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Abstract

Accumulation of lipids in various organs causes many diseases such as obesity, cardiac
disorder and dysfunction of the liver. The intake of fats from the diet influences the way
that lipids are metabolised in the heart and liver. This provides an energy source and is a
route for the production of hormones. However, excess fats may also cause abnormal
metabolic pathways that lead to disease. Altered lipid metabolism is also observed
because of heart failure. The aim of this project is to investigate the effect of high fat diets

and heart failure on the lipid compositions of both heart and liver tissues.

Rats were maintained for nine weeks. At this point they underwent aortic constriction
surgery (to mimic hypertrophied heart) or control surgery (Sham). Post-surgery animals
were fed either a Western diet (WD; 45% kcal of lipids) or a high fat diet (HFD; 60%
kcal of lipids). Subsequently, lipid accumulation and compositions of heart and liver
tissues were investigated by histological lipid stains and nuclear magnetic resonance

spectroscopy methods. Data were analysed by using principal component analysis (PCA).

Hematoxylin and eosin (H & E) and oil red O stain sections of the heart and liver tissue
showed lipid accumulating, in the form of droplets, inside the cells in all animals. On
initial inspection, NMR data showed little obvious difference between any of the animal
groups. However, PCA was employed differences in the triglyceride (TG) and
unsaturated lipids of animals fed WD and HFD were revealed. Surgery, however,

appeared to have no effect on the organ’s lipid compositions.



In conclusion, small but potentially significant changes in lipid compositions of WD and
HFD were found in heart and liver tissues. The results of this study also suggest that the
lipid diet composition may not be directly involved to propagate cardiac diseases and
toxicity in the liver, which may need further investigation. However, the TG and FA
unsaturated group may give an insight to develop as a biomarker to understand the
mechanism between dietary surplus fat intake and lipid profiles of heart and liver and

their clinical applications.
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Chapter 1

Introduction



The excess consumption of exogenous fats and distribution of the specific fatty acids in
the tissues may be a strong marker for chronic diseases.!* Fats exhibit significant roles as
energy storage units, membrane structural units and eicosanoids (hormones
prostaglandins and their related compounds) precursors. Therefore, they are found in the
membranes, serum and adipocytes.'* The body’s lipids together with triglycerides and
cholesterol accumulate in various fat storage tissues and organs. 2 In human tissue, fats

are produced endogenously and largely supplied from dietary sources.!*

Fats are also stored in non-adipose tissues of muscle, liver, pancreas and heart. Over
depositing of triglycerides, cholesterol and free fatty acids (FFASs) produced via de-novo
synthetic pathway and released when triglycerides and phospholipids are hydrolyzed by
cellular lipases) in these organs, is commonly known as ectopic fat deposition or
steatosis.>” When cells deposit more excess fats than are required for metabolic processes
then the surplus lipid is esterified and stored as triglyceride in lipid droplets. The lipid
droplets are intracellular organelles for the storage of fats/lipids. The excessive
accumulation of lipid droplets in the cytoplasm cause cell dysfunction or cell death and

this phenomenon is termed lipotoxicity.*1°

Atherogenic dyslipidemia (serum elevations of triglycerides, apolipoprotein B, small
low-density lipoprotein and low high-density lipoprotein cholesterol), elevated blood
pressure, elevated glucose associated with insulin resistance, prothrombotic and
proinflammatory conditions are all linked with metabolic abnormalities.'? These may be
triggered when there is an imbalance between food uptake and energy outflow, which

results in deposition of lipids in non-adipose tissues.®



Lipids deposition in the cardiac tissues promote cardiomyopathy (disease related to heart
muscle). The overload of lipids in the heart may cause heart failure via alterations in the
mitochondrial fatty acid oxidation pathways.!* Elevated plasma lipids contribute to
intramyocellular lipid accumulation in skeletal muscle that may encourage insulin
resistance and type 2 diabetes.’>® The lipid accumulation in the liver is linked with non-
alcoholic steatohepatitis (NASH) that damages the hepatocytes and promotes fibrosis

leading to cirrhosis (prolonged inflammation and damage of liver tissue).?% 2

Subsequently, fat composition has been developed as a significant measurement mainly
as a marker for metabolic syndrome, predictor of insulin resistance, low-grade
inflammation, fatty liver, dyslipidemia, cancer, high blood pressure, hyperglycemia, type

2 diabetes, risk factors for both liver and cardiovascular diseases.'™*

1.1 Fats

Dietary fats either from plants or animals, mostly contain triacylglycerol made up of three
individual fatty acids that are linked by an ester bond to a glycerol backbone?? as shown
in figure 1.1. A saturated fat comprises single bonds between the carbon atoms. In
contrast, unsaturated fat possesses double bonds between the carbon atoms. Based on the
number of double bonds, the unsaturated fats are classified into monounsaturated (single

double bond), and polyunsaturated (more than one double bond)? as shown in figure 1.1.



Triglyceride

3 fatty acid chains

Glycerol
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([ A
| ﬁ
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I
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Linoleic acid H3C/ \c/ \c/ o \C/ \c/ \c/ \c/ \C/
H, H, H, H, H, H, H,

CisH3,0,
A polyunsaturated fatty acid

Figure 1.1 Chemical structures of triglyceride, saturated, monounsaturated, and
polyunsaturated fatty acids.

The common fats in our diets are saturated, monounsaturated, polyunsaturated and trans

fats. Dietary fats containing mainly saturated fatty acids remain solid at room

temperature, particularly with long chain fatty acids (i.e. long 30 carbon chains). Whereas

monounsaturated (one double bond in the fatty acid chain) or polyunsaturated (more than

one double bond in the fatty acid chain) fatty acids are generally liquid at room

temperature. Virtually all fatty acids in the diet and the body are long-chain forms.



Nutritional guidelines usually suggest low intake of saturated fats and high use of
polyunsaturated fatty acids with a double bond (C=C) at the third carbon atom from the
end of the carbon chain, commonly known as omega-3 (fish or plant sources) in the diet.
The guidelines also warn against eating trans fats to avoid diseases especially

cardiovascular and liver diseases.?* 2°

Trans fatty acids occur naturally in low amount in red meat (3-9%) and dairy products
(2-5%) such as cheese, butter and milk from ruminant animals (cattle, sheep and goats).?®
21 Artificial trans fats are produced by adding hydrogen (hydrogenation process) to
vegetable oils, making them solid or semi solid, such as those used in margarines and
shortenings. In the cis isomer, the hydrogen atoms are on the same side of the double
bond. During hydrogenation process, the cis isomers of the unsaturated fat convert to a
trans isomer of the unsaturated fat. In the trans isomers, the hydrogen atoms are on the
opposite side ot the double bond.?® 2° Numerous animal studies suggest that great

quantities of trans fats lead to negative effects on insulin and glucose function.3-3?

