany) in 100 mL deionised water. The crystal was stirred using a

magnetic stirrer set at 100 rpm until clear.
c. Materials for histology

Rat liver tissue processing was carried out using 10% neutral buffered formalin (NBF),
graded ethanol (Supelco, Merck, Darmstadt, Germany) solutions (70%, 80%, 95%, and
100%), xylene, and paraffin wax. A Leica Tissue Processor ASP300 S (Leica
Microsystems, Wetzlar, Germany) and a rotary microtome were employed for tissue

preparation and sectioning. A floatation water bath was used for ribbon spreading.
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Haematoxylin, eosin, 1% acid alcohol, and distilled water were used for staining
procedures. Dibutylphthalate Polystyrene Xylene (DPX) (EMSURE, Merck,
Darmstadt, Germany) mounting medium and glass coverslips were used for slide
preparation. Microscopic examination was performed using a standard light microscope

equipped with digital imaging software for histopathological documentation.
3.1.7 Protein Quantification for Hepatic Anti-Oxidant Activity Assays

For protein quantification for catalase and SOD experiments, the materials used

included bovine serum albumin (BSA) (Biomax Scientific, Selangor, Malaysia) as the
protein standard, copper DDDD’/’”Siplxphate
Jer many [, S—o=d—l—li—i2d potassium/tai/rtr/ate 0oo0ad
Darmstadt, Germany), potassium iodide (KI) (EMSURE, Merck/; Darmstadt,

Germany), sodium hydroxide (NaOH) pellets (EN/[S/URE, Merck, Darmstadt,

Germany), distilled water, and freshly pr/epafa,Biﬁret reagent according to the

£
described method. N € T

-

&5
Glassware and plasticv?//are were comprised of 15 mL Falcon tubes, 2 mL
microcent;ifuge tubes, V(I)lumetric flasks, beakers, and polyethylene storage bottles with
tigh/t—ﬁt’ti‘h’g/céps./"l"he equipment required included an analytical balance, a water bath
< ine/lintained at 37 °C, adjustable micropipettes with disposable tips, a spectrophotometer

“capable of measuring absorbance at 540 nm, and magnetic stirrer.

3.1.8 Reagents for Catalase Assay

a. Phosphate buffer (S0mM, pH-7.4)

Phosphate buffer (50 mM, pH 7.4) (Sigma-Aldrich, St. Louis, MO, USA) was prepared

by dissol ving . o000 g of potassium dihyoq
Merck, Darmstadt, Germany) and 1.775 g of disodium hydrogen phosphate [ [1a [ [ [] [] [ []
(EMSURE, Merck, Darmstadt, Germany) separately in distilled water to a final volume

of 250 ml each. The two solutions were then mixed ina 1:1.5 ratio [J [J [J [J [ [0 00 0

to obtain the buffer solution. The pH was measured using a calibrated digital pH meter
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and adjusted to the final desired value of pH 7.4 by the gradual addition of hydrochloric
acid (HCI).

All solutions were prepared using an analytical balance, volumetric flasks,
measuring cylinders, a magnetic stirrer, and beakers to ensure accuracy and

homogeneity. The final buffer concentration was 50 mM.
b. 30% hydrogen peroxide [ | [] [] [] [ [J

0 U0l hydrogen perollide OOOOOMO ]ﬁ][’{[]R],
was prepared by measuring 0.34 ml of hydrogen peroxide using a micmpiﬁe”tt’g and
transferring it into a 100 ml volumetric flask. Phosphate buffer (50 mM, pH 7.4) was

added up to the calibration mark to obtain a final volume of 1"0(5 ml. The solution was

mixed thoroughly using a magnetic stirrer and stored' lr; \éin amber bottle to minimise
decomposition. A fresh solution was prel?a‘f;cl Biifore each use for the catalase assay.

L -

e Dismutase (SOD) Assay

v

3.1.9 Reagents for Superoxid

a. Phosphate bufferl(SOmM, pH-7.2) with sucrose

-

e Pﬁosphate buffer was prepared by accurately weighing 0.68045 g of dipotassium
‘hydrogen phosphate Ooooooogoo OOo0ooRrRo, e
analytical balance and dissolving it in 50 mL of distilled water in a beaker. The pH of

the solution was measured using a calibrated digital pH meter and adjusted to pH 7.2

by the gradual addition of hydrochloric acid (HCI) (Supelco, Merck, Darmstadt,

Germany) using a pipette. The solution was then transferred to a 100 mL volumetric

flask, and the volume was made up to the mark with distilled water. 8.5575 g of sucrose
ooooooooo0o0nD oooodRrRO, Jer c [J, farmstadt, (e
buffer solution, and the mixture was stirred using a magnetic stirrer until completely

dissolved.

The prepared buffer was stored in a clean, airtight container at 4 °C until use.
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b. Phosphate buffer (S0mM, pH-7.8) with EDTA

Phosphate buffer (50 mM, pH 7.8) containing EDTA was prepared using standard
laboratory apparatus. Solution A was prepared by weighing 7.098 g of disodium
hydrogen phosphate OD0a OD0O0OO0O0OO0 ODOODORO, e
analytical balance and dissolving it in 500 ml of distilled water in a 500 ml beaker.
Solution B was prepared separately by weighing 3.90 g of sodium dihydrogen
phosphate dihydrate [1 [1a [J [J [J [J land dissolvingit in 250 ml of distilled water. For
buffer preparation, 228.75 ml of Solution A was measured with a graduated cylinder
and mixed with 21.25 ml of Solution B in a clean 1 L beaker. The mixture was
transferred into a 500 ml volumetric flask, then distilled water was added to bring:g the

A

volume up to 500 ml.

P
.

The pH of the solution was measured using a’calibrated digital pH meter, and
the value was adjusted to 7.8 by the gradual deOlese addition of hydrochloric acid
(HCI) with a pipette. After pH adJustment (}015 g of ethylenediaminetetraacetic acid
(EDTA) (EMSURE, Merck/, Darm stadt, Germany) was weighed and added to the buffer
solution, followed b{y/stirr/ing \;ifh ;1 magnetic stirrer until fully dissolved. The prepared

buffer was tr/gnsf‘efred into a labelled reagent bottle and stored at 4 °C until use.

-

- ¢ Substrate solution for SOD assay (riboflavin—methionine-NBT assay)

The substrate solution for the superoxide dismutase assay was freshly prepared and
protected from light. A phosphate buffer (pH 7.8, containing EDTA) was first measured
to obtain 27.0 ml. Subsequently, 1.5 ml of L-methionine (Merck, Darmstadt, Germany)
stock solution (0.3 g/10 ml), 1.0 ml of nitroblue tetrazolium chloride (NBT-2HCI)
(Thermo Scientific; Waltham, MA, USA) stock solution (0.0141 g/10 ml), and 0.75 ml
of Triton X-100 (Thermo Scientific; Waltham, MA, USA) stock solution (1% v/v) were
sequentially added into an amber tube. The mixture was gently inverted to ensure
homogeneity while avoiding bubble formation. All steps were carried out on ice, and

the solution was wrapped in aluminium foil to minimise light exposure.

The preparation utilised volumetric flasks, graduated cylinders, micropipettes

with tips, an amber container, and aluminium foil. The final mixture had approximate
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concentrations of 10 mM L-methionine, 57 uM NBT, and 0.025% Triton X-100 in 45
mM phosphate buffer.

d. Riboflavin preparation

Riboflavin solution was prepared by accurately weighing 4.4 mg of riboflavin (Merck,
Darmstadt, Germany) on an analytical balance and dissolving it in 100 mL of distilled
water in a volumetric flasll to obtain [].
solution was mixed thoroughly using a magnetic stirrer until completely dissolved. To
prevent light-induced degradation, the solution was prepared under low-light conditions
and stored in an amber glass bottle wrapped with aluminium foil. A calibfated
micropipette was used for transfers, and the solution was kept refrigerated at 4 °C until

use. o

e. L-methionine preparation o

RO
L-methionine solution was f;es‘h]y prepared by accurately weighing 0.300 g of L-
met hi oni n e /iif/l/ﬂ/ﬂﬂﬂDWT]] O0er c O, Jarmstadt,
weighed powder Wés/ transferred into a clean beaker and dissolved in 10 mL of distilled
water with’ ééntlla’ stirring using a glass rod until completely dissolved. The resulting

) solution, with a final concentration of 30 mg/mL (0.20 M), was transferred into a

volumetric tube and immediately used for the assays.
f. NBT preparation

Nitroblue tetrazolium (NBT) solution was freshly prepared by accurately weighing
. 0000 g of JOT ODoooooodl oooo0do0d OTher mo
analytical balance. The weighed powder was transferred into a clean beaker and
dissolved in 10 mL of distilled water [ d [ withcontinuous mixing using a glass rod
until completely dissolved. The solution, with a final concentration of 1.41 mg/mL (2.3
mM), was transferred into a volumetric tube and stored in a dark container to protect it

from light until use.
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g. 1% Triton X-100 solution preparation

A 1% Triton X-100 solution was freshly prepared by pipetting 1 mL of Triton X-100
(Thermo Scientific; Waltham, MA, USA) using a micropipette and adding it to a
volumetric flasll] containing approlli matel y
solution was mixed thoroughly using a magnetic stirrer until fully homogenised. Then
distilled water was added to make the final volume to 100 mL with distilled water. The

prepared solution was stored at room temperature until use.

3.2 RESEARCH METHODOLOGY

3.2.1 Experimental Design

P

The experimental design conducted in the study is shown in Figure 3.1.

y

-~
{
P

D

The animal treatment, in\tervéntion,dand tissue collection described in this
section were conducted as paf‘/c,o/f‘ a p;eviously published study by Dr. Siti Liyana Gany
(Saud Gany et al. 2022). In \thg/present study, liver samples obtained from this work
were utilised- for furthelr analyses, including metabolomic profiling and additional
bioc/henii’cal/ ésse;sments. The experimental design is briefly described here to provide

- context and ensure transparency regarding the origin of the biological samples used.

.

A brief introduction to the experimental design is as follows: A total of sixty
male Spraguel Dawley (SD) rats were utilised in this study. The animals were divided
into three age categories representing different life stages: young (3 months), adult (9
months), and old (21 months). Each age category comprised twenty rats, which were
further subdivided into two groups (n = 10 per group). One group received tocotrienol-
rich fraction (TRF) as the treatment, while the other group was maintained on refined,

bleached, and deodorised (RBD) oil as the control (Saud Gany et al. 2022).

The intervention was carried out for three months. At the end of the treatment
period, all rats were sacrificed, and liver tissues were harvested for subsequent
investigations. These samples formed the basis for a range of analyses, including

oxidative stress markers, antioxidant assays, inflammatory markers, histological
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evaluation, and metabolomic profiling. The detailed procedures, analytical methods,

and outcomes will be presented in the subsequent sections of this thesis.



- -
Male Sprague Dawley (SD) rats ¢ P y
n=|6l:l
! -
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i ¥ « -~ l
Adult >
Young 4 / ~ Sz
(3 months old) n=20 (9 months old) / ~—— | (21 months old) n=20
n=20 = - _‘/ -
-
Ppu. .\ 1 0 rats from each age group
1 ﬁ‘*’j / ik |
«
Untre zllte d Control -~ '// Treated with palm tocotrienol
(Treated with RBD) n=30" r 60 mg/kg body weight/day (for 3 months)
' - n=30
P \
| ‘)/" |
Pt L ) )
o ) ‘ Sacrificed after 3 months and obtain the liver
- - > . .
l / | // i l l
_Histological f ; P : oo i N
~ “analysis (H&E Analy;l:e of Lwilr‘ omf:lahve Analysis of liver inflammatory markers: Metabolomic
“ fathrag) SS markers. TNF-alpha and IL-6 analysis (LCMS/MS)
) n=4 SOD, Catalase, MDA [ELISA } n=48 n=48
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Figure 3.1 Study design to elucidate the untargeted liver metabolites profiling and oxidative stress expression in Sprague Dawley rats supplemented
with TRF and its effect on hepatic changes during ageing.
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3.2.2 Animal Model

Male Sprague Dawley (SD) rats aged three, nine, and twenty-one months were acquired
from the Laboratory Animal Resources Unit (LARU) at the University Kebangsaan
Malaysia. Three age categories were established: young (3 months), mature (9 months),

and old (21 months).

Each group of rats was then-subdivided-into 10 rats each for the control and
treatment groups. Rats were placed in cages one at a time and gi\(gn/unlimitéd access to
food and water after a week of acclimatisation. Over the course of three months, rats in
the control and treated groups received oral gavages of /60 mg/kg body weight/day of
refined, bleached, and deodorised (RBD? P/aliﬁ/j,\leih (Sime-Darby Plantation Berhad)
and 60 mg/kg body weight/day of“tecotricnol-rich fraction (TRF) (Sime-Darby

Plantation Berhad), respecti\g@}yﬁ‘? ¥
-~ / A

v

I
The rafs were sacrificed and their organs, including the liver, were removed after

three montlrs of TRF treatment. Prior to additional analysis, they were kept at -80°C.
- All animal protocols utilised in this investigation were approved by the University
/Kebangsaan Malaysia ethical committee, and they were assigned an approval number
BIOK/FP/2020/SUZANA/25-MAR/1099-MAR-2020-DEC.2022 (Saud Gany et al.
2022).

3.2.3 TRF Treatment

According to (Saud Gany et al. 2022), each gram of TRF is made up of a mixture of
vitamin E isomers, including 27% alpha-tocotrienol, 24% alpha-tocopherol, 4% beta-
tocotrienol, 32% gamma-tocotrienol, and 14% delta-tocotrienol. RBD palm olein has
an iodine content of 64.71%, 0.043% moisture and contaminants, 0.054% free fatty
acids, and 0.45% peroxide values. Each rat in the treated group received a dose of 60

milligrams of TRF per kilogram of body weight, and this treatment was administered
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continuously for 3 months. Each week, in a dark room, TRF (2.4 g) were added to 40

ml of RBD palm oil in a Falcon tube, and the mixture was vortexed until it was well
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combined. To shield it from the sun, the tube was covered in aluminium foil and stored
at 4°C. Rats were placed in cages, one rat in each cage, and given access to food and

water following a week of acclimatisation.

Over the course of three months, rats in each group (control and treated)
received oral gavage. For the control groups, 60 milligrams of RBD palm olein per
kilogram of body weight per day was given, and for the treatment groups, 60 milligrams

of TRF per kilogram of body weight per day was given.
3.2.4 Euthanisation of Animals

All rats were fasted overnight-en day 90-of the study before being killed'/fér necropsy
examination. The anaesthetic used in this trial was a mixture of ketamine,xylazine, and
zoletil-50 (tiletamine and zolazepam), also referred to as KTFX égents Because the KTX
agents are quick, efficient, and painless, they were m}ected intraperitoneally into the
lower right quadrant of the abdomen. 0.1 m’f//250 g of body weight KTX was given to
each rat. After that, the rats were left for roughly half an hour so that the KTX agents

e

could start to sedate them. ")

2

Clinical indicatiéns such as confusion and loss of consciousness, rapid or
irregular»bj,rééthing, depression of respiration, continuously decreasing blood pressure
) and heart féte, and changes in urine and excrement were used to observe this. A
_decapitator from Modiezhan Sdn. Bhd., Kuala Lumpur, Malaysia, was then used to
decapitate the rats in order to end their lives (Saud Gany et al. 2022).

3.2.5 Collection of Organs

Internal organs such as the brain, heart, lungs, liver, spleen, kidneys, gastrocnemius
muscle, and soleus muscle were dissected from the sacrificed rats. To avoid drying, the

organs' weight was measured as soon as feasible (Saud Gany et al. 2022).

After being cleaned with 90% normal saline to get rid of any sticking tissue,
they were weighed in accordance to the animals' body weight. After that, the organs

were stored in a freezer set at -80°C.
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3.2.6 Untargeted Metabolomic Profiling

a. Preparation of liver samples for untargeted metabolite extraction

Metabolic analyses were conducted using LC-MS to investigate the impact of TRF
treatment on the metabolome of hepatic samples. The Folch extraction method was used
to extract the polar metabolites. After thawing, the liver tissue sample was homogenized
with 1 mL of cold water for every 1 g of tissue using a probe sonicator (QSomca) A
total of 800 ul of methanol (MeOH) and 1 ul of internal standards (SPLASH
LIPIDOMIX Mass Spec Standard) were added to 100 pL of tissue lysate. The mixture
was then vortexed to ensure complete mixing, follpw’e\d/ by addition of 1.6 ml of
dicromethane (DCM) to the mixture. After shaklng at 300 rpm for an hour at room
temperature, the -m /D'fure was added with [
10 min at room temperature./A/f‘Ee‘r‘v/ that, the mixture was vortexed for 10 minutes at
1,000 x g at room temperét}rr/g, Then, 1.0 ml of the upper phase (metabolites) was

transferred to a new/?[ube and dried in a vacuum centrifuge (Eppendorf, Germany) at

room tempefature. The dried metabolite extracts were kept at -80°C until use.

-

Untargeted metabolomic analysis of liver samples was performed using LC-
MS/MS to enable sensitive and comprehensive profiling of metabolite changes
associated with ageing and TRF treatment. The Folch extraction method was used to
extract the polar metabolites because it provides efficient separation of metabolites from
proteins and other tissue components, allowing recovery of the metabolite fraction for
downstream analysis (Mok et al. 2024). After thawing, the liver tissue sample was
homogenized with 1 mL of cold water for every 1 g of tissue using a probe sonicator
(QSonica). A total of 800 ul of methanol (MeOH) and 1 ul of standards (SPLASH
LIPIDOMIX Mass Spec Standard, Avanti Research, Alabaster, AL, USA) were added

to 100 pL of tissue lysate to support quality control and improve analytical reliability

The mixture was then vortexed to ensure complete mixing, followed by addition

of 1.6 ml of dicromethane (DCM) to the mixture. After shaking at 300 rpm for an hour
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at room temperatur e, the mi Oture wa

incubated for 10 min at room temperature.

After that, the mixture was vortexed for 10 minutes at 1,000 x g at room
temperature. Then, 1.0 ml of the upper phase (metabolites) was transferred to a new
tube and dried in a vacuum centrifuge (Eppendorf, Hamburg, Germany) at room
temperature. The dried metabolite extracts were kept at -80°C until use to maintain

sample stability.

b. LCMS/MS analysis

Jdried polar et Tratt S we.r e rec”'(/)ns'ti
metabolite solubility while providing compatibility with LC-MS analysis, and filtered
through a 0.2 pm regenerated cellulose membrane syringe filter (Phenomenex,

Torrance, CA, USA), which was used to remo/vef'particulates, into LCMS vials with

{
P —

inserts. . S
s

A quality control (Q/é)/yarﬂple was prepared by combining 10 [ faliquots from
each sample, while/ﬂ/le reconstitution buffer served as the solvent blank. This was done
to assess ';aﬁaly;ical stability, monitor instrument drift, and support data quality
,asséssment/ throughout ' the run, while solvent blanks were included to detect
//background contamination. Metabolomics data were acquired using LC-MS/MS on a
UHPLC system (Dionex UltiMate 3000; Thermo Scientific, Waltham, MA, USA)
coupled to an Orbitrap mass spectrometer (Q Exactive HF; Thermo Scientific)

equipped with a heated electrospray ionization (HESI) source, following a previously

described method with slight modifications (Tan et al. 2023).

Chromatographic separation was performed on a C18 column (2.1 mm ID x 100
mm L, 1.7 um particle size, 100 A pore size; Synchronis, Thermo Scientific) under the
following conditions: column temperature 55°C, autosampler 10°C, injection volume
2 uL, and flow rate 0.45 mL/min. Mobile phase A consisted of water with 0.1% formic

acid, and mobile phase B was acetonitrile with 0.1% formic acid. The 22-minute

S add

tuted
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gradient program was as follows: 01 min, 0.5% B; 1716 min, linear increase to 99.5%

B; 1620 min, held at 99.5% B; and 2022 min, returned to 0.5% B.

The HESI source was operated with the following parameters: sheath gas flow
50 arbitrary unit (AU), auxiliary gas flow 18 AU, sweep gas flow 0 AU, capillary
temperature 320°C, S-lens RF level 55 %, auxiliary gas heater temperature 300°C, and
spray voltage 3.5 kV (positive mode) and 3.0 kV (negative mode). Data were acquired
using Xcalibur software (v4.2.47). Full MS scan (MS1) was acquired at 60,000
resolution with a scan range of m/z 10001,000, AGC target of le6, and maximum
injection time (IT) of 120 ms. Data-dependent MS/MS (MS2) was acquired at 15,000
resolutions with an AGC target of 5e4, maximum IT of 50 ms, loop count (top N) of’5,
isolation window of 1.5 m/z, minimum AGC target of 8¢2, intensity threshold bf 1.6¢4,
dynamic exclusion 10.0's, and stepped normalized collision energy of 20, 40, and 60
AU. QC samples were injected at the beginning of the run, afteff every 6 samples, and
the end of the run. Sample injections between QC blocks were randomized to ensure
balanced representation of all experimental gre’@pé.* [

.‘//'_)

L -

P Tl

LC-MS RAW files wgre/ﬁlv‘ocessed using Compound Discoverer (v2.0), which

included peak deteetion a]fgnment, and metabolite annotation. Peaks were detected

with a minimum‘;hresh()ild 0f 2,000,000 AU. Alignment was performed with an MS1
tol/erané'e” of 5 ppm and features were grouped by retention time and molecular weight.
_ “ The signal-to-noise ratio was set to <5, and gap filling was applied to minimize missing
“values. All annotated features were manually inspected by the author for MS1 peak
quality, MS/MS fragment matching, and relative intensity. A LC-MS/MS was done to
detect and compare a broad range of metabolites in the liver samples coefficient of

variation (CV) cutoff of <30% was applied to QC samples to ensure data robustness.
3.2.7 Histological Study

Rat liver tissue samples from both the control and treatment age groups were put in a
plastic cassette and left in a specimen container at room temperature for 24 hours in
10% neutral buffered formalin. A little sample, one centimetre in each direction, was
taken after fixation. An automatic Leica Tissue Processor ASP300 S (Wetzlar,

Germany) was used to slice and process them. The tissue processor, followed a
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conventional procedure. As shown in Figure 3.2, all tissue was dehydrated for six hours
in a sequence of graded ethanol (70%, 80%, 95%, and 100%), cleaned by passing
through xylene for four hours and thirty minutes, and then embedded in paraffin wax
for six hours. Then, using a microtome, paraffin-embedded tissues were sectioned at a
thickness of 5 um. This ensured that only single-layer cells made up the section, and

because paraffin wax adheres to cells as they are cut, it creates a ribbon of section.

The paraffin sections then underwent "fishing," which involves flattening them
by "floating out" on the surface of warm water in a floatation bath before being lifted
onto microscope slides. Sections were stained with Haematoxylin and Eosin (H&E) for
histological assessment. As shown in Figure 3.3, after deparaffinizing the '/slxiﬁdes in
xylene twice for five minutes each, they were rehydrated using a series of decreasing
ethanol concentrations (100%, 95%, 80%, 70%, and 50%) and rlnsed with distilled
water. After five minutes of haematoxylin stalmng,fthe sections were rinsed under
running water, differentiated in 1% acid alc&ho’f,%ahd th/en rinsed once more. Eosin was
used for counterstaining, followed bya final rifise with water. Following dehydration
in increasing ethanol concen/ratlpns the dyed sections were cleaned in xylene and
mounted using DPX mountlng medla To keep the sample safe, a coverslip was put on
top. Using forceps, carefhlly tap the top of the coverslip to secure it and prevent bubbles.
Digital 1mag1ng éoftware was used to assess and record histopathological alterations on
) prepared slides as they were viewed under a light microscope at different

magnifications.
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3 Rigure 3.2 Automatic tissue processor protocol
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Figure 3.3 Automatic stainer protocol
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3.2.8 Hepatic Anti-Oxidant Activity Assays

To prepare the liver homogenates for catalase, the protocol of (Sabir et al. 2022) with

minor modifications. 10% w/v liver homogenate in phosphate buffer (50mM, pH-7.4).

0.15 g liver tissue sliced or minced in 1.5 ml buffer in a centrifuge tube and centrifuged

at 10000 rpm, 4 °C for 10 mins. The supernatant was then collected. For the test cuvette,

0.1 ml of the homogenate sample was mixed with 0.4 ml o f [ [ mlofPB&. d . [
For the blank, 0.1 ml of the homogenate sample was combined with 2.5 ml of PBS. Both

>

were run for 3 minutes.

Using the (Beers & Sizer 1952) method, the decrease in ébsorbance of H2O2 (E
=36 M-1 cm-) catabolised was measured at 240 nni’ Eof\;alculate the total activity of
catalase spectrophotometrically. The qu/ar“l}ix/y/gf cnzyme that oxidises one umol of
substrate per minute is known as enzyme-activity (unit). This formula is used to
determine catalase activity:/ gataTé)\s‘ey activity (Units/L) = (change in absorbance X total
volume of assay)/(changé in»tgﬁipérature x extinction coefficient x cuvette diameter x
enzyme sample ydiﬁmej. For catalase, the extinction coefficient is 39.4 mM-1 cm-1,
and the- CliVétte diameter is 1 cm. SOD was measured using the (Misra & Fridovich

1 972) meth:)d , which was applied to assess the activity of SOD indirectly. Reduced
| _nitroblue tetrazolium (NBT) was used to determine SOD activity (Asiwe et al. 2024).