Fatty acids are the fundamental structural constituents of triglycerides that are also
observed in phospholipids and cholesterol esters.®® The common fatty acids of human
tissues are listed in table 1.1. The polyunsaturated fats are essential for life, one double
bond containing polyunsaturated fats are usually liquid (i.e., oils) at room temperature.
The most dominant polyunsaturated fats in the human tissues are dihomo-y-linolenate,
linoleate, eicosapentanoate and arachidonate. Subsequently the selective storage,

metabolism and digestion of dietary fats may influence tissue levels and body profiling.*



Table 1.1 List of common fatty acids found in human tissues

Saturated fatty acids Unsaturated fatty acids

Laurate, Myristate, Palmitate, Stearate, | Lauroleate, Oleate, Myristoleate,

Arachidate, Behenate, Lignocerate Palmitoleate, Elaidate, a-Linolenate
Linoleate, y-Linolenate, Gadoleate,

Gondoate, Eicosapentanoate, Dihomo-y-
linoleate, Arachidonate, Euricate,
Docosahexanoate, Docosapentanoate,

Docosapentanoate, Docosahexanoate

Fatty acids with fewer than 8 carbons are considered to be short chain. These fatty acids
are usually water soluble. The fatty acids with 8-15 carbons are known as medium
chained and found in mainly milk and coconut fat.3®* The medium chained fatty acids are
normally intermediaries in the biosynthesis of long-chain fatty acids. These above-
mentioned types of fatty acids are commonly deposited in substantial amounts in body
lipids.3® More than 15 carbons chain fatty acids are known as long chain fatty acids, such
as palm oil, animal fat, butter and peanut fats. Predominantly long-chain polyunsaturated

fatty acids are found in sperm, retinal membranes and brain synapses.*

1.2 Fats and modern diets

Excess fat in the diet is the basic determining factor contributing to store the fat/lipid in
the body and initiating lipid metabolic diseases and disorders.3* % The present day or
modern diet frequently involves a high intake of fats and sugar-based foods. Such a
modern lifestyle causes considerable risk factors for either obesity and lipid disorders or

dyslipidemia that have an independent and collective impact on the body.34 %



The adipose tissues of the body are complicated structures that regulate fatty acid balance,
clearing and release process.®® The biological data support that the fatty acids of the diet
are one of the major underlying factors increasing the risk of cardiac and liver diseases.®’
According to the World Health Organization (WHO) obesity is the 5" major cause of
global mortality and an important risk factor for chronic diseases, such as coronary

disorders, hypertension and diabetes.®

1.2.1 Standard Diet

As per the American Heart Association,* standard diets are those diets where the total
energy obtained from fats in the overall per day calorie intake does not exceed 7% Kcal.
One can calculate one’s per day fat intake in grams as shown in an example of a 2000
calorie per day diet. This total calorific intake of 2000 is multiplied by the recommended
percentage of fat intake (that is 0.07 or 7%) to get 140 calories. Now the obtained calories
is further divided by 9, since one gram of fat contains 9 calories (140 divided by 9 gives
15). Thus, in a daily diet of 2000 calories, the amount of saturated fat should be around
15 grams to maintain a standard diet with 7% Kcal fat.3° Animal or rat models have served
as helpful tools for research studies on lipid metabolism. Many commercial companies
like Research Diets, Inc. and Purina have developed a standard diet formula with 7% Kcal
fat that is called normal laboratory chow, or is referred to as standard diet, maintenance
diet or control diet . This standard diet is used in the control group of animal models during

obesity and lipid metabolism research as well as experimentation.*°

1.2.2 Western Diet
Nutritional shift towards a more Western diet with 45% Kcal fat has resulted in more
adiposity, but it is still not clear whether it is the Western diet that accelerates the growth

of obesity in combination with other factors such as metabolic syndrome and vascular

7



function. It is still unexplained how the fat compositions of Western diet are responsible
for affecting the lipid metabolism and promoting diseases such as obesity, overweight,

vascular dysfunction and metabolic syndrome.*

Western diet can enhance obesity, cause fatty liver and lipid metabolic disease. The
dietary fat percentage could be an important marker for assessment of obesity and related
risk factors.*! Heinonen et al. studied the impact of a high fat diet with even more than
45% kcal fat and compared it with a Western diet (of the same calorie content but with
elevated levels of fat and cholesterol) using animal models (nine-week-old male mice
were fed ad libitum standard diets, either low fat (10%) diet or Western diet for eight
weeks).** It was found that the animals that were given the excess fat diet and the Western
diet had significantly more adipose tissue as compared to the control and animals that
were given a low-fat diet with 10% Kcal fat.*! The level of liver triglycerides, cholesterol
as well as oxidative damage were far more in the animals given the Western diet as
compared to those given the low-fat diet.** They also found that the level of serum
triglycerides was higher in Western diet animals in comparison with low fat diet groups.
The circulating cholesterol was ten-fold higher in Western diet groups of mice and
harmed the livers.*! The data collected in this study demonstrates that without causing
any changes in the total body weight, the Western diet leads to significant levels of full-
body oxidative stress and increases body adiposity levels which are associated with

endothelial functions involved in arterial resistance.*!

1.2.3 High fat Diet
High fat diet contains 60% Kcal fat. These kinds of diets were originally created for use
in research studies that were examining the kind of nutritional diet required to induce

obesity and lipid metabolic disorders.*? The original high fat diet was created by Research

8



Diets Inc. (USA) as diet induced obesity (DIO) series diets contaning matched purified
ingredients, which would be used for reporting valid results from any research study,
unlike those obtained using a grain-based chow diet. High fat diets with up to 60% Kcal
fat are, in the context of human nutrition, bordering on the extreme. As such, these high
fat diets are mostly utilized in obesity inducing studies to examine metabolic compounds

within a smaller time frame.*3 %

1.3 Heart and lipids

The mammalian heart needs energy to perform the contractile function and maintain
blood transport. During healthy physiological conditions, cardiac energy mainly comes
from the oxidative catabolism of fatty acids, 70% of total cardiac energy comes from fatty
acids and glucose is the second source of cardiac energy (20 %), the remaining 10% is
derived from substrates such as lactate and ketones.*® To perform the contractile function
under different physiological conditions, the myocardium has developed critical
molecular mechanisms which match the energy supply requirement that depend upon the
availability of nutrients.*® For example, the foetus heart functions at low oxygen pressure
and mainly relies on glucose as well as lactate, while the mature heart uses fatty acids but
conserves the ability to shift to other substrates. Meanwhile, aged mammals, including
humans, utilize a comparatively smaller amount of fatty acids and massive amounts of
glucose.*” High glucose level and excess fatty acids may cause the lipotoxicity in various

organs such as the liver, pancreas and heart.*®

1.3.1 Sources and delivery of lipids to myocardium
Myocardial tissues readily obtain lipids from circulating free non-esterified fatty acids as

well as esterified fatty acids which are bound to lipo-proteins*’ (Figure 1.2). The esterified



fatty acids are a major source of lipids for the mammalian heart.*” 4 The fatty acids

delivered to the heart come from nutritional fats.*%-51

There are three possible ways to deliver lipid into cardio-myocytes. (1) The endothelial
cell surface transporter CD36 carries fatty acids inside the cardio-myocytes. This route
was identified in CD36 knockout mice studies.>>>® Whereas, Fukuchi et al. reported that
the genetic abnormalities in CD36 may alter the delivery of fatty acids inside the cardio
myocyte and they also suggested that in this condition glucose uptake increased up to
three times more than the normal condition in the cardio-myocytes. (2) Non-receptor
mechanisms such as biophysical diffusion transporting fatty acids inside the heart tissues.
(3) The transporter protein known as fatty acid transport protein (FATP) is also reported

to deliver fatty acid inside the cardiac myocytes. >’

Arterial
Lumen ‘_,../ "
e FFA
pruteugl}'{:ansi

Endothelial Cell

Cardiac Myocytes

FFA FFA FTA

Figure 1.2 Schematic diagram of source and delivery of myocardium fatty acids.