3.2.9 Protein Quantification

Protein concentration in the samples was determined using the Biuret assay with bovine
serum albumin (BSA) as the standard. Liver tissue homogenates were prepared as
described previously, whereby an aliquot of 100 mg of rat liver tissue was homogenised
in 1 mL phosphate-buffered saline (PBS) to yield a concentration of 100 mg/mL (Curti
etal. 2019).

A standard calibration curve was prepared by serial dilution of the BSA stock

solution (1 g in 10 mL distilled water). From this stock, six standards were prepared in
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2 mL microtubes by sequentially diluting 1 mL of the preceding standard with 1 mL of
distilled water to obtain final volumes of 2 mL. This yielded six concentrations of BSA

standards, which were mixed thoroughly prior to use (Figure 3.4).

For the assay, test tubes (5 mL or 15 mL Falcon tubes) were prepared as follows:
the reagent blank contained 50 pL distilled water and 2.5 mL Biuret reagent; the
standard tubes contained 50 uL of each BSA standard and 2.5 mL Biuret reagent; and
the sample tubes contained 50 puL of liver homogenate supernatant and 2.5 mL Biuret
reagent. All tubes were mixed well and incubated in a water bath at 37 °C for 10
minutes. The absorbance of the standard solutions and samples was measured at 540
nm using a spectrophotometer. The concentration of soluble proteins in the liver
homogenates was expressed as micrograms of soluble protein per /mill/ilyit'/r,e of
homogenate, based on the BSA calibration curve, and this value was subsequently used

to normalise the quantification of antioxidant enzymes SOD and CAT.

The Biuret reagent was prepared freshly aceording to the following procedure.
First, 6.0 M sodium hydroxide (NaOH) wis. prepared by dissolving 72 g of NaOH in
300 mL distilled water. To prepare 2.5 L of Biuret reagent, 7.5 g of copper (II) sulphate

A

O0u OO0O0O was/"{&/i/ssolved in O. 00 O of
of sodium potassium/‘tarﬁrate\ﬂ 0] Cha [ [ 0[] Land 1205 g of potassium 1odide (KI).
The solution'was stirred until all solids were fully dissolved, after which 250 mL of 6.0
M/NaOIH was added and the volume was made up to 2.5 L with distilled water. The
o | feagent was stored in tightly capped polyethylene bottles at room temperature and

“remained stable for up to six months.

The protein standard was prepared by dissolving 1 g of BSA in 10 mL of
distilled water (equivalent to 10 g in 100 mL stock). In addition, half-strength Biuret
reagent was prepared by dissolving
by the addition of 11.25 g sodium potassium tartrate and 6.25 g KI. After complete
dissolution, 125 mL of 6.0 M NaOH was added, and the solution was diluted to a final
volume of 1.25 L with distilled water. This reagent was also stored in polyethylene

bottles at room temperature for up to six months.

distil
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Make a serial dilution for standard as follows: (in 2 mL microtubes)

Standard Stock Distilled Water (1 mL) | Total Vol. (mL)
(in falcon tube) 1| 1 ¢ Bovine serum Albumin / 10 mL |- -
2 1 mL from Standard 1 1 mL 2 mL
3 1 mL from Standard 2 1 mL 2 mL
4 1 mL from Standard 3 1 mL 2 mL
5 1 mL from Standard 4 1 mL 2 mL
6 1 mL from Standard 5 1 mL 2 mL
-
Mix the/each solutions well. - - b
.-r'i —— e — < -

~Figure 3.4 Protein-concentration-estimation by using the biuret method

) /\v“
Prepare the test tube as follows: (5 mL or 15 mL c&-ﬁlbe) ‘

= o A
L
Test tube ReagentlBlank Standard (1 ta!ﬁ) Sample
dH-0 50 pL. /)\ i1 =
Standard - 2 I .\JI‘S'D\uL | -
Sample - " [ |50 pl |
Biuret reagent- 2.5mL | 2.5 mL 2.5mL
—= == = X
o WL
A

P
Mix well and incubate the test tubes for 10 minutes in waterbath at 37°C.

Measure and record the absorbance of the standard solution series and sample (X) at 540 nm by using spectrophotometer.
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3.2.10 Determination of Hepatic IL-6

The inflammatory markers in the rat livers of each group were examined to determine
inflammation present in the livers with and without TRF in different groups. The levels

of IL-6 were determined using ELISA kits (ELK Biotechnology, Wuhan).

a. Reagent preparation

All kit components and samples were brought to room temperature (25 °C) before use,
ensuring that all reagents were fully dissolved and mixed. For each experiment, only

the required number of strips and reagents were removed from storage, while the

-

remaining componentg were [ept under the

/
olfl A
The 25x Wash Buffer was diluted to 1> using-double-distilled water.
. /J'_\" >
Ol )

The standargi/was/centrﬁ/‘uged at 1000 x g for | minute and reconstituted with

1.0 mL of ,/Stand;clrd D%luent Buffer. The solution was allowed to stand at room
temperathf¢/f0r 10 minutes and mixed gently to avoid foaming. Seven serial dilutions

. were prepared in 0.5 mL of Standard Diluent Buffer to obtain concentrations of 500
pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, 31.25 pg/mL, 15.63 pg/mL, and 7.82
pg/mL. The final tube containing only Standard Diluent served as the blank (0 pg/mL).
Fresh standard solutions were prepared for each experiment, with pipette tips replaced

at every dilution step to prevent cross-contamination.

The Biotinylated Antibody and Streptavidin-HRP stock solutions were briefly
centrifuged before use and diluted 1:100 with their respective diluents to obtain working
solutions. The required volume of TMB Substrate Solution was aspirated with sterile

tips, and unused solution was not returned to the stock vial.

b. Assay procedure
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All standards, samples, and controls were assayed in duplicate. Initially, 100 uL of each

standard or sample was added to the appropriate wells of the antibody-coated plate and
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incubated at 37 °C for 90 minutes. After incubation, the wells were aspirated and
washed three times with 1x Wash Buffer to remove unbound material. Subsequently,
100 uL of diluted Biotinylated Antibody working solution was added to each well,

followed by incubation at 37 °C for 60 minutes.

The wells were washed three times before adding 100 pL of diluted
Streptavidin-HRP working solution, which was incubated at 37 °C for 30 minutes. After
another set of washes, 90 uL of TMB Substrate Solution was dispensed into each well

and incubated in the dark at 37 °C for 15 minutes, resulting in blue colour development.

The reaction was terminated by adding 50 uL of Stop Solution, turning the
colour to yellow. Optical density (OD) was measured at 450 nm using a microi)late
reader within 5 minutes of stopping the reaction. IL-6 concentrations in samples were

calculated from the standard curve generated during the-assay. -

Py
P
-

3.2.11 Determination of TNF-alpha NY

D

The inflammatory markers in the ratlivers of each group were examined to determine
Pl v

inflammation present in the lvers with and without TRF across increasing age. The

levels of TNF-aIpila were determined using their respective ELISA kits (ELK

Biotechnology, Wuhan).

Ja. Reagent preparation

The TNF-alpha ELISA reagents were prepared by first allowing all kit components and
samples to reach room temperature (18(25 °C), ensuring that all reagents were
dissolved entirely and thoroughly mixed before use. When the kit was not used in a
single run, only the required strips and reagents for the current experiment were
removed. At the same time, the remaining materials were stored according to the

manufacturer S instructions. The 080

distilled water.

The standard was centrifuged at 1000 x g for 1 minute and reconstituted with
1.0 mL of Standard Diluent Buffer, left at room temperature for 10 minutes, and gently

mixed to avoid foaming. This produced a stock concentration of 1000 pg/mL. Seven

W a

S



60

tubes, each containing 0.5 mL of standard diluent buffer, were prepared. A double
dilution series was performed to obtain concentrations of 1000, 500, 250, 125, 62.5,
31.25, and 15.63 pg/mL, with an additional tube containing only standard diluent buffer
serving as the blank (0 pg/mL). Fresh standard dilutions were prepared for each
experiment, and pipette tips were changed between each dilution step to prevent cross-

contamination.

The Biotinylated Antibody and StreptavidinCTHRP solutions were briefly
centrifuged before being diluted 1:100 in their respective diluents. The required volume
of TMB substrate solution was aspirated using sterile tips, and any remaining substrate

was not returned to the original vial.

b. Assay procedure

P
.
PN

All standards, samples, and controls were assayed in duplicate. Initially, 100 uL of each
standard or sample was added to the appr/opﬁaicéfyvells of the antibody-coated plate and
incubated at 37 °C for 90 minutes. After fﬂcubation, the wells were aspirated and

T

washed three times With/lx"{yasfi:buffer to remove unbound material. Subsequently,

100 pL of diluted Biotilnyle{ted Antibody working solution was added to each well,
followed by incubation at 37 °C for 60 minutes.

) The wells were washed three times before adding 100 pL of diluted
Streptavidin-HRP working solution, which was incubated at 37 °C for 30 minutes. After
another set of washes, 90 puL. of TMB Substrate Solution was dispensed into each well
and incubated in the dark at 37 °C for 15 minutes, resulting in blue colour development.
The reaction was terminated by adding 50 pL of Stop Solution, turning the colour to

yellow.

OD was measured at 450 nm using a microplate reader within 5 minutes of
stopping the reaction. TNF-alpha concentrations in samples were calculated from the

standard curve generated during the assay.



61

3.2.12 Hepatic Lipid Peroxidation Markers

The amount of MDA present in the liver determined the level of lipid peroxidation in
liver cells. The levels of MDA were determined using their respective ELISA kits (ELK
Biotechnology, Wuhan).

a. Reagent preparation

All kit components and samples were brought to room temperature (1825°C) before
use, ensuring that all reagents were fully dissolved and mixed thoroughly. For
experiments where the kit was not entirely consumed in a single run, only the: requlred
strips and reagents were’taken out, while€ the remaining components were stored as
specified. The 25x Wash Buffer was diluted to 1% concentration using double-distilled

P

water. ©

-~
{

-~ &
The standard solution was prepérod‘ b;c;ltrifuging the standard at 1000 x g for

1 minute, followed by recor/lst/illﬁoﬁ with 1.0 mL of Standard Diluent Buffer. This was
left at room temperature for eff)proximately 10 minutes and gently mixed to avoid
foaming. The stock conc!entration of the standard was 2000 pg/mL. Seven tubes, each
containiﬁg:f'Q.S mL of standard diluent buffer, were prepared for a two-fold serial
) dil/u;cion, yiolding concentrations of 2000 pg/mL, 1000 pg/mL, 500 pg/mL, 250 pg/mL,
125 pg/mL, 62.5 pg/mL and 31.25 pg/mL, with the final tube containing only diluent
serving as a blank (0 pg/mL). Fresh standard solutions were prepared for each
experiment to ensure validity. During the dilution process from higher to lower

concentrations, pipette tips were replaced for each step, and no solution was transferred

into the blank tube from the preceding one.

Biotinylated Antibody and Streptavidin-HRP stock were briefly spun down
before the experiment and diluted 100-fold with each of their diluents. The TMB
substrate solution was aspirated in the required volume using sterile tips, and any

residual solution was not returned to the original vial.
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b. Assay procedure

The wells were designated for the diluted standard, blank, and samples, with seven wells
allocated for the standards and one
standard working solution (prepared as described in the reagent preparation section) or
the samples was added to the corresponding wells. The plate was covered with a plate
cover and incubated at 37 °C for 80 minutes. Care was taken to add all solutions to the
bottom of the micro ELISA plate wells, avoiding contact with the inner walls and
minimising foaming. Following incubation, the liquid from each well was discarded,
and the wells were washed with OO

remain in the wells for 1[2 minutes. Any remaining liquid was removed completely 1yby
snapping the plate onto absorbent paper. The washing process was perfo/rrn/ed;three
times in total. After the final wash, residual wash buffer was removed by dspiration or
decanting, and the plate was inverted and blotted against \?bsd’rbent paper. Throughout
the washing process, care was taken to prevent the pi/p,ette tip from touching the well

walls and to avoid cross-contamination b/etyae/é%we'l/ls.
- <4y

Subsequently, 100 ﬁfﬁﬁtﬁé biotinylated antibody working solution was added
to each well, the pIe&e was covered, and incubation was carried out at 37 °C for 50
minutes. The aslz)iration and washing process, as previously described, was repeated
three timeé.”Thereafter, 100 [1 [of the streptavidin-HRP working solution was added to
- each well, the plate was covered with a sealer, and incubation was again carried out at
/37 °C for 50 minutes. The washing process was then repeated five times. Following
t his, 00 OO0 of TOO substrate solutdii
with a new plate cover, and incubation was performed at 37 °C for 20 minutes in the
dark (not exceeding 30 minutes). The addition of the TMB substrate solution caused
the liquid to turn blue. The microplate reader was preheated for approximately 15

minutes before the optical density (OD) measurement.