Lipoprotein lipase (LpL) is linked with proteoglycans on the lumen surface of endothelial
cells. Lipoprotein derived fatty acids and non-esterified free fatty acids (FFA) with
albumin are internalised by membrane transporters such as CD36 or other transporters
such as fatty acid transport protein (FATP) or non-receptor diffusion via membrane.
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1.3.2 Lipid accumulation in myocardium

Extra lipid, mainly TG accumulates in the form of lipid droplets as shown in figure 1.3.
in the myocardium.*” Lipid droplet formation is dependent on a family of lipid droplet
proteins commonly known as perilipin. In the myocardium, the expression of perilipin is

a principal factor in lipotoxicity,®® ! and regulation of TG oxidation. 2

Cardiac Myocytes
PLINY ATP
FFA —— AcylCod l
AcsLl e peam
ATGLICGLSS FEA Mitochondria

HSL f
FE FFA 4cvl-Cod
A T ACVI-L0:

MGL FEA ACSLI :

Figure 1.3 Schematic diagram of lipid storage inside the heart.

The fatty acids inside the cardiac myocytes are esterified to acetyl-CoA and either
accumulate in the form of lipid droplet (LD) by the action of fatty acid CoA ligase
1(ACSL1) and signalling lipid molecules diacylglycerols (DAGSs) or utilize for ATP
formation by mitochondria. Lipid droplet proteins family, perilipins (PLIN) are expressed
in the heart which is very important for the formation of LD. LD deliveries oxidative fatty
acids by the action of enzymes ATGL, HSL and MGL. CGI-58 is the co-activator of
ATGL.

The quantity of lipid-droplet is regulated by various cytosolic proteins and enzymes such
as lipid-droplet-associated proteins, acyl transferases and intracellular lipases.®® Lipid
metabolism in cardiac myocytes has a similar regulatory mechanism to skeletal myocytes.
TG lipid-droplet may be hydrolysed by cardiac expressed enzymes such as adipose
triglyceride lipase (ATGL) as well as hormone sensitive lipase (HSL). In the lipid droplets

containing adipose tissue, the lipolysis process is inhibited by insulin and stimulated by
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catecholamines, thyroid hormone, and glucagon, but such a regulatory mechanism is not

yet found in the heart.*’

1.3.3 Effects of dietary fats on heart

Saturated long chain fatty acids, mainly palmitic acids are reported to cause more toxicity
than unsaturated long chain fatty acids, for example oleic acids.*® Park et al. found that
mice fed a high-fat diet rapidly developed heart insulin resistance, which further
suggested that the storage of lipids altered the metabolism of the heart, permitting it to
become more dependent on fatty acids as its energy source. However, the effect of dietary
fats on heart function are diverse.% For example, Okere et al. found that rats feed a 60%
fat diet had minor left ventricular hypertrophy as well as systolic dysfunction in
comparison to rats feed a 10% fat diet.®® In the same way, the rats fed a high-fat diet dealt
with this by rising the oxidation of fatty acids, while the rats feed a low fat and a high

carbohydrate Western diets developed cardiac dysfunction.®®

1.3.4 Heart hypertrophy and lipid metabolism

Hypertrophy, enlargement of the heart, is seen as a response to physiological and
metabolic stress.5” During stress, the mammalian heart adapts to become hypertrophied,
resulting in a decrease in functional cardiac output and eventually leading to heart failure
(HF).5": 88 |eft ventricular hypertrophy (LVH) was believed to be the first response to
stress although this is now known to be an oversimplification.®® Since then, two other
processes have been recognised in the heart during stress — concentric and eccentric
hypertrophy modelling. The eccentric hypertrophy is characterised by inconsistences in
cardiac cells length against cell width.™ It is generally noticed in the left ventricle of post-

myocardial infarction (MI) hearts.” Whereas, concentric hypertrophy is recognised as a
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growth in the width of myocyte relative to the cardiac cell length, exhibiting an increase

in ventricular mass and a smaller ventricular cavity.™

Metabolic remodelling is a primary characteristic in the progression of cardiac
hypertrophy.”™ 72 Particularly, this type of remodelling is well recognised in both
experimental models and patients with LVH and heart failure. Two main cardiac
hypertrophy models are well established in the study of metabolic hypertrophy heart —
the aortic constriction (AC) rat and the MI rat — exhibit decreased long chain fatty acid
(LCFA) oxidation associated with FA uptake and oxidation.”® Sack et al. reported that a
gene regulatory pathway controlled the cardiac energy and fatty acid p-oxidation (FAO)
derived energy was reduced during hypertrophied heart and the development of HF.”
Further, Doenst et al. demonstrated that remodelling of the heart via AC or MI reduced
CD36 expression in hypertrophied hearts, suggesting impairment in LCFA uptake.”
However, lemitsu et al. found that the function of the hypertrophied heart improved with
a diet supplement of medium chain TG (MCTGs)."® In addition, Allard et al. observed a
significant increase in FAO rates in hypertrophied hearts with palmitate intake.”’
Collectively, these findings suggest precise disturbance to the uptake and oxidation of FA
in the hypertrophied heart. Therefore, a hypertrophied heart may exhibit noticeable

changes in its lipid composition.

1.4 Liver and lipids

The incidence of fatty liver diseases is growing worldwide in both youth and older
persons.’® Adipose tissues play a vital role in protecting against lipids flux during the
postprandial (the phase directly after a meal) period. Once the protecting ability of

adipose tissue reduces, at that point non- adipose tissues, for example, skeletal muscle
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and liver are exposed to extra lipids.”® The liver contributes a significant role in metabolic

regulation of dietary nutrients together with fats and carbohydrates. °-8t

The deposition of intra-hepatic fats is immediately identified as a contributor to the
pathogenesis of metabolic diseases.®? However, the mechanism by which the liver
initiates fat accumulation is not well understood. It has been hypothesised that once the
fatty acid levels surpass the capacity of the liver to process then through different
pathways, such as secretion or oxidation, then these excess fatty acids are deposited as
triglyceride (TG).8% The majority of lipids involved in hepatic metabolic diseases are
TG.8 Elevated levels of FFA, free cholesterol, diacylglycerol, ceramide, cholesterol ester

and phospholipids also cause abnormalities and toxicity in the liver.8 87

1.4.1 Fatty acids uptake in the liver

The liver does not act as a fat storage organ under stable physiological conditions and
when the concentration of TG is low, as in a normal healthy state. However, the
concentration of TG and fatty acids in the liver also depend on feeding and fasting states.
Dietary fats are absorbed by the small intestine and further accumulated as TG and then
secreted into plasma. The excess fatty acids are stored in adipose tissues and any
remaining fatty acids are taken up by the liver.8-0 Excess carbohydrates are synthesized
de novo within the liver and stored as fatty acids.®* These fatty acids are then converted
into glycerolipids, glycerophospholipids and sterols that are stored as very low-density
lipoprotein (VLDL) particles secreting from the liver into the plasma, as shown in figure

1.4

14



Non-lipid dietary Dietary fat Adipose tissue fatty acids
precursors

Mitochondria
Fatty acid oxidation

\\0\ L

. TG <+— Endoplasmic reticulum
c,o\\° / TG pool

Figure 1.4 Schematic diagram of liver lipid accumulation.

Fatty acids enter in the liver in a common pool or fatty acids pool. Fatty acids are utilised
in different pathway, such as esterification or oxidation in mitochondria. Esterified fatty
acids accumulate as triglyceride (TG) in the cytosolic storage pool and in endoplasmic
reticulum (ER) pools. Then the ER secretory pool releases very low-density lipoprotein
(VLDL) in the plasma.®?

Non-esterified fatty acids, obtained from the lipolysis of adipose TG, pass into the liver.
Here they function as a main substrate for oxidation of fatty acid.®® Fatty acids derived
from the adipose tissue, fatty acids from the intrahepatic de novo lipogenesis (DNL) and
cytosol fatty acids are used together to produce VLDL-TG.% Experimental studies on
rodent hepatocytes suggest that most fatty acids enter the liver via a common pool.®> %
The dietary fatty acids taken up by the liver mix with existing fatty acids in the common
pool. Further fatty acids are segregated into different pathways, such as esterification or
oxidation. Esterified fatty acids accumulate as TG in the cytosol as a storage pool and in
endoplasmic reticulum lumen as secretory pools.®” ® TG accumulation in the liver
signifies a possible imbalance between fatty acid input and removal pathways.%: 1%

Dietary fats play a key role for TG metabolism in the liver. 1
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1.4.1.1 de novo lipogenesis
The ability to synthesize fatty acids endogenously apart from fat sources such as

carbohydrates is called de novo lipogenesis (DNL). It is an important biosynthetic process
of fatty acids synthesis from acetyl-CoA subunits that are produced from carbohydrate
catabolism contributing to store lipid in the hepatocyte.%? The surplus carbohydrates that
are not stored as glycogen in the liver are converted into fatty acids and esterified into
triglycerides.' This pathway is a complex metabolic physiological process within the
liver primarily through glycolysis and the metabolism of carbohydrates. A high-
carbohydrate diet can boost the DNL process and increase lipid storage in the

hepatocytes. %4

When fatty acids are esterified to become TGs for storage, a number of enzymatic
reactions are associated in the course of carbons from glucose to fatty acids.% 1% Mainly
four major steps are involved in all the process. In the first step, glucose from
carbohydrates goes through two main biological processes: glycolysis and Krebs cycle to
generate citrate in the mitochondria - later brought to cytosol and releasing acetyl-CoA
by ATP-citrate lyase (ACLY).1% 1% |n the second step, the acetyl-CoA converts to
malonyl-CoA by acetyl-CoA carboxylases (ACC). In the third step, the fatty acid
synthase (FASN) converts malonyl-CoA into palmitate that is the first fatty acid product
in the process of DNL. In the fourth and final step, palmitate goes through elongation and
desaturation process to produce the fatty acids (stearic acid, palmitoleic acid, and oleic

acid).1°5' 106

The DNL process begins with the generation of malonyl-CoA from an acetyl-CoA

precursor, under the enzymatic activity of acetyl-CoA carboxylase (ACC).1% 1% Then
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malonyl-CoA is transferred to the prosthetic phosphopantetheine group of acyl carrier
protein (ACP) by the activity of the malonyl/acetyl transferase (MAT). Further, ACP is
bound to a B-ketoacyl intermediate. ACP transports the B-ketoacyl intermediate to the
NADPH-dependent B-ketoreductase (KR).1% 1% The B-carbon ketone is reduced and
generates a hydroxyl group. This step is a resulted of dehydration through dehydratase
(DH) and further reduction by NADPH-dependent enoyl-reductase. Then a saturated
acyl-ACP is produced that binds the thiol-group of the cysteine at the catalytic site of
ketoacyl synthase (KS). The ACP is replaced with CoA and the acyl-CoA released from
FAS by the activity of thioesterase (TE).1% 1% The DNL process is summarised in figure

1.5.
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Figure 1.5 De novo lipogenesis.

Malonyl-CoA is produced from acetyl-CoA by the catalytic activity of ACC. Then the
acetyl-malonyl substrates are transferred to ACP. The B-ketone group of B-ketoacyl-ACP
is reduced using NADPH by KR, producing a B-hydroxyacyl-ACP intermediate. Then
dehydration of the B-carbon, generates a trans-enoyl-ACP. The trans double bond
between the a- and B-carbons is reduced under EnR and forms acyl-ACP. Then the ACP
is replaced with CoA and the acyl-CoA released from FAS by the action of TE. ACC,
acetyl-CoA carboxylase; ACP, acyl carrier protein; CoA, coenzyme A; DH, dehydratase;
DNL, de novo lipogenesis; EnR, enoyl-reductase; FAS, fatty acid synthase; KR, (-
ketoreductase; KS, P-ketoacyl synthase; MAT, malonyl acetyl transferase; TE,
thioesterase.
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Figure 1.6 Hepatic glycolysis and triglyceride synthesis.

Glucose goes through the multistep during glycolysis to produce pyruvate. This pyruvate
is further transported to mitochondria and utilise in Krebs cycle to form citrate. The citrate
is then used in lipogenesis to form acetyl-CoA and then malonyl-CoA is produced.
Malonyl-CoA then undergoes desaturation and elongation reactions to generate complex
fatty acids and TG is synthesised in the hepatocytes.

Glucose is the key substrate for DNL. After the consumption of carbohydrates, the surplus
circulating glucose is entered into the hepatocytes through insulin-stimulated glucose
transporter 2 (GLUTZ2, a member of transmembrane carrier protein, which permits protein
enabled glucose to transport across cell membrane).% 1% Then glucose is converted to
pyruvate through the glycolysis process in the cytosol. Further pyruvate is carried into the
mitochondria for oxidation in the Krebs cycle. Citrate, an intermediate of the Krebs cycle,
is transported into cytosol and this is an important substrate for de novo lipogenesis.
During the DNL process, citrate converts into acetyl-CoA and then malonyl-CoA into
palmitate which undergoes elongation and desaturation reactions to generate complex
fatty acids and TG is synthesised in the hepatocytes as shown in figure 1.6. The TGs are
then packed into very low-density lipoproteins (VLDLs) for export from the liver or are

stored within the hepatocytes. %> 106

19



Insulin is secreted by pancreatic  cells that is an important hormone for the regulation of
lipid and carbohydrate homeostasis. Insulin is responsible for increasing the level of
circulating glucose after a meal. A large amounts of glucose molecules are absorbed from
the small intestine, which are instantly absorbed by the hepatocytes that convert them into
glycogen.1®? Once the liver is flooded with glycogen (nearly 5% mass of liver), any
surplus glucose molecules absorbed by the hepatocytes is propelled into physiological
processes leading to the synthesis of FA that are further esterified into TG to be distributed
to adipose tissue as VLDLs. Insulin also has the ability to constrain lipolysis in adipose
tissue via preventing hormone-sensitive lipase (HSL) and this enzyme regulates FFA that
is released from adipose tissue.’®” Insulin has a “fat-sparing” outcome by driving

maximum cells to specially oxidize carbohydrates rather than fatty acids for energy.'%>