The reaction was stopped by adding 50 [] [of stop reagent to each well, resulting
in the liquid turning yellow. The plate was gently tapped to ensure thorough mixing,
with the stop reagent being added in the same order as the TMB substrate solution. The

bottom of the plate was wiped clean to remove any water droplets or fingerprints,

for
00 of
on wa
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ensuring that no bubbles were present on the liquid surface. OD measurement was then

performed immediately at 450 nm using a microplate reader.

The wells were designated for the diluted standard, blank, and samples, with

seven wells allocated for t he standards 2

either the standard working solution (prepared as described in the reagent preparation
section) or the samples was added to the corresponding wells. The plate was covered
with a plate cover and incubated at 37 °C for 80 minutes. Care was taken to add all
solutions to the bottom of the micro ELISA plate wells, avoiding contact with the inner
walls and minimising foaming. Following incubation, the liquid from each well was
discarded, and the wells Were/,w/a";'s,he
solution to remain in the wells for 112 minutes. Any remalmng hquld was removed
completely by snapping the plate onto absorbent paper. The washlng process was
performed three times in total. After the final wash remdual wash buffer was removed
by aspiration or decanting, and the plate was/lnverted and blotted against absorbent
paper. Throughout the washing process, care_wéé taken to prevent the pipette tip from

touching the well walls and to ay0id cross-contamination between wells.
X v A

-
3

e’

I
Subsequently, 100 LI [of the biotinylated antibody working solution was added

to /eachJ\‘)véll, the plate was covered, and incubation was carried out at 37 °C for 50
- minutes. The aspiration and washing process, as previously described, was repeated
“three times. Thereafter, 100 [ [of the streptavidin-HRP working solution was added to
each well, the plate was covered with a sealer, and incubation was again carried out at

37 °C for 50 minutes. The washing process was then repeated five times.

d

wit |

Following this, g0 0dd of TOOD substrat

plate was covered with a new plate cover, and incubation was performed at 37 °C for
20 minutes in the dark (not exceeding 30 minutes). The addition of the TMB substrate

solution caused the liquid to turn blue.

The microplate reader was preheated for approximately 15 minutes before the

optical density OO measurement . The

reagent to each well, resulting in the liquid turning yellow. The plate was gently tapped

to ensure thorough mixing, with the stop reagent being added in the same order as the

r ¢ a
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TMB substrate solution. The bottom of the plate was wiped clean to remove any water

droplets or fingerprints, ensuring that no bubbles were present on the liquid surface.

OD measurement was then performed immediately at 450 nm using a microplate

reader.

3.2.13 Statistical Analysis

Statistical analyses were carried out using MetaboAnalyst 5.0 (Pang et al. 2021), Data
were normalized by log transformation and auto-scaling. Log transforma‘gion/wfas
applied to reduce skewness and stabilise-vartance.-Auto-scaling was then fpérforrﬁed to
ensure equal contribution of all metabolites to multivariate aﬂalyses,’preventing
dominance by high-abundance metabolites. Principal cggrpoﬁent analysis (PCA) was
conducted as an unsupervised multivariate method (to. visualise intrinsic clustering
patterns, detect outliers, and assess ya;fe/tﬁtgon between experimental groups.
Differentially expressed metabolites(DEMs)were identified using one-way analysis of
variance (ANOVA), with szgafﬁcz;nce set at p < 0.05. Pathway analysis was
subsequently performed /ushlg/MetaboAnalyst 5.0 to identify biologically relevant

metabolic alterdtions.

-

For univariate statistical analysis, data are presented as mean + standard
/deviation (SD). Statistical comparisons between groups were performed using one-way
Jo0o000 foll owed by Tulley’ s post hoc test
(GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered
statistically significant Normality was assessed by visual inspection of Q[ Q plots of the

residuals generated before performing one-way ANOVA.
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CHAPTER 1V

RESULTS

41  PRINCIPAL COMPONENT ANALYSIS (PCA) OF QUALITY CONTROL (QC)
SAMPLES , , o™

o

Polar metabolite extracts from all experimental groups, along/ with p/(;oled Quality
Control (QC) samples, were analysed using Liquid Chrorﬁéi‘t/ography with Tandem Mass
Spectrometry (LCMS/MS) (Q Exactive HF/_OAr/Biftraf), Thermo Scientific) in both
positive and negative ionisation modes.” ngasfess the stability, reproducibility, and
overall quality of the analy/tiea)'}j)latform, an unsupervised Principal Component
Analysis (PCA) was condu(/:t\eiusﬁlg all detected features from both ionisation modes.

- < l
As shown-in Figure 4.1, the QC samples (green dots) exhibited relatively tight

clL/lsIeriﬁg inboth PCA score plots. In the positive ion mode (Figure 4.1A), QC samples
< formed a moderately compact cluster at the centre of the score plot, indicating
“acceptable consistency of metabolite detection across runs. However, minor variability
along the PC2 axis was observed. In contrast, negative ion mode analysis (Figure 4.1B)
demonstrated even tighter clustering of QC samples, reflecting greater analytical

stability under this ionisation condition.

These results confirm that the metabolomics data generated from this study are
generally stable and reliable, and the observed metabolic variations across experimental
groups can be attributed to biological differences rather than instrumental or technical

drift.
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4.2 PCA AMONG ALL GROUPS

Prior to detailed metabolomic profiling, an unsupervised Principal Component Analysis
(PCA) was conducted to assess the metabolic variations and treatment effects of TRF
An unsupervised Principal Component Analysis was performed on all six experimental
groups, including both young and old rats with and without TRF treatment. The PCA
score plot (Figure 4.2) illustrates the distribution and clustering patterns, based on
metabolic profiles, among all treatment and control groups across all age categories.
We combined all groups into a single PCA model to visualise the overall metabolic
variation and separation patterns across age and treatment simultaneously, allowing

direct comparison.

The two principal components explained a cumulatjve"vériance of 54.9%, with
PCl(first principal component) contributing 40.3% “and PC2 (second principal

component) contributing 14.6%. The PCA /spofqplots indicated partial overlapping as

. €A~
well as separations among groups < s

P
o A
PAL ¥ p,

L
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AT, adll)h treatment; OC, old control; OT, old treatment. Metabolomic profile was represented by molecular features with annotation only combined from

positive and negative ion modes. Each dot represents one sample.
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4.3 PCA REVEALS AGE-RELATED METABOLIC SEPARATION AMONG
CONTROL GROUPS

Next, to explore inherent metabolic differences across age groups, unsupervised PCA
was performed on control samples (Figure 4.3). Both 2D and 3D score plots were
generated to assess the spatial clustering and separation of groups based on principal
components. PCA of metabolomic data showed different patterns among control
groups. PCA was done to visualise the characteristics of different ageing groups where,
PCA of YC and AC had PC1 score of 29.7%, PC2 score of 18.3% and PC3 score of
11.2%. PCA of YC and OC had PC1 score of 34.9%, PC2 score of 20.9% gnd “PéS
score of 9.1%. PCA of AC against OC generated had the PC1 score of 30%, PC2£core
0f 21% and In the 2D PCA plot PC3 score of 12.1%. ’

P
.
PN

PCA showed partial separation betwe/eryjaAclﬁlt control (AC) and YC groups (Fig.
4.3A and Fig. 4.3D). When comparing Y(/j and’0C, partial separation was observed
between the young control (Y‘g)ajng"/ old control (OC) groups (Fig. 4.3B and 4.3E). PCA
also showed some separatiéq between the AC and OC groups, indicating that older age

have some inﬂuencéé in tthe liver metabolic profile (Fig. 4.6C and Fig. 4.6F).

-
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44 PCA REVEALS AGE-RELATED METABOLIC SEPARATION
AMONG CONTROL AND TREATMENT GROUPS

PCAs between the TRF-treated and control groups of different age groups were
conducted as well to explore the liver metabolic shifts associated with
tocotrienol-rich fraction (TRF) supplementation across various age groups. The
comparison between the treatment groups and their respective age control

groups revealed partial overlapping (Figure 4.4).

In the young group (YT and YC), PCA revealed some elustqrihg (Figure
4.7A). Partial overlap was evident in the 2D score plot and the 3D PCA (PCl:
41.7%, PC2: 14.3%, PC3: 12.3%) (Figure 4.4D).7 ‘

e >
(

-~ &
For the adult group (AT and AC), also partial separation was observed. The
2D PCA showed some cluste_»riﬁg (Figure 4.4B), and the 3D PCA (PC1: 49.0%,
«‘/ 5
PC2: 15.3%, PC3: 7.8%)Confirmed this trend (Figure 4.4E).
AN

o ) ""’/S'imi'l{érly, in the old group (OT and OC), PCA revealed partial overlap
" between groups (PC1: 31.6%, PC2: 23.8% PC3: 11.5%) (Figure 4.4C and
Figure 4.4F). This pattern may suggest subtle to moderate metabolic alterations

induced by TRF treatment across different aged groups in rats.
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4.5 DIFFERENTIAL LIVER METABOLITES IDENTIFIED IN CONTROL
GROUPS

To investigate the impact of age on metabolite expression, control groups were
compared among young, adult, and old groups (Table 4.1). A total of 111 metabolic
features were obtained from the combined positive and negative ionisation modes
following ANOVA and T u [J eHpnless Significant Difference (HSD) post hoc analy51s
(p<0.05). Among the control groups, a total of 13 metabolites were found to be
significantly altered: 10 between AC and YC, 6 between OC-and YC, and 3 between
OC and AC. R

y

As shown in Table 4.1, metabolites ‘Ehj were altered were: N acetyl alpha
glucose amine 1 phosphate Wthh Was hlgh in YC compared to AC and OC,
sedoheptulose 7 phosphate whi }ch wés more in YC than OC, isoleucine and pipecholate
were more in YC than ac, urldme was more in YC than OC and AC more than OC,
uracil was meore in YC tlllan OC, 4 guadinobutanatr was more in YC than AC and OC,
glycyour’sid’e’piycﬁblic acis more in OC than AC, trigonelinne more in YC than OC,
‘ écétyl arginine more in YC than AC and OC, methyl aminoisobutyric acid more in YC
“and AC, acetyl b methyl choline in YC than AC. In the AC and YC comparison, taurine

(+3.27 FC) was elevated in adult controls. In contrast, N-acetyl-a-glucosamine 1-
phosphate (-1.13 FC), 4-guanidinobutyric acid (-2.87 FC), glycoursodeoxycholic acid
(-6.35 FC), trigonelline ([3.07 FC), acetylarginine (-6.26 FC), isoleucine (-7.83 FC),
methyl aminoisobutyric (-1.86 FC), acetyl-+methylcholine (-4.81 FC) and pipecholate
(-2.20 FC) were decreased compared to young controls. These alterations suggest age-
related shifts in metabolites, specifically amino acids, in adult livers. In the OC and YC
group, uridine (-6.78 FC), N-acetyl-a-glucosamine 1-phosphate (-1.73 FC), uracil (-
3.82 FC), 4-guanidinobutyric acid (-2.53 FC), acetylarginine (-4.79 FC), sedoheptulose
7 phosphate (-4.43 FC) were significantly decreased in old controls, indicating further

metabolic changes with ageing, particularly in arginine and energy metabolism.
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Similarly, in the OC and AC comparison, glycoursodeoxycholic acid (7.36 FC),
remained elevated in old livers. In comparison, uridine (-3.68 FC) and Taurine (-2.91