107

1.4.2 Role of TG and FFA in liver diseases

The accumulation of elevated levels of TG in the hepatic cells is a primary cause of
hepatic disease development.l® 1% Dijacylglycerol acyltransferase (DGAT) 2 is an
enzyme which basically catalyses the formation of TG at the last stage in the liver. DGAT
induces elevated TG level in the liver.!'® The accumulation of TG in the liver may not
damage the liver, but it may provide defence against FFA-encouraged lipotoxicity.!!
However, it is also reported that unsaturated FFA in hepatic cells significantly increases
the amount of TG without reduction in cell viability. However, saturated fatty acids in the
liver significantly increase apoptosis of hepatic cells due to lack of TG.2 Further it has
been established that blocking of TG synthesis increases the level of FFA, which
increases oxidative stress, apoptosis, inflammatory activity and fibrosis, damaging

hepatic cells and causing lipo-toxicity in the liver.!t
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Together these studies suggest that FFA may enter the non-adipose cells via harmful
pathways leading to lipotoxicity.*'? The proportion of unsaturated fatty acids to saturated
fatty acids may decide whether the hepatic cells are harmed by the accumulation of
extracellular FFA. Hence the types of FFA may be more responsible for determining
hepatic dysfunction or stress rather than the absolute amount of FFA. Data from dietary
model and cell model of excess fat suggest that the stearoyl-CoA desaturase-1 (SCD1)
may convert saturated fatty acid to monounsaturated fatty acid, show a significant role to

damage to hepatocytes.**

1.5 Metabolomics and NMR

Metabolomics is the multiparametric analysis of the metabolic reaction of biological
systems to pathological or physiological stimuli and reveals the metabolic patterns of
living beings to disease.!’® Metabolites are the final outcomes of metabolism that
characterise the functional responses of tissues or organs''® and give information about
the fundamental mechanisms of metabolism or metabolic state of organisms.*” 18 In
other words, metabolomics establishes the associations between phenotype and metabolic
responses that are important characteristics of patho-physiological function. These
approaches have been used to detect the metabolic markers participating in various
diseases such as, obesity, diabetes and heart disease. Animal models, such as Zucker™
obese rats and high-fat-diet induced obesity in mice are used to examine the comparative
alterations in the patterns of metabolite between control and diseased samples.1%-125

Metabolic responses may be affected by several factors, for example, life style, ethnic-
race, age, food habits or drugs and these factors also influence to gain information about

metabolic diseases.1?
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Biofluid and tissue samples are used to examine metabolic responses. The most common
biofluid samples for metabolomics studies are urine and blood serum or plasma. Other
biofluids, for example, saliva, cerebrospinal fluids, seminal fluids, bile, and synovial
fluids are also used to examine metabolites profiling.t2”1?° Biofluids integrate the
metabolic profile changes happening in an organ.*” 30 Tissue samples are employed to
examine the metabolic fingerprints of a specific organ. The intact tissues and its extracts
such as lipids are used as biomarker to detect the metabolic disorders or sites of toxicity3

causing obesity and cardiovascular disease. 132 1%

Various analytical techniques are used to analyse the metabolic or toxicity profiling, but
NMR spectroscopy is one of the suitable instruments to collect evidence on hundreds or
thousands of metabolites of a sample in a single run.***® NMR spectra are important to
analyse multivariate metabolic profiling and metabolic structural clarification. NMR
analyses of biofluid metabolomics provide deeper insight in to pathogenesis and
recognition of metabolic biomarkers valuable for diagnosis or treatment of diseases.*®"-
139 NMR spectroscopy has established positive results to determine the metabolic sections
and their environments, both in vivo and in vitro. Application of NMR on intact tissues
metabolomics helps to detect, diagnose, and characterise the toxicity or pathophysiology

of diseases, for example, human prostate cancer. 140141

'H NMR spectroscopy is used to examine the toxic response to drugs, as reflected in
biofluid, and further it helps to figure out the metabolic markers of organ specific
toxicity.}*? Using NMR, metabolomics studies of urine, liver, and serum revealed the
alteration in lipid metabolic profiling.!*® Then Griffin et al employed high-resolution H

magic angle spinning (MAS) NMR spectroscopy to investigate the alteration of lipid
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metabolites of kidney tissues exposed to cadmium.** 1% Further Kauppinen el al used
NMR to determine the metabolites of the sections of brain.146: 147 and similar studies have
been performed on muscle and cardiac tissue to determine the nature of metabolites and
their link to diseases.'*® 14° Together all these experimental conditions suggest that NMR-
spectroscopy may be a useful diagnostic tool to detect changes in metabolomic
profiling.1?® Additionally, the analysis of the metabolic profiling obtained from NMR
spectra by multivariate statistical analysis methods provide a detail mechanism of

diseases that may help to discover biomarkers for diagnosis and treatment.12

1.6 Nuclear magnetic resonance (NMR) spectroscopy

NMR is a significant and useful method to analyse structural and functional information
on biomolecules.*® The advantage of this technique is that it is non-invasive allowing

molecular constituents to be analysed in a native or native-like state.*!

The effect of magnetic resonance on atomic nucleus was first discovered by Edward M.
Purcell and Felix Bloch in 1945 and for this they received the Nobel Prize for physics in
1952.1%2 Then the chemical shift (the resonant frequency of a nucleus corresponding to a
standard in a magnetic field) was first determined by Packard and Arnold in 1951.%%3
Further, Overhauser discovered the effect of electron spin population and the first *C
NMR method was employed by Lauterbur and Holm.'>*1%¢ ater, Richard R. Ernst
discovered fourier transform NMR and for this invention, he too received a Nobel prize,
this time for chemistry, in 1991.1%" All these rapid developments in NMR made it possible
to determine the structure of macromolecules. Using these techniques, the NMR spectrum
of protein structure was first determined by Kurt Withrich for which he was awarded the

Nobel Prize for chemistry in 2002.%2
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1.6.1 Basic principle of NMR

The basic principle of NMR is based on the fact that atomic nuclei have magnetic field.
This is important to gather chemical information. As we know, atoms contain three basic
or fundamental subatomic particles; electrons, protons and neutrons and these particles

having four fundamental properties; charge, mass, spin and magnetism,1%9-162
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Figure 1.7 Schematic diagram of nuclei orientation under external magnetic field.

Orientation of nuclei are randomly oriented and after application of an external magnetic
field the random nuclei align themselves in a magnetic field.*63

In the atomic nucleus, the source of magnetic field and spin is present as an angular
momentum that is useful to produce signals of NMR. The zero spin nuclei (*>C, 1°0) carry
paired spin (atomic mass and neutrons are even numbers) that cancel each other. These

nuclei lack spin and thus are unable to produce NMR signals. The non-zero spin nuclei
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(*H, BC, N, °F, 3Ip etc.) are NMR active nuclei having angular momentum to produce
NMR signals. The sum of protons and neutrons of these nuclei are odd number,1°8-162
These types of atomic nuclei are considered as a small bar magnet. These nuclei are
orientated randomly (pointing in any direction) with their own local magnetic field that
are degenerative. When a strong external (z-axis oriented) magnetic field (Bo) applies the
magnetic field of the nuclei align themselves either parallel or antiparallel to Bo and spin

around z-orientation as shown in figure 1.7.1°8-162

The parallel orientated nuclei possess low energy or a state with spin +1/2, whereas the
anti-parallel nuclei have high energy or B state with spin -1/2. Further it generates a net

magnetic field (Mo) directing in the same orientation as Bo.1%% 160 162

H, B¥C, N, F and 3!P are commonly used in NMR. Because the spin quantum number
(I) of these nuclei are %2, meaning that their magnetic quantum number (m) may adopt

m=1/2 or -1/2 (figure 1.8) that similar to a and P state as mentioned above.>% 160

Figure 1.8 Schematic diagram of angular momentum.
The angular momentum of spin % has Z axis and -Z axis orientations,°8 159 162

The non-zero spin nuclei orient along specific orientations relative to the magnetic field.