FC) decreased, suggesting a potential age-associated decline in these metabolites.
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Table 4.1 Significant liver metabolites in control groups - __/'
Jf_-_-—"’/_’-_ - / _“_‘-_‘-—- -\- g
1 ACvw | OCvs | OCvs
Mod Metaboli ID MW RT P-
e etabolites ‘ /valn‘e\ v \’C) YC (FO) | AC (FO)
+ 2-(Methylamino)isobutyric acid HMDB0002141 117.079 | 0619 -1.863
D 0.000534
+ 4-Guanidinobutyric acid HMDBO0003464 145@8\5\ 0\7 21 0.54E-06 -2.8732 | -2.5297
+ Acetylarginine HMDBO0004620 /\2\L6.‘\2§ 0.785 | 0.000221 -6.2582 | -4.5693
3
+ Acetyl-f-methylcholine HMDBO0015654 -~ (-—-\ \ 159.126 | 0.923 | 0.002589 | -4.8151
- Glycoursodeoxycholic acid HMDB0000708 ( A < 449313 | 8912 | |38E-05 | -0.3468 7.3572
: w4
+ Isomer: Leucine/Isoleucine HMDB0000678/HMDB0000472/HMDBOO0I3773 131.095 | 0.702 | 0000284 | -7.8302
N-Acetyl-a-glucosamine |-
: cey-u-glucosamine ﬁ 1357 301.055 | 0.544 | 2.58E-08 | -1.1325 | -1.7299
phosphate
+ Pipecolinic acid HMDBDOOJ%\MHOOO{)O?OMMDBOUOG?16 129.079 | 0.821 0.003687 -2.2067
- Sedoheptulose 7-phosphate / | HMDBUOO] 068/HMDB0258206 290.04 0.532 | 0.000751 -4.4342
+ Taurine ~ ! HMDBO0000251 125.015 0.53 3.84E-05 3.2721 -2.9074
+ Trigonel]i/ne/j 7 HMDBO0000875 137.048 | 0.656 | 0.000107 -3.0783
+ Uracil -~ HMDB0000300 112.027 | 1.262 | 4.49E-06 -3.8204
- - 7 Uridine « HMDBO0000296 244.069 1.273 8.21E-09 -6.7765 -3.6822
P
A

AC compared to YC, where YC, as denominator; OC and YC, YC, as denominator; OC and AC. AC, as denominator. Symbol: (+) increase; (-) decrease. Acronym:

FC (fold change); m/w (molecular weight); RT (retention time). Potential metabolite identified by cross referencing with mzCloud data. ID are based on KEGG
database (C) or Human Metabolome Database (HMDB).
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4.6 DIFFERENTIAL LIVER METABOLITES IDENTIFIED IN CONTROL AND
TREATMENT GROUPS

Treatment groups were compared based on fold change against untreated control groups
of young, adult and old rats (Table 4.2), in which AT and AC showed significant
metabolites, and YT and YC and OT and OC showed no significant metabolites. AT

and AC comparison generated 7 identified metabolites from 111 metabolic features. -

Most of the significantly-altered metabolites in-the AT group showed a deéfease
in relative abundance compared to the AC group, including Uridine (FC L -3.26), N-
Acetyl-a-glucosamine 1-phosphate (FC = -1.49), ,Irypéophan (FC = -2.31),
Phenylalanine (FC = -3.20), Glutamic acid (FC/=/—1.6/5f), and Malic acid (FC = -1.50).
These changes suggest a potential dovyn,régﬁl@ti(;h of these metabolites following
treatment. \ -

P
o A

Conversely, écetyl: ngetﬁylcholine, detected in the positive mode, showed a
significant increars,'é‘ in abundance (FC = 3.90) in the AT group. This metabolite is
involved-in aloline metabolism, which may indicate treatment-induced modulation of
) the metabolite. These findings highlight specific metabolic responses to treatment in

/adult rats.



Table 4.2 Significant liver metabolites in different aged control and treatment groups

75

-
-
-~
(( — ) |
Mode Metabolites 1)) T RToNA Pvale—— ‘J
_/ ,_ _Y]QMC(FC] ATrsAC%L) OT vs OC (FC)
- P
-~
-~
) 0.002589 -
+ Acetyl-B-methylcholine HMDBO0015654 159.126 I 0.923 o~ 3.9035 ~
I g
wx
o HMDBO0000148/HMDB0003 0. 01@1\\
- Glutamic acid 147.052 0.526 \.~ ~ -1.6497 ~
339/HMDB0060475 — \
- a r
o HMDB0000156/HMDB003 1 ’\¢ N’
- Malic acid 134.02 0.668 0.00411 ~ -1.503 ~
518 p e\
PR
N-Acetyl-u-glucosamine I ‘) 2.58E-08
- HMDB0001367 | q)\_ 5 0.544 ~ -1.4914 ~
1-phosphate /” | |
L]
- Phenylalanine HMDB0250791 165.078 3.184 0.000288 ~ -3.1988 ~
/
P I/@yDBﬁo‘aosﬁiﬂmmmm DO -
- Tryptophan _ 204089 3.67 1.30E-05 ~ 2314 ~
P 929/HMDB0013609
S
- “Uridina HMDB0000296 | 244069 1.273 821E-09 ~ -3.2634 ~

YC compared to YT, where YC set as a denominator; AC andAT, where AC set as a denominator; OC and OT, where OC set as a denominator.(+) indicates increase; (-)
indicates decrease. Acronyms: FC-fold change, MW-molecular weight, RT-retention time. Potential metabolite identified by cross referencing with mzCloud data. ID are
based on KEGG database (C) or Human Metabolome Database (HMDB).
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4.7 ANALYSIS OF BIOCHEMICAL PATHWAYS FOR LIVER METABOLOMES
IN CONTROL GROUPS

Metabolomic pathway analysis was performed using MetaboAnalyst on the liver
metabolome expression during ageing. A comparison of profiled metabolites between
AC and YC was executed. Pathways were identified as significant with a p-value <0.05
and an impactor of >0.1. The significant and impactful pathways involved were Taurine
and hypotaurine metabolism (Figure 4.5). Additionally, Valine, leucine and iSOiéL}lCiné
biosynthesis were other-significant pathways. This suggests-a functional ‘/(1isrupfi/on n
these pathways with agéing. Other pathways altered were lysine degradéﬁon, arginine

and proline metabolism, valine, leucine and isoleucine degradation, amino sugar and

nucleotide sugar metabolism, and primary bile,acia,syrf[hesis (Table 4.3).
p £ - )
Though for AC and OC, there were not enough metabolites for analysis because

e

too few significant metaboljte/b‘/wéfe detected in this group. Metabolites profiled in OC

compared to YC gcnerat;sd altered pathways, as shown in Figure 4.6.

The '/si’gniﬁcant pathways involved in OC compared to YC were pyrimidine
metébolisrri/and other altered pathways were pantothenate metabolism, beta-alanine
_metabolism, pentose phosphate pathway, arginine and proline metabolism, and amino

sugar and nucleotide sugar metabolism (Table 4.4).
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Figure 4.5 Biochemical pathway analysis of significant metabolites profile for YC and AC. The degree of colour saturation (from white to red) indicates a rise in statistical

significance (p-value), while the size of the circle changes based on the impact of the pathway
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C_
Table 4.3 List of biocheW@Wde AC PRV
i , %
Pathway Name P Holm| FDR Impact
P ol
TN N
V_alme, leu«c.:me and 1soleucine 0.0205 (L\ | 0.82128 0
biosynthesis - f A/
x -
Taurine and hypotaurine metabnl(uaﬁ} G 020532* | 0.82128 0.42857#
2L v:,
Arginine and proline ,m?tab rhsfﬂ 0.089912 1 1 0
-
Valine, leuciné and isoleucine
;e 0.099514 1 1 0
degradation = _
Amino sugar and nucleotide sugar 0.10429 1 1 0.00771
ametabolism
Primary bile acid biosynthesis 0.11377 1 1 0.02239

*Considered as significant biochemical pathway, p-value <0.05 and impact value > 0.1.

78



'_/_______,,—-"'I-_ o / — — P
— P *
P
Table 4.4 List of biochemical pathways of significant metabolites profiled for YC and oc:
Pathway Name p Hc-lm p/ \\DR Impact
Pyrimidine metabolism 0.0035957* ( 028765 0.28765 0.09246
Sl
>
Pantothenate and CoA biosynthesis /30'/53 E 1 1 0
| \
LY
beta-Alanine metabolism - 0.05322 1 1 0
P VA
Arginine and proline’ /rpetabolism 0.089912 1 1 0
Amino sugar and nucleotide sugar 0.10429 1 1 0.00771

metabolism

*p-value < 0.05; and #impact >0.1 is regarded as significant.
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Figure 4.6 Biochemical pathway analysis of significant metabolites profile for YC and OC. The degree of colour saturation (from white to red) indicates a rise in statistical

significance (p-value), while the size of the circle changes based on the impact of the pathway.
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4.8 ANALYSIS OF BIOCHEMICAL PATHWAYS FOR LIVER METABOLOMES
IN CONTROL GROUPS AND TREATMENT GROUPS

Pathway analysis was performed on liver metabolome expression during ageing to see
the effect of TRF treatment on the metabolic pathway in ageing liver in comparison to

the untreated control group (Figure 4.7).

>

Pathway analysis of the TRF-treated group revealed several metabolic pathways
that were altered in response to treatment (Table 4.5). Amoﬂg the affected pathways
were glyoxylate and dicarboxylate metabolism, and ;1i{rogen metabolism, suggesting
potential changes in nitrogen handling ar/ldfzfgl?@ déid metabolism, and D-amino acid
metabolism appeared on the pathyvgy i/mpacff)lot. Other observed alterations included
butanoate metabolism, h/istidﬁ)e/ Jiﬁet/abolism, and the TCA cycle. Pathways such as
pyruvate metabolism; gllutathi(;r/le metabolism, and alanine, aspartate, and glutamate

metabolism were-also altered.

) Additional pathways like arginine and proline metabolism, pyrimidine
‘metabolism, and tryptophan metabolism further suggest broader modulation of amino
acid and nucleotide processes. These findings provide insights into the metabolic
adaptations potentially mediated by TRF in the ageing model. Figure 4.8 shows the
Integrated KEGG pathway of differentially expressed metabolites in the treatment and

the control groups.
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Figure 4.7 Biochemical pathway analysis of significant metabolites profile for AC and AT. The degree of colour saturation (from white to red) indicates a rise in
statistical significance (p-value), while the size of the circle changes based on the impact of the pathway.
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.
Table 4.5 List of biochemical pathw. igni 1caw rofiled for AC and. AT. y
Pathway Name [¥] Holm p FDR~ Impact
) >z
Glyoxylate and dicarboxylate metabolism | 0.0060194* 0.48155 . D.482 0
Mitrogen metabolism 0.023308* 1 ,-\1 0.815 0
Arginine biosynthesis 0.053678 il "" 0.815 0.11675
e N W
) | \
Butanoate metabolism 0.057419 / N 0.815 0
\
D-Amino acid metabolism 0.057419 P ( -~ \j \'I 0.815 1
Histidine metabolism 0.061 147"/ /\4} » 1 0.815 0
Citrate cycle (TCA cycle) 0BT« 1 0.821 0.04412
A
. 4 \
Pyruvate metabolism i r xﬂ'ﬂj 1 0.821 0.0283
. . ! 4
Glutathione metabolism R N J.10493 1 0.821 0.01966
- -~
Alanlne,_aspartate and gLutamate/ 0.10493 1 0.821 0.19712
metabolism o
Porphyrin metal:l-:rLism/ N 0.11561 1 0.821 0
P =
Arginine anl:lglrﬁline metabélism 0.13317 1 0.821 0
Pryrion ﬁi’he,{neta bolism 0.14356 1 0.821 0.03985
— _
Tryptophan metabolism 0.15044 1 0.821 0.14305
b1

Amino sugar and nucleotide sugar 0.15385 1 0.821 0.00698

metabolism

*p-value < 0.05; and #impact >0.1 is regarded as significant.
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Figure 4.8 Summary of integrated KEGG pathways of differentially expressed metabolites in treated and control groups. Box and whiskers plots with 95% confidence
intervals are presented. Analysis was performed using one-way Anova with T u [ epgst hec analysis. *p <0.05. * p < 0.05: significantly different for YC compared to YT
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compared to AT, ¢* p <0.05: significantly different for AC compared to OC and *** p < 0.05: significantly different for OC compared to OT
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4.9 HEPATIC HISTOLOGICAL ANALYSIS IN AGEING TISSUES AMONG
CONTROL AND TRF TREATMENT GROUPS

The histological analysis of liver tissues was performed and interpreted with the
assistance of Dr Tatiana, an expert from the Department of Anatomy. Hematoxylin and
eosin (H&E) staining revealed distinct morphological differences among the groups,
indicating varying levels of structural integrity and cellular organisation in the liver

tissues (Figure 4.9).

Young control group liver sections displayed some fibrous cells, characterised
by thickened spaces between cells, loss of the normal cellularpattern.Despite these
features, hepatocyte morphology and organisation remained relatively normal éna the
tissue maintained a preserved cellular structure with minimal changes. Adult control
showed a greater area with fewer cellular structures, includir/lg less intact cell
membranes and nuclei, and the presence of ﬁbrotic-like”ar/eas were more compared to
the young control group. Old control liver si;ctiégs exhibited a further reduction in

cellular structures compared to adult contro(andjhepatocytes appeared more elongated.