These nuclei precession around the magnetic field at a rate dependent on the nuclear
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magnetic moment (i) induced by the nuclei. This alignment situation is known as Zeeman
or spin states. The energy is correlated to individual nuclei alignment characterized by
the precession frequency.® 1%% 162 The Zeeman energy state with magnetic quantum
number (m) is expressed as the following equation 1:

E = -uzBo = -mhyBo = mho

Equation 1: The energy of the Zeeman state. Where, E = energy; p; = nuclear moment of

Z component; Bo = magnetic field; m = magnetic quantum number; h = Plank’s constant;

y = gyromagnetic ratio and @ = Larmor frequency. 8 159162

The NMR signals appear due to the transition between two Zeeman states. The energy
population is regulated by the Boltzmann distribution.*>8-162 The population ratio in the
energy states is described by the Boltzmann equation 2:

NpB/Na = e-AE/KT = e-hyBo/kT = 1/ ehyBo/KT

Equation 2: Boltzmann distribution for the population of energy states; where No = lower
energy state; NP = higher energy states; T = absolute temperature and k = Boltzmann

constant.

High energy or [} state

Energy difference (AE)
corresponds to
radiofrequency (Rf)

Low energy or o state

Figure 1.9 Schematic diagram of Boltzmann energy distribution.
Energy population difference between the lower and higher energy state.'6
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The difference of energy population (AE) between the low and high energy state is
relatively small, although a massive number of nuclei is present in a sample. The energy
population difference (AE) is related to the strength of the external magnetic field (Bo)

(Figure 1.9). That is why strong magnets are used in NMR spectroscopy.1°8163

To gain the NMR signals, the net magnetization is perturbed by irradiation of nuclei of
the sample with short pulses of frequency in the megahertz (MHz) radiofrequency. This
phenomenon induces transitions between the a- and -states from the equilibrium position
of nuclei that perturb net magnetization. Along with alignment of nuclei to an external
magnetic field or NMR magnet (Bo), the magnetic field of each nuclei also precesses
around the NMR magnet (Bo) with a frequency called the Larmor frequency. The Larmor
frequency is different for different nuclei, and nuclei in different chemical and physical

environments,158-163

1.6.1.1 Magnetic moment, Larmor frequency, Magnetization and Chemical shift
The magnetic field of the nucleus (Bn) can be determined by the magnetic moment (),

which is expressed as the following equation 2:

p = vyIh/2m = hyl
Equation 2: Equation of the magnitude of magnetic moment; where, p=magnetic
moment; h= h /2w Planck constant; and y =gyromagnetic ratio that is a nuclear constant.

Each nucleus has a precise y value. For example, y of *H = 2.67x10* gauss !sec,° 160. 162
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Figure 1.10 Schematic diagram of the precession of nucleus.

The external magnetic field (Bo) around Z-axis with precession frequency of Larmor
frequency ().

The frequency of precession or Larmor frequency (o) is a little slanted away from the
axis of the magnetic field around the z-axis as shown in figure 1.10 with an angular
velocity that can be measured as the following equation 3:

o =7Bo
Equation 3: Equation of the frequency of precession. Where ® = Larmor frequency; y =
magnetogyric ratio and Bo = external magnetic field. Subsequently the gyromagnetic ratio

varies for each nucleus, the Larmor frequency is precise for each nucleus. !> 160,162,163

When the nuclei are aligned to the external magnetic field (Bo) or projected on the z-axis;
this phenomenon is known as net magnetisation (M). The nuclei aligned along with
external magnetic field of z-axis further experience another magnetic field that is applied
perpendicularly to the external magnetic field for a brief period, known as the pulse.>®

183 1n other words, the radio frequency allows the nuclei to absorb energy at a specific
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frequency. The absorbed frequency at the Larmor frequency is directly proportional to
the external magnetic field. 1% 160. 162,163 At 90° pulse, this frequency allows the nuclei of
magnetisation to orient into the XY-plane with new magnetisation (M1) as shown in
figure 1.11. After stopping this pulse, the new magnetisation nuclei re-align to the
orientation of magnetization (M) of the z-axis. During this process, an induced magnetic
field produces a radio frequency (Rf) that is captured by receiver coils and after a

computational process, these signals are produced as a spectrum,1°8-163
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Figure 1.11 The effect of a 90° pulse on net magnetisation.

The nuclei align along with the external magnetic field (Bo), called net magnetisation (M)
at the Z-axis. After a Rf frequency pulse 90°, the M is rotated into XY -direction,
perpendicular to Bo, referred to as new magnetisation M1.*%°

Subsequently the signal known as the free induction decay is given in the time domain.
To present this in a more native pattern, a Fourier transformation (FT) is applied that
transforms the time domain to the frequency domain.t®1% The following steps are

involved in generating NMR signals:

Initialization: Prior to the experiment, the computer copies commands to the pulse
programmer and to other components of hardware, for example, the frequency

synthesizer (source of Rf to produce constant frequency) and analogue to digital
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converters (ADCs; convert NMR signals to binary system), scheduling the carrier

frequency and the sampling frequency, etc.>®

Excitation: When the experiment begins, the pulse programmer implements a timed
progression of commands to establish the phase of the Rf synthesizer and set off the pulse
gate or channel. More precisely, since Rf is employed for a very short period, the
frequency source (synthesizer) is gated to the Rf pulse. The Rf pulse passes through the
probe from the amplifier.?>® The length of the Rf is controlled by the programmer. Then
the Rf pulse establishes resonant oscillations in the tuned circuit of the probe, exposing
the sample to a Rf resembling the Larmor frequency of measuring nuclei. This Rf pulse
interrupts the equilibrium of the nuclear spin system and produces transverse nuclear

magnetization.t*
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N da.ecay (FID] _
- Time domain Fourier
“- transform

Mﬂ VT ::> |

J WUUW " Time - k ”

Frequency domain

Intensity
Intensity

Frequency

Figure 1.12 Schematic diagram of Fourier Transformation. 64

The signals emitted from excited atoms are received in the form of free induction decay
(FID) and Fourier transformed by the spectrometer and further obtained as spectrum after
computational manipulation. The process of receiving the NMR signals is called
acquisition. FID is the time domain. Spectrum is the frequency domain.t*

Detection, processing and display: Further the Rf pulse is stopped and after few
microseconds, the pulse frequencies of the tuned circuit disintegrate, and are ready to
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collect as NMR signals. The precession of the nuclear spin magnetization produces Rf
NMR signal in the form of free induction decay (FID).® Further, this signal is amplified
and converted by ADCs to computational languages and stored in the memory of the
computer. These signals are manipulated by various mathematical and numerical
calculations called Fourier transformation (FT). Finally, FT transforms the NMR signal,
which is a function of time, into an NMR spectrum, which is a function of frequency

(Figure 1.12).1°

The number of pulses (NP) employed to give a well resolved FID is directly proportional
to the signal-to-noise (S/N) ratio in the Fourier transformed spectrum. Generally, the ideal
number of pulses to be applied during an experiment is that which gives a useful S/N ratio
in a moderate time. After FT, two valuable pieces of information; the chemical
environment and number of nuclei generating the signal, are usually obtained.8-163 The
numerous NMR spectral signals are also known as chemical shifts that are generated from
the real-time interface of a nuclei with electrons or the electrons with the external
magnetic field. The association between nuclei and electromagnetic fields can be
expressed as in the following equation 4:
® =yBo (1 - 0)
or
v =17/2n Bo (1- 0) Since ® = 2nv

Equation 4: Equation of the relationship between nuclei and electromagnetic field or
chemical shift. Where, ¢ = shielding tensor; ® = Larmor frequency; y = magnetogyric
ratio, Bo = external magnetic field and v = chemical shift expressed in Hz and strongly
dependent on the strength of the external magnetic field. The electron density is directly
proportional to the shielding tensor (o) thus providing small Larmor frequency ()

values,198-163
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1.7 Multivariate analysis