The young treated g/roxr/p/}ft\»l/d' better cellular integrity and organisation compared
to the control. In adult :[reatei{/ group, there was a reduction in areas lacking cells
compared to_ adulf con{rol group. The presence of infiltration was also lower in
comparisfoh,/ Suggésting a possible protective effect of the treatment. Old treated liver

_ sections showed regions devoid of cells, with distinct morphological differences
~compared to the younger groups. Fibrotic like regions were reduced, and fewer
infiltration observed compared to old control groups. These histological observations
highlight age-related changes in liver architecture and the potential effects of treatment

in maintaining tissue structure and reducing fibrotic like alterations.
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Figure 4.9 Histological differences in ageing liver tissues with and without TRF treatment. Histological images of the liver of a young control show: (A) Young control-
some fibrous cells indicated by A. (B) Young treatment- shows some fibroblasts® and arrangements are better than control. (C) Adult control- more area with fewer cell

structures than YT ™ and fibroblasts are present. (D) Adult treatment- less area without cells, and with fewer fibroblasts. (E) Old control-less area of less cell structures,

Hepatocytes - structures more elongated * (F) Old treatment- areas without cells, Morphology different than young. Less fibroblast or migrated macrophages than OC. Scale
bar=100 pm.
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410 ANTI-OXIDANT ENZYME ACTIVITY IN THE LIVER OF SD RATS ACROSS
DIFFERENT AGE GROUPS

The SOD activity varied significantly across different age groups, indicating age-related
changes in antioxidant enzyme function (Figure 4.10). A significant reduction in SOD
activity was observed in the Old TRF group compared to the Young TRF group,
suggesting that ageing reduces the effectiveness of TRF in maintaining antioxidant
defence. Similarly, Adult TRF rats showed lower SOD activity than Young TRXF)rats;
reinforcing the trend of.declining enzymatic activity with age despite supf;lementjcltion.
In the control groups, Young Control rats exhibited significantly highef SOD activity
than both Old and Adult Control rats, indicating a natural’d’e;cline in antioxidant defence
mechanisms with ageing. These findings highlight/t'he ir;lpact of'ageing on SOD activity
and suggest that TRF supplementation may/p_f/ogde some protective effects.

e

Catalase activity ip th@ivéf o} SD rats was assessed across different age groups
with and without TRF supble?r/lentation (Figure 4.11). The groups included young
control (n=9); yeung TIIRF (n=9), adult control (n=9), adult TRF (n=10), old control
(n=6), dﬁd"ojd TRF (n=5). The activity of CAT was expressed in Units/mg, where one
,/D/nit corresponds to the degradation

“Statistical analysis was performed, with significance set at p < 0.05.

However, no significant differences in CAT activity were observed between any
of the groups. This suggests that neither age nor TRF supplementation had a notable
impact on catalase enzyme activity in the liver of SD rats under the conditions of this

study.



88

SOD activity
kKK al YD\ W

10, 'Kk ; N <

o] B m_| wexx )

1011 Uk :

_ ® Young-eontrok
10 x | ®_ Young TRF

[ =
5
2 10~ L
g 104 I ~ [A ~Adult control
E sl T v Adult TRF
th
E 104 o f;‘ P ¢ Old control
107 CR ) ® Old TRF
10 Y A @
109 T T
~ N & A > &
/ - (iéo q« §‘° \«Q. O S&
. o o & 0
P AR SR N e
//// . ?@ -koé 6¢\\r vb o\b
) +° v

Figure 4.10 Superoxide dismutase (SOD) activity in the liver of SD rats of different age groups with and without TRF. The *** indicates a significant difference of p =
0.0002 and **** indicates a significant difference of p <0.0001 according to the Turkey post-hoc test. Each bar represents the mean and SD, n = 8. Values are considered
significant at p < 0.05. SOD activity is expressed in U/mg of protein (the amount of enzyme needed to produce 50% dismutation of O2" ‘radical). The SOD activity values
are plotted on a logarithmic scale to better visualise differences between age groups, but they represent actual enzyme activity. The SD values themselves are unchanged;

only their visual representation is compressed to allow all groups to be compared on the same axis.
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Figure 4.11 Catalase activity in the liver of SD rats of different age group with and without TRF: young control (n=9), young TRF (n=9), adult control (n=9), adult TRF

(n=10), old control (n= 6) and old TRF (n=5). Each shape represents the mean and SD. Values are considered significant at p < 0.05. the activity of CAT is expressed in
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411 INFLAMMATORY MARKERS IN THE LIVER OF SD RATS
ACROSS DIFFERENT AGE GROUPS

The inflammatory cytokine Interleukin-6 (IL-6) in the liver of Sprague-Dawley
(SD) rats was assessed across different age groups with and without tocotrienol-
rich fraction (TRF) supplementation (Figure 4.12). The groups included young
control (n=9), young TRF (n=9), adult control (n=9), adult TRF (n=10), old
control (n=6), and old TRF (n=5). Statistical analysis was performed, with
significance set at p < 0.05. No significant differences were observed b/etwéeﬁ ~
any of the groups. This suggests that neither age-nor TRF supplementafio’n héd a
notable impact on IL-6 in the liver of SD rats. However, there Wasa’pattem in
the young and adult groups that, with TRF, the IL-6[1¢V€1’S were lower than their

PN

normal counterparts. a

-~
{

The inflammatory cytokiné '?EF—Jalpha varied across different age
groups, indicating age—re/la’(@d‘;nﬂammation in the ageing livers (Figure 4.13).
Statistical analysis wa bez/nforfned, with significance set at p < 0.05. A significant
increase in TNF:alpha was observed in the old TRF group compared to the young

TRE graﬁp, suggesting that TNF-alpha increases as the liver gets older.

-

Even though there was no significant difference in the other groups, we
could see a pattern in the young and adult groups treated with TRF, the
inflammatory TNF-alpha was lower than their normal counterparts. These

findings highlight the increase in TNF-alpha with increasing age of livers.
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Figure 4.12 Hepatic IL-6 levels were determined by enzyme-linked immunosorbent assay in the liver of SD rats of different age group with and without TRF: young control

(n=9), young TRF (n=9), adult control (n=9), adult TRF (n= 10), old control (n= 6) and old TRF (n=5). Data are shown in pg/ml. Each bar represents the mean and SD.

Values were considered significant at *p <0.05 according to the Turkey post-hoc test.
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Figure 4.13 Hepatic TNF- alpha levels were determined by enzyme-linked immunosorbent assay in the liver of SD rats of different age group with and without TRF: young
control (n=9), young TRF (n=9), adult control (n=9), adult TRF (n= 10), old control (n= 6) and old TRF (n=5). Data are shown in pg/ml. Each bar represents the mean and
SD. Values were considered significant at *p <0.05 according to the Turkey post-hoc test. A significant increase in TNF-alpha was observed in the old TRF group compared

to the young TRF group, suggesting that TNF-alpha increases as the liver gets older.
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4.12 LIPID PEROXIDATION MARKER IN THE LIVER OF SD RATS ACROSS
DIFFERENT AGE GROUPS

The lipid peroxidation marker was measured in the ageing livers of SD rats, with and
without TRF treatment (Figure 4.14). MDA in the liver of Sprague-Dawley (SD) rats
was assessed across different age groups with and without tocotrienol-rich fraction
(TRF) supplementation. The groups included young control (n=9), Young TRF (n=9),
adult control (n=9), adult TRF (n=10), old control (n=6), and old TRF (n=5). Statistical
analysis was performed, with significance set at p < 0.05. No significant differences

were observed between any of the groups.
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Figure 4.14 Hepatic MDA levels were determined by enzyme-linked immunosorbent assay in the liver of SD rats of different age group with and without TRF: young
control (n=9), young TRF (n=9), adult control (n=9), adult TRF (n= 10), old control (n= 6) and old TRF (n=5). Data are shown in pg/ml. Each bar represents the mean and
SD. Values were considered significant at *p <0.05 according to the Turkey post-hoc test.
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4.13 CORRELATION BETWEEN METABOLITES WITH OXIDATIVE,
INFLAMMATORY AND LIPID PEROXIDATION MARKERS

To explore the relationships between liver metabolites and biochemical
parameters, correlation analyses
correlation. The resulting heatmap represents correlation coefficients (r-values),
thereby illustrating the strength and direction of associations. Only statistically
significant correlations (p < 0.05) were considered for interpretation. Th¢
correlation between hepatic metabolites and, inflammatory markers (TNF-er \ >
6), antioxidant enzymes(SOD, CAT),and lipid peroxidation markers (/MDA) in
overall regardless of age and treatment is shown in Figuré 4.15: For SOD,
several metabolites showed a positive correlatj()n; indicating enhanced

PN

antioxidant defence. These included antioxidant and energy cofactors such as

-~

ergothioneine, flavin adenine dinueleotide’ (FAD), flavin mononucleotide

1

werTr €

OF 000, 0000, ~000 00, and glutathione o (i

P

including glutamic acid, glutamine, histidine, ornithine, and valine, and

3

e’

nucleotides/nuc}eoslides\ such  as guanosine monophosphate, uridine
monophesphate, and inosine. In contrast, adenine and pyroglutamic acid (5-
) oxéﬁr‘bline) were negatively correlated with SOD, suggesting reduced

antioxidant activity linked to these metabolites.

For IL-6, negative correlations were observed with several metabolites
that overlapped with the SOD-positive profile. Key metabolites negatively
correlated with IL-6 included ergothioneine, FAD, FMN, glutamic acid, and
glutamine, indicating that higher levels of these compounds are associated with

lower inflammatory activity, and reduced SOD activity.

For MDA, positive correlations were primarily observed with adenine
and pyroglutamic acid (5-oxoproline), which aligns with increased lipid
peroxidation and reduced SOD. These metabolites represent potential markers

of pro-oxidant states in the ageing liver.
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Although no significant correlation was observed when the groups were
classified into age control only and treatment only groups (Figure 4.16).
Correlation analysis of metabolites with other parameters across individual age
and treatment groups revealed notable shifts in association patterns, as shown

in Figure 4.17. In the
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young control group, malic acid exhibited a significantly negative correlation with
CAT. In contrast, in the adult control group, malic acid demonstrated a significantly
positive correlation with CAT. This shift indicates an age-dependent modulation of
malate metabolism in relation to catalase activity. In the adult control group, creatinine
and stearamide were significantly and negatively correlated with TNF-a . Jdonversel
the correlation trends of these metabolites were significantly and positively correlated
with TNF-a in the adult treated group. These findings suggest that TRF supplementation

in adulthood may modulate these metabolites in response to inflammation.
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Figure 4.15 Heatnfy) illustrates the correlation between liver metabolites and parameters

ooo, ooT O, and lipid perollidation

luding inflammatory markers (e.g., TNF-a , -6),lantioxidant enzymes (e.g.,

[J [ [ [Jon. Thedheaatmap hses & rainbaw cotowre £ f i ¢ i e n t

gradient to represent correlation coefficients (r-values). Yellow to red hues represent strong positive correlations, while blue to purple tones indicate strong negative

correlations. Green shades reflect weak or negligible correlations.
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CHAPTER YV

DISCUSSION

5.1 UNTARGETED METABOLOMIC INSIGHTS INTO AGEING LIVER
AND TRF SUPPLEMENTATION

.
PN

-

-~

PCA was utilised to assess metaboli¢shifts across age groups in control rats.
The PCA score plot (Figpgefé}./b') ilngtrates the distribution and clustering
patterns, based on metégel/ié;proﬁles, among all treatment and control groups
across all age céitegoriés. :Fhe PCA score plots revealed overlapping and some
separations between the groups. The PCA of the metabolomic data showed
e (Figﬁfe4.6) partial separation among control groups, indicating some influence
in the liver metabolite profile during old age. This observation aligns with
findings that early ageing stages are metabolically dynamic, with pronounced
alterations in liver metabolites (Palmer & Jensen 2022) . PCA revealed age-
dependent effects of TRF supplementation on liver metabolite profiles across all
groups. Consistent with the control group, PCA of control groups and treatment
groups also showed partial separations. This pattern may suggest subtle

metabolic alterations induced by TRF treatment across different in aged groups

1n rats.

Our study showed dynamic metabolite changes in the liver with duirng
adulthood, particularly between YC compared to AC and AC compared to OC.

N-acetyl-o-glucosamine-1-phosphate, sedoheptulose-7-phosphate, isoleucine,
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pipecolinic acid, uridine, uracil, 4-guanidinobutanoate, trigonelline, acetyl-
arginine, methyl aminoisobutyric acid, and acetyl-[+methylcholine were seen to
decrease with ageing liver, indicating that liver metabolism slows down with
age. These metabolites are involved in various metabolic processes in the liver,

including nucleotide metabolism, amino acid metabolism, and energy balance

(Ling et al. 2023) .
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An altered taurine and hypotaurine metabolism were seen in adult rat livers
compared to young rat livers in the control groups. The pathway was both significant
and impactful (Table 4.3). Taurine and hypotaurine metabolism in the liver plays a
crucial role in protecting against oxidative stress and regulating lipid metabolism (X.
Guo et al. 2024) . An important metabolite in the taurine and hypotaurine metabolism
is taurine, which was altered in the control groups. Taurine levels were significantly
higher in adult control in comparison with young control, upregulating the taurine and
hypotaurine metabolism pathway in the adult control group. Research suggests that
taurine and hypotaurine metabolism
under stress conditions, can be altered (Ito et al. 2015; Mizota et al. 2021) . In acute
liver failure, increased hypotaurine and taurine levels correlate with dpcréélsed
glutathione, potentially serving-as antioxidative mechanisms (Mizota e’“t’/all. 2021) .
Taurine is a non-essential amino-acid as.it can.be made endogenously in the liver, which
depends on whether methionine and cysteine (Baliou et.ali 2021) are available. GSH
biosynthesis affects taurine synthesis as well be/qause c/ysteine can be used to synthesise
GSH. In ethanol-induced liver injury, hepzftjé:faufine levels increase (Hwang et al.
2025) . Even though, with age, ‘grlgrg /15/ a decrease in taurine biosynthesis (Yildirim &
Kilic 2011) as corroborqted‘/wi/tﬁ:results of this study. These findings indicate that
maybe an increased t’aurline éna hypotaurine metabolism in adult liver may serve as a

compensatory protective mechanism against various stressors.

__“ Other si;gniﬁcant pathway in the comparison of YC and AC included valine, leucine
and isoleucine biosynthesis (Table 4.3). Furthermore, the significantly altered
metabolites are isoleucine, pipecolate, acetyl-arginine, 4-guanidinobutanoate, methyl
aminoisobutyric, which all decreased with ageing livers (Table 4.1). In previous report,
these metabolites were seen to alter amino acid metabolisms, such as valine, leucine
and isoleucine metabolism (Vanweert et al. 2022). The branched-chain amino acid
Isoleucine can impair protein synthesis. Valine, leucine and isoleucine metabolism
decrease in liver cirrhosis (Lo et al. 2022) and an elevated isoleucine and valine reduced
steatosis in liver histology examination [ [1 o 1 2021 Among the altered metabolites,
isoleucine and pipecolate were related with lowering pro-inflammatory TNF-alpha in
previous studies (Gart et al. 2022; Zhang et al. 2024). Additionally, the decline of

methyl aminoisobutyric has been related to purine degradation and suggesting a slower

S

prot
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nucleotide recycling in ageing. Trigolnelline also decreased with ageing in rat livers.
Trigonelline has been linked to NAD+ metabolism, energy production, and liver
protection. The decline of this metabolite indicates reduced liver defence against
ageing-related stress. As a NAD+ precursor, trigonilline enhances mitochondrial
respiration and muscular performance as people age (Membrez et al. 2024). The ability
of this metabolite to increase NAD+ levels is especially important because a decrease
in NAD+ is linked to a number of age-related illnesses and metabolic dysfunctions
(Covarrubias et al. 2020b). It also modulates oxidative stress, inflammation, and

metabolic homeostasis (Xie et al. 2020) .

Ageing rat livers showed downregulation of uridine and uracil, indicating altered
pyrimidine metabolism (Table 4.1). Consistently, pyrimidine metabolism was /altered
in our study (Table 4.4)-Similar results were seen in a previous study, Where’ glutathione
metabolism and the immune function were also changed (Ekeuku et al. 2024) . As
uridine and uracil decrease with age it indicates that RNA synthesis reduces as well in
ageing livers (Xue et al. 2025) . Addltlonally,Jhe_hvel repair and cellular energy balance
was disrupted in the older rat livers. A decrease in uridine and uracil may indicate a
slower hepatic regenera‘uon )n agemg (Ekeuku et al. 2024) and it was previously
reported that uridine is altered in hver-related diseases (Xue et al. 2025) . By generating
bioactive 1nt/errr1ed1ates and preserving suitable pyrimidine pools, the pyrimidine
metabolisrjji)athvvay performs crucial biological role (Wang et al. 2021) . Because they
_are involved in many physiological processes, such as the synthesis of DNA, RNA,
lipids, and carbohydrates, intermediates of pyrimidine metabolism are important

biomolecules (Ekeuku et al. 2024) .

Besides that, the alteration of sedoheptulose-7-phosphate might affect the sugar and
energy metabolism (Franceschi et al. 2022; Hoogerland et al. 2019) , as a metabolite of
the pentose phosphate pathway (PPP). An intermediate of PPP is Sedoheptulose-7-
phosphate (Franceschi et al. 2022) . This pathway contributes to NADPH and ribose-5-
phosphate production (Qiao et al. 2025) and can regulate ROS in the liver and other
ageing organs (Li et al. 2023a; TeSlaa et al. 2023a). Their decline suggests a reduction

in oxidative stress defence and energy metabolism.
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N-acetyl-a-glucosamine-1-phosphate (GlcNAc-1-P), a glycosylation pathway
metabolite, declined with age, indicating altered sugar and energy metabolism (Petr et
al. 2021) . GIcNAc-1-P is a vital precursor to several glycosylation processes in the
liver, such as N-glycosylation (Paneque et al. 2023) , and the development of the Man-
6-P marker on lysosomal enzymes (Zhang et al. 2021) and thus slower protein
glycosylation, which is crucial for liver function. However, in TRF-treated adults we
observed decreased hepatic uridine together with decreased N-acetyl-glucosamine-1-
phosphate, contrasting with increased GlcNAc-1-P in young controls. It may reflect a
metabolic coupling between pyrimidine nucleotide pools and hexosamine biosynthetic
pathway (HBP) output (Le et al. 2013; Paneque et al. 2023) . The terminal step of the
HBP consists of the conversion of GlIcNAc-1-phosphate to UDP-GIcNAc, requires uTP
as a co-substrate (Paneque-et-al. 2023) , establishing-a-direct biochemical dependency
between uridine-derived-nucleotide-pools-and - -HBP.- flux (MeCIain et al. 2010) .
Accordingly, reduced hepatic uridine would limit UTP évailability and thereby

PN

constrain the utilization of GIcNAc-1-P, potentially. aceounting for its decreased levels
(McClain et al. 2010) . Exogenous uridine iﬁpr/é@seé hepatic protein O-GlcNAcylation
in mice, providing functional ev1dence that uridine availability is rate-influencing for
HBP-dependent glycosylatwn,(lfrasakl et al. 2016) . Additionally, tocotrienols inhibit
HMG-CoA reductase’ anld modulate the mevalonate pathway, which shares acetyl-CoA
as a precursor With the HBP competition for this common substrate under TRF
suppleniéﬁtation ﬁcould further limit flux into hexosamine biosynthesis (Schaffer et al.

-2005) .

In comparison of AC and AT metabolites (Table 4.2), glutamate was found
higher in AC than AT. In our study, reduced glutamate signals a major metabolic shift
in the liver after TRF treatment. Importantly, glutamate is a key amino acid involved in
multiple metabolic pathways, and its reduction suggests enhanced utilisation for
glutathione synthesis, supporting the antioxidant effects of TRF. This metabolomic shift
likely affects several interconnected pathways, including glutathione metabolism,

alanine, aspartate, and glutamate metabolism, as well as arginine biosynthesis, all of

which rely on glutamate as a precursor

fibrosis, the glutamine/glutamate ratio was disrupted, and levels of glutamate and TCA

cycle intermediates increased as fibrogenesis progressed (Delgado et al. 2022) .

(0]
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Additionally, lower glutamate levels may influence nitrogen metabolism and the urea
cycle, indicating a negative nitrogen balance (Luczkowska et al. 2024) . This reduction
also disrupts butanoate, histidine, and porphyrin metabolism pathways, which are tied

to energy regulation and oxidative stress (Jin et al. 2023) .

Furthermore, lower glutamate affects the glutathione metabolism, alanine,
aspartate and glutamate metabolism, arginine biosynthesis pathway, D-aminoadic
metabolism, nitrogen metabolism, butanoate metabolism, histidine metabolism,
porphyrin metabolism and arginine and proline metabolism in the liver. This indicates
a significant metabolic shift in the liver after TRF treatment. Glutamate is a key amifio
acid which is involved in multiple metabolomic pathways, and its reduction /sﬁggests
enhanced utilization for glutathione synthesis (Jin et al.” 2023) , supporting the
antioxidant effects of TRF.

P
.
PN

y

There seems to be an energy balapqg/s/ﬁ% after treatment in the adult groups. A
reduction in malate and TCA cycle intetmediates suggests that the liver may be adapting
to a different energy metab()l-is‘/m/ s‘taté potentially more efficient [] [1 o 1 2023p. Fatty
acids can promote the pr/oductf(/)n of malate and its movement from mitochondria. It
implies that/wher’l the %'atty acid decreased following treatment, so did the malate
gengrati’dri;(‘prank{él et al. 2023) . However, in our study, we saw that uridine was higher
K in_the control groups compared to the treated groups. Uridine synthesis may be
regulated by glutamate levels indirectly as glutamate (Gong et al. 2023) . The

downregulation of Uridine by TRF may be caused by decreased glutamate.
Furthermore, uridine homeostasis disruption can cause liver steatosis (Zhang et al.

2020) .

The reduction also impacts butanoate metabolism, potentially reflecting altered
energy regulation, and may affect histidine and porphyrin metabolism, both of which
are linked to oxidative stress responses (Gao et al. 2021; Wang et al. 2024). These
changes suggest that TRF promotes a shift toward antioxidant defence and metabolic
efficiency in the liver. Overall, TRF supplementation was associated with significant

metabolic alterations in adult rats, while no statistically significant metabolite changes



were observed in young or old groups, which suggesting an effect on liver metabolic

profiles during adulthood.

5.2 HEPATIC ANTIOXIDANT ACTIVITY AND INFLAMMATORY AND LIPID
PEROXIDATION MARKERS, AND HISTOLOGICAL ANALYSIS

To evaluate the antioxidant enzyme levels across different aged livers and with or
without TRF treatment, we measured the liver SOD and CAT levels. We found that
although CAT activity change was insignificant, but the SOD activity was significantly
higher in young control groups than adult and old control groups. It is important to note
that the SOD activity levels were low. Nonetheless some studies did show that 1n/ ,high
oxidative damage liver-SOD levels can be as low as 0.4(2:0 U/mg protein for liver
tissue (Assady et al. 2011; Broide et al. 2000). Despite the lower absolﬁte values, the
observed trend aligns with existing literature demonstraﬁhg a decline in SOD activity
with advancing age in the liver (Barcena et 311/_2921; {ang, et al. 2015). Similar trend
as SOD was observed for the inﬂamrnatdrf C;Ztofine TNF-alpha varied across different
age groups, except that TNj-aLp‘Ha’ levels were higher in old TRF-treated group
compared to the young TR/E Sreated group indicating age-related inflammation in the

ageing livers. ’ I

Both- SOD activity and TNF-alpha results contributed to our metabolomics
~ < results in control groups, as we saw a decrease in SOD activity and an increase in TNF-
“alpha as the rat liver aged. Thus, supporting the notion that alteration of amino acid

metabolism with ageing liver influenced oxidative stress and inflammation.

Antioxidant effects were more in the TRF-treated group compared to the AC, as
evidenced by significant reductions in key metabolites such as glutamate, malate, and
tryptophan. These changes may reflect a role of TRF to attenuate oxidative stress in
hepatic tissue. Glutamate, a known excitatory amino acid and precursor for glutathione
synthesis, tends to accumulate during oxidative damage due to its involvement in redox
homeostasis (Hamelin et al. 2007). A reduction in glutamate levels in the TRF group
may indicate enhanced glutathione activity or ROS production, both of which would

contribute to improved antioxidant defence mechanisms in ageing liver cells (Hamelin
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et al. 2007). Similarly, the decrease in malate, a key intermediate in the TCA cycle, may
suggest a shift in mitochondrial metabolism [ [J o 1 2023} This could imply that TRF
improves mitochondrial efficiency, thereby reducing the demand for TCA cycle activity
and subsequently lowering mitochondrial-derived ROS. This is consistent with
previous findings that tocotrienols can enhance mitochondrial function and

bioenergetics under oxidative stress conditions (S. F. Chin et al. 2011).