Multivariate analysis (MVA) includes a group of methods that are used when numerous
dimensions are produced on each entity in one or many samples. Variables are
represented by the dimensions and the entities as ‘units’ (investigation units, specimen
units, or experimental units) or ‘observations’.!®®> MVA allows the groups to generate
information and further predict or progress the conclusion. In other words, it refers to all
statistical methods that simultaneously analyse more than two variables that are loosely
considered multivariate analysis.'®® Multivariate techniques are useful for (a)
simplification and reduction of data without disturbing valuable information; (b) grouping
or sorting similar objects or variables based on measured characteristics; (c) investigation
of the nature of the associations among variables; (d) predicting the values of variables

based on observations; (e) testing and constructing specific statistical hypotheses.*®’

MVA is a constantly growing method that can be further classified into many types, such
as multiple regression, multiple discriminant analysis, canonical correlation, multivariate
analysis of variance and covariance, conjoint analysis, cluster analysis, perceptual

mapping and principal component analysis.

Multiple regression is applied when the investigation problems include a single metric
dependent variable supposed to be associated to two or more metric independent
variables. This method may help to predict the changes in the dependent variable in

response to variations in the independent variables.*5°

Multiple discriminant analysis is useful when the single dependent variable is nonmetric,
such as dichotomous (e.g., male-female) or multichotomous (e.g., high-medium-low). It

is applicable in a sample that may be distributed into groups of a nonmetric dependent
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variable describing numerous identified categories. This type of MVA can help to
recognise group differences and to predict the probability that an individual or object will

belong to a class or group based on several nonmetric variables.®

Canonical correlation can be used to correlate the numerous metric dependent and
independent variables. The main objective of this method to obtain a linear combination
of each independent and dependent variable to maximize the correlation between two

sets. 165

Multivariate analysis of variance and covariance can be useful to simultaneously analyse
the correlations between many independent variables (e.g., treatments) and two or more

metric dependent variables.%

Conjoint analysis is a popular marketing research analytical method to determine features

of objects, such as a new product, idea or service.!%

Cluster analysis is a type of MVA that can be using to develop significant subgroups of
objects or individuals. In this analysis, the groups are not predefined. Therefore, it helps

to identify the groups.t®

Perceptual mapping is a multidimensional scaling method to convert buyer perceptions

of similarities or liking into distances characterised in multidimensional space.!%®

Principal component analysis can be used to analyse interdependence among many

variables and to describe these variables in terms of their mutual underlying

dimensions.1%°

33



1.7.1 Principal component analysis (PCA)

Principal component analysis (PCA) is a statistical tool that can be used to transform the
dimension of a large data set of correlated variables into a small data set of uncorrelated
variables.!%> 17 |t has been described as one of the most significant results achieved from
the application of linear algebra.'®” Thus, it is widely used in all form of biological data
analysis, such as molecular genetics, marine biology, ecology, pharmacy, metabolomics,
neurosciences, agriculture and health sciences.'®” 1% |t is a powerful tool to identify the
pattern of data in such a manner as to spot similarities and differences that can be difficult
to find in a data set of large dimensions, where the comfort of graphical illustration is
unavailable.’®® Hence, PCA is used as a tool in experimental data analysis to find the
variables that explain the maximum variance in the data set. Therefore, PCA can be used

to analyse a large volume of the variable data and create predictive models.'”

The main concept upon which PCA is based is to decrease dimensionality of any data set
that is made up of a sizeable number of interconnected variables, while keeping any
variations that may exist within the data set variables. This is achieved through the
transformation into a new set of variables, the main or principal components that are not
correlated, and then placing it in such a way that the starting few data points still have
most of the existing variation that is present in all the original variables. It is used to
analyse the data set and decrease the number of dimensions, without a significant loss of

information.t™

1.7.1.1 Whatis PCA?
PCA is a statistical method related to explaining the covariance arrangement of a group

of variables. Specifically, it allows recognition of the main direction wherein the data
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differs.1’? It measures data regarding its principal components (PCs) instead of a normal
x-y axis. Basically, PCs are the underlying components in the set of data that directions

are the most variance and spread out.1% 172
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Figure 1.13 Schematic diagram of two-dimensional variable space and PCA.

Oval shape triangles represent points of data. The vertical line data figure shows less
variance with less spread in comparison to the horizontal line data figure. Hence, the
horizontal line data figure can be considered as principal components.”

Here, in figure 1.13, some triangles are arranged in an oval shape. Let us suppose that
these triangles are points of data. To understand the most variance in direction, vertical
and horizontal straight lines project the data spread. Here, the vertical line projected data
does show a small spread, hence it does not possess a large variance.'’® Therefore, it is
most likely not a principal component. On the other hand, in the horizontal line projected
figure, the data points are more spread out with a large variance. Therefore, this may be

a principal component.1”

In figure 1.14, the plots represent two variable sets of data measured on the X-Y axis. The
principal directions of the data set of the U axis and V axis. By transforming each data

point of the X-Y axis into its corresponding U-V axis value, the points of data are de-
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correlated, denoting that the co-variance between the U and V variables is zero.}’* PCA
finds the coordinate system represented by the principal directions of variance i.e. the U-
V coordinate system. The directions of the U and V coordinates are called the principal
components. PCA gives a way of reducing the dimensionality of a data set. As shown in
figure 1.14B, the two variables are related linearly. However, in figure 1.14A, the
principal direction of the data differs between the U and V axis. In this case, the points of
the V axis are very close to zero. It can be considered non-zero only because of
experimental noise. Hence in this system, the data set of one variable U is considered and
the data points of the V axis are discarded. Therefore, PCA reduces the dimensionality of

the data set.1’*

-
-
|

Figure 1.14 Schematic representation of two variable data sets in the X-Y axis.

The principal directions of the data set of the U axis and V axis. PCA detects the
coordinate system signified by the principal directions of variance of the U-V coordinate
system, called the principal components.t’

1.7.1.2 NMR and PCA
PCA recognises the group variances from a multivariate dataset. The variance could be a

group of any biologically related category, for example, organisms treated with a specific
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nutrition or medicine; or tissues/organ exposed to stress. An NMR or MS spectrum of a
biological extract (fluids/lipids/serum etc.) is an observation of variables for each
spectrum that signifies an individual entity. The observations create the data matrix. PCA

then classifies a grouping of the variables that describes the class separation.'”™

Generally, metabolic datasets have more observed variables than observations, i.e. large
numbers of variables and small numbers of observations class make for difficulties in
statistics.!”® These characteristics cause traditional linear regression methods (predictive
methods that describe the association between one dependent variable and one or more
independent variables) to be unachievable where the data matrix is singular.1® For this
reason, metabolomics data need multivariate analysis that can deal with significant
amounts of collinearity (two or more variables are highly correlated) in the data matrix.!"
The multivariate method, PCA, is capable to develop a linear transformation that keeps

maximum variance in the original dataset.!”> 17

The selection of the MVVA method is essential to achieve the experimental goals of
metabolic studies.}’® The application of PCA gives early information about the
experimental unknown or unpredictable groups of the metabolic data sets.!”® PCA
analysis results are important to formulate a preliminary biological conclusion. The
difference between groups in the scores of PCA is detected when the variation within the
group is considerably less than between group variation in the data sets. Therefore, PCA

outcomes have a significant chance of generating biologically applicable results.*’

Pre-processing of raw NMR or MS spectral data is essential for producing consistent,
interpretable standard patterns using MVVA methods. The procedures for pre-processing

of metabolic data sets have been completely defined to normalise the methods.t’’ 178
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However, implementation of some standard processes is vital to acquire an optimal

method for analysing those raw data obtained from different instrumental techniques.’"