Furthermore, changes in tryptophan and phenylalanine levels point to TRF's
influence on inflammation. Tryptophan metabolism, particularly through the
kynurenine pathway, is closely linked to immune regulation and chronic inflammation.
A decline in tryptophan may suggest reduced activation of this pathway, potentially
reflecting lower systemic inflammation (Reshetova et al. 2024). Likewis/e,f/alicérgtions
in phenylalanine, which can accumulate during oxidative or inﬂammatory stress,
reinforce the anti-inflammatory potential of TRF (Duram et al 2018). Collectively,
these metabolomic shifts underscore T R F dua role n combatmg both oxidative stress
and inflammation, two key hallmarks of hepatm@gemg

Al

In the overall correlation heatmap, r;etabolite correlation with parameters,
including inflammatory markgrg,(T:NF-a IL-6), antioxidant enzymes (SOD, CAT), and
lipid peroxidation méirqus (MDA), were demonstrated. The correlation analyses were
performed using 0HOpearman’s ranl cor
correlationfrcoefﬁcients (r-values) and statistically significant correlations (p < 0.05)
“ were considered for interpretation. Metabolites such as ergothioneine, flavin cofactors
/(FAD, FMN), oxidized glutathione, glutamic acid, glutamine, histidine, ornithine, and
valine were positively correlated with SOD and negatively correlated with IL-6,
suggesting enhanced antioxidant defense and suppressed inflammatory signalling. The
increase in these metabolites aligns with their known roles in redox homeostasis:
ergothioneine and glutathione act as potent antioxidants, while flavins and NAD
cofactors support enzymatic redox reactions and energy metabolism. Their negative

association with IL-6, a pro-inflammatory cytokine, further supports their involvement

in mitigating inflammageing.

In contrast, adenine and pyroglutamic acid (5-oxoproline) were negatively

correlated with SOD and positively correlated with MDA, indicating increased lipid

rel ati
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peroxidation and impaired antioxidant capacity. Adenine accumulation reflects purine
catabolism during oxidative stress, while elevated pyroglutamic acid suggests
disrupt i eghutamyl ncyclet amde glutythione recycling features commonly
observed in oxidative liver injury. These findings imply that the rise in these metabolites
may serve as biomarkers of redox imbalance in ageing livers. The correlation heatmap
comparing control and TRF-treated groups revealed no significant differences in overall

correlation trends.

However, when correlations were analysed within individual age and treated
groups, notable shifts emerged. Malic acid demonstrated a negative correlation with
catalase in the young control group but a positive correlation in the adult control group,
suggesting an age-dependent shift in_how_malate metabolism links to anﬁbigidant
enzyme activity. This may indicate that malate contributes to antioxid/an't responses
more prominently in adulthood as oxidative burden increases. Fu;*thermore, in the adult
group, creatinine and stearamide displayed opposite c”o/r;élations with TNF-a bet ween
treated and control animals. In adult co/m/ré/l;sk,‘ both metabolites were negatively
correlated with TNF-a , suggesting higher levels we
inflammatory responses. CopyefSEly,’in adult-treated rats, these correlations shifted to
positive, implying that TR/E ;@p/lementation altered the relationship between these
metabolites and iﬁﬂarﬂmatory signalling. Such shifts may reflect TRF-induced
metabolic 'rémodélling rather than straightforward anti-inflammatory effects. In the old
) groﬁp, no Si/lbstantial correlation changes were observed between control and treated

_animals, which may indicate that advanced age, with already established oxidative and

inflammatory dysregulation, limts TRF’s

Histological evaluation using H&E staining demonstrated progressive age-
related alterations in liver architecture, with corresponding differences observed
following TRF treatment. The YC group largely maintained normal hepatic structure
despite mild features such as fibrotic like cells and slight disruption of the honeycomb
arrangement. In contrast, the AC and OC groups showed reduced cellular density, less
distinct nuclei, increased fibrotic-like regions, and altered hepatocyte morphology, with
more pronounced changes in OC. Comparison with treated groups suggests that TRF

may contribute to structural preservation, as evidenced by improved hepatocyte
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organisation in YT, reduced acellular regions and infiltration in AT, and decreased
fibrotic-like areas and infiltration in OT relative to their respective controls. Although
these findings indicate that TRF may attenuate age-associated histological changes, the
effects were not complete, and further quantitative and molecular analyses are required

to confirm these observations.

The comparative figure shows how TRF might help preserve liver tissue

integrity in aged conditions in Figure 5.1.
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Figure 5.1 Summary illustration ofthe s t u dey findings on the effects of TRF on ageing-related hepatic changes in rat
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CHAPTERVI

CONCLUSION AND FUTURE WORKS

6.1 Conclusion of the Study

This study examined the impact of TRF on age-associated hepatic/’change’s) in
Sprague Dawley rats-by-integrating-histological observgltif)né, oxidative stress
and inflammatory markers, and untargeted metabolomics profiling. This study

comprehensively explored these by addressing thre¢ interrelated objectives.

(4D

€ ~

In relation to the- first Objective, metabolomic profiling revealed that
ageing was accgmpén/ied/"(iy /alterations in hepatic metabolites spanning from
pyrimidine /m/etabdlism (uridine, uracil), valine, leucine and isoleucine
biosyhthesis"" (isoleucine), taurine and hypotaurine metabolism (taurine).
\ Furthe;more, ageing alters the metabolites related to pathways, such as amino
acid metabolism (isoleucine, pipecolate, acetyl-arginine), glycosylation
intermediates (GIcNAc-1-P), and pentose phosphate pathway activity
(sedoheptulose-7-phosphate). Collectively, these alterations indicate diminished

nucleotide synthesis, reduced antioxidant capacity, and impaired energy

homeostasis in older livers.

For the second objective, histological assessment demonstrated a
progressive decline in liver structural integrity with advancing age, as evidenced
by reduced cellular organisation, increased fibrotic features, and altered
hepatocyte morphology from the YC to the OC groups. These structural

impairments were accompanied by biochemical evidence of heightened
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oxidative stress and inflammation, as indicated by elevated expression of TNF-a

and decreased SOD activity.



Addressing the third objective, TRF supplementation in adult rats induced
significant metabolic shifts, including reductions in glutamate, malate, uridine, and
GlcNAc-1-P. The decrease in glutamate may reflect enhanced utilisation for glutathione
synthesis, supporting the antioxidant properties of TRF, while the reduced malate
suggests improved mitochondrial efficiency and lower production of TCA cycle-
derived ROS. The concurrent decline in uridine and GlcNAc-1-P points to a metabolic
coupling between pyrimidine nucleotide pools and hexosamine biosynthetic pathway
output, potentially driven by TRF-induced alterations in nucleotide metabolism or
substrate competition from tocotrienol glucuronidation. These metabolomic changes
were consistent with the observed age-related decline in SOD activity and increase /in
TNF-alpha, and with histological evidence that TRF reduced hepatic fibrotic-like éréas

A

and preserved tissue architecture in treated-groups.

P

Overall, these findings indicate that TRF supplementatlon may be associated
with a modest modulation of age-related /hepatlc alterations at the structural,
biochemical, and metabolic levels; however,/ ﬁfrther studies are required to confirm

these effects and clarify the undeilying mechanisms.
X ) P,

-
3

e’

6.2 Limitatiqps of The Stlldy

- Despite providing valuable insights into the hepatoprotective effects of TRF during

“ageing, this study has several limitations.

1. Although untargeted metabolomics allowed for the broad identification of
altered metabolic pathways, the study lacked targeted validation of specific
metabolites, which is essential for confirming biomarker relevance.

2. Pathway analysis is dependent on database mapping and may not fully reflect
biological pathway activity in vivo

3. Furthermore, the histological assessment, while informative, was restricted to
H&E staining and general inflammatory markers, without the inclusion of

fibrosis-specific or cell-type-specific staining.
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4. The absence of significant changes in IL-6 and CAT may reflect limited
sensitivity of the selected markers to detect subtle inflammatory and antioxidant
changes under the study conditions, rather than the absence of underlying

biological effects.

6.3 FUTURE PERSPECTIVES

While the current findings support the efficacy of TRF in attenuating age-related hepatic

alterations, further research is required to deepen our understanding of its mechanisms.

1. The altered metabolites observed in this study, for example, glutamate taurme
etc., could be used for targeted quantification. This would confirm whether these
metabolites can serve as reproducible biomarkers of hepatic agelng and TRF-

o

mediated modulation. _

-

-~

-~ &

T A 4

2. Future studies could examine specific-genes or proteins linked to the affected
pathways 1dent1ﬁed 11» fhls study. Techniques such as qPCR can be used to

validate whether TRF regulates these pathways at the molecular level.
I

3. A mpre detailed evaluation of liver tissue using fibrosis-specific staining, such

as Jasson’ s trichr ome, can b e conduct

evidence of TRF’ s role 1 n 1inflammati on

4. Longitudinal studies evaluating different dosages and durations of TRF
treatment across age groups are necessary to optimise its use and assess long-

term outcomes.

5. Ultimately, translational studies in human populations will be essential to
determine the applicability of TRF as a preventive or therapeutic intervention

for liver ageing and age-related hepatic disorders.
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Liver Metabolite Profiles and Oxidative Stress in Ageing Rats and Their

Modulation by Tocotrienol-Rich Fraction
(Profil Metabolit Hati dan Tekanan Oksidatif pada Tikus yang Semakin Tua dan Modulasinya oleh
Fraksi Kaya-Tokotrienol)
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Ageing alters liver metabolisHi and functi ied by morphological ch in hepatic célls, including distupted

metabolite profiles and structural d o Thcsc h contribute to mcrcascd oxidative stress and int tion.

However, the connection betWweéen -"d‘ dativ f inflammation sica ng liver mc(abohxny dunng

ageing, and the potential of thﬁ tocotrienol-rich fmcuon (TRF) as a therapeuti agent s d. This study

investigates age-related hepatic changes and the effects of TRF using metabolomics. Sprague-Bawley rms aged 3, 9, and

21 months were assigned to control and treatment groups and received ecither palm olein oh'l"\"? supplememauon I.lver
tissues were analysed using untargeted metabolomics via LC-MS/MS, along with histod and b

of antioxid. (SOD, CAT). inflammatory matkers (IL-6, TNF-al

(MDA) SOD activity declined | ngmﬁcamly with age in bov.h control and TRF-| 18 (p<0. 05), suggesting reduced

with i ing age, wh no ifi in CAT, IL-6 or MDA levels.

Histologically, TRF-treated livers displayed fewer fibrobl nfl ion than control livers. Mctabolomics

Ay
showed age-related altcrahuns in taurine and hypotaurine mctabésgrp)ynd‘nc metabolism (uridine and uracil), and
TCA cycle 1p ( d gl ). Thcsc dul age-related liver changes,
particularly in morphology and boli d clin® in antioxid: acuwty This finding undmsoorcs the
potential of TRF in mmganngl ver ageing It pmvidg\“h\ght into key bolic y lved, offering a foundati
for future tk b......b Tivi ﬂl"ﬂihe\clderly

Keywords: Hepatic ageing; liver: mel "ldnuvc stress; tocotrienol-rich fraction

anahpld peroxidation markers

4 [/ ABSTRAK

Penuaan di g perubihan dala boli dan ﬁmgs: hati, disertai dengan perubahan morfologi dalam sel

bcpatik scpcni progl rhctab lit yang ter dand k Pcrubahan ini yumb kcpada ingk

idatif d. Walau bagail hub antara ksidatif, k perubat

histol 1 boli hati dan potensi fmksx kay kotrienol (TRF) sebagai agen peutik masih

kumngdir\ ljnyt:h ni mcngca_]l perubahan hepatik yang berkaitan dengan usia dan kesan TRF men&gunakan
Tikus S Dawley berumur 3, 9 dan 21 bulan dﬂ th kepada k dan

fawalafx menerima sama ada olein kelapa sawit atau suplemen TRF. Tisu hati d lisi mengg) k yang
tidak disasarkan melalui LC-M8/MS, bersama-sama dengan penilaian histologi dan penilaian biokimia enzim antioksidan
(SOD, CAT), penanda keradangan (IL-6,TNF-alpha) dan peroksidasi lipid (MDA). Aknvm SOD merosot dengan ketara
dcngan umur dalam kedua-dua kawalan dan tikus yang dirawat TRF (p<0.05), d
| umur, kala tiada perubahan ketara diperhatikan dalam lahap CAT lL 6 alau MDA.
Secara h1slo|og1, hau yang dirawat TRF menunjukkan lebxh sedikit fibroblas dan kurang keradangan daripada hati kawalan.
it perubahan berkaitan usia dalam metabolisme launn dan hipotaurin, metabolisme pirimidin
(uridin dan uracil) dan komponen kitaran TCA (malat dan ). Pe jukkan bat TRF dulasi
beberapa aspek perubahan hati yang berkaitan dengan usia, terutamanya dalam morfologi dan metabolisme, walaupun
penurunan anuoksldan yang berterusan. Hasil kajian ini mengganskan potensi TRF dalam mengurangkan penuaan hati
dan memberikan g laluan ibolik utama yang terlibat, menawarkan asas untuk strategi terapeutik masa

hadapan yang y kan kesi hati dalam kalangan warga tua.
Kata kunci: Fraksi kaya-tokotrienol; hati; bolomik; p hepatik; tek oksidatif;

hal