178

The binning process is one of the important steps to overcome the chemical shift
differences and spectral noise, then covers substantial fluctuations of low-intensity peaks
close to strong-intensity peaks. In proton NMR, the chemical shifts sometimes differ with
factors such as temperature, pH, ionic strength and another electronic environment.179-181
The metabolic data sets of NMR also experience inaccuracies in chemical shifts, and
consequently in the variables. The MVVA method, PCA is unable to recognise separations
between classes of spectra of full resolution proton NMR of metabolic samples.2’®-18! The
loading process of these data sets may be disturbed and the interpretation can be affected
because of the excess- load of variables. These problems from chemical shift variations
could be diminished by consistently dividing each spectrum into ‘bins’ comprising
standard spectral widths (0.04ppm) and adding signal intensities within each bin to

generate a small set of variables.*’918!

Normalisation of metabolomic data sets is crucial. To signify the variable dilution factors
of metabolic samples arising from differences in the size of tissues, volume of biofluids,
or number of cells, each observation can be normalized to confirm that all observations
are precisely comparable.'8? 18 Normalization of data sets is achieved by computational
means via internal standards such as using TMS in NMR or externally through
measurements of the optical density of cell culture or protein contents.!82 18 The
procedure of internal normalization is known as constant-sum normalization, where each
spectrum can be normalized such a way that its integral value is equal to one.'82 18 Noise

and baseline removal is the scaling process to eliminate instrumental errors prior to
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multivariate analysis.'® The main drawback of data scaling is its tendency to intensify

instrumental noise, to which PCA has been shown to be sensitive.18 186

The most commonly used chemometric method for the interpretation of NMR data sets
of biological or pharmaceutical samples is PCA. It provides great advantages in terms of
accurate visualization of large data sets.*®” This is the main reason why PCA is used to
analyse the complexity of NMR data of metabolites and body fluids.1?6 18718 pCA is used
to analyse NMR data of samples to determine the principal components. The first
principal component or principal component one (PC1) gives a description of a majority
of the variance, while the second principal component or principal component two (PC2)
describes the second most common amongst the orthogonal variation in relation to

another imposed component. %

The decision on the right number of components is an issue of basic consequence when
using the PCA to analyse NMR data. This decision is usually not critical in the case of
exploratory research studies. Because the first principal component does not undergo any
further change as a function of the number of components that are selected later. The
principal components have two main components, scores and loadings.6>187:1%0 | padings
have all the information related to the variables or chemical shifts of the data sets. Scores
give information related to the biological samples or their concentrations as seen in the
data sets. In the context of any specific principal component, the loading vector means
the spectral profile while the score of a sample refers to the quantity of that specific
component in the sample expressed in a least squares sense. Therefore, a sum of loadings
weighted according to a sample’s score values will give an approximate evaluation of the

spectral profile of that sample, 165 187,190
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- R Arbequina
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Figure 1.15 'H MAS NMR spectra and PCA.

The scattered score plot of the PCA analysis performed on extra virgin olive oil varieties
Valle del Belice and Arbequina of Sicilian regions; Trapani (TP), Messina (ME) and
Agrigento (AG). The results from different Sicilian regions: are superimposed on each
other. The orange ellipse on the bottom right side refers to two Spanish cultivars,
Arbosana and Arbequina grown in the province of Trapani (TP). (Adapted from Corsaro
et al., 2015)!

These scores are usually made into a graphical plot which is then represented in a scatter
plot (Figure 1.15) that provides a map of every sample. Samples which are classed
together in the score plot have similar spectra in the context of the chosen principal
components in the PCA analysis. A major advantage of PCA s that it gives fast and
unsupervised viewing of the samples and the identification of samples that show variant
features, also known as outliers. This helps in the identification of trends and patterns, as
well as any existing groups within the samples. Before the PCA tool, NMR-based data
was arranged by the subtraction (from each chemical shift value) of the average value at

any specific shift calculated across every sample.84 165 187
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In lipidomics, PCA gives information and identification of molecules of lipid and their
structural and functional role as metabolites.> 1% PCA provides new insights in to
several pathologies of lipid abnormalities causing cardiovascular disease, obesity and
diabetes.'® 194 Lipid profiling by PCA is one of the latest methods used in functional
genomics to identify the possible lipid biomarkers that characterize any particular
dysfunctional gene.!® 1%The use of 'H NMR spectroscopy with PCA promises great
advantages in lipid metabolomic profiling research studies.!® Together NMR and PCA
will be important in the research of functional genomics, lipidomics, metabolomics, plant

chemistry, pharmaceuticals studies, proteomics, epidemiology and food research.!%

1.8 Objectives

The main objective of this study is to investigate whether high fats diets and heart
hypertrophy result in changes in lipid composition in rat hearts and livers using liquid and
solid state *H NMR. Due to the complexity of the NMR data it will be analysed by PCA
software to obtain a clear view of the variables effecting the data. This will allow the

changes in the spectra to be observed and then correlated with specific lipids.

Rats will be assigned to either Western diet (WD) or high fat diet (HFD). Further, to see
the of effect the dietary lipid composition during stress, the aortic constriction (AC)
surgery rat models will be used. For normal condition, Sham surgery rat models will be

used.

1) To confirm the presence of lipids in the heart and liver tissues as lipid droplets -
the histological sections of heart and liver tissues will be stained by Oil O Red and

hematoxylin-eosin (H & E) and observed under light microscope.
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2) The lipid samples collected from rat hearts and livers will be analysed by *H NMR

liquid state and intact tissues will be analysed by MAS *H NMR solid state.

3) The data gained from peak intensity of NMR spectra will be analysed by PCA
statistical tool to give a clear view of the group classification and the most
effective variables in the data, which will help identifying the different lipid

metabolites of WD and HFD.
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2.1 Surgical induction and dietary manipulation

2.1.1 Surgical induction

The surgery of rats was done by Dr Seymour’s group.

Cardiac hypertrophy was induced surgically in adult male Sprague Dawley rats (220-
250gm, Charles River Inc., Kent, UK) by abdominal aortic-constriction (AC) as described
by Boateng et al., Akki et al. and Butler el al.®* All procedures were performed using
aseptic techniques and were in accordance with UK Home Office Regulation on the
operation of animals (Scientific Procedures) Act 1986 and approved by the University of

Hull ethical review process.

Prior to surgery, Rimadyl (4mg/kg BW), an analgesic was injected in to the rats for pain
relief. Rats were anaesthetised with isoflurance in oxygen (3% in 3L/ min) and
anaesthesia maintained with 2% isoflurance in 1L/ min oxygen. A laparotomy was
performed, the abdominal aorta exposed and ligated between the left and right renal artery
branches using a 0.5mm outer diameter 25-gauge blunted needle (Becton Dickinson, UK)
and suture (Mersilk 0, Ethicon, Somerville, USA). Ligation of the aorta caused the left
kidney to blanch. Removal of the needle restored the blood flow to the left kidney. Control
rats underwent the same procedure but without constriction of the aorta, known as sham
intervention. Sterile isotonic saline (Animal Care Ltd, York, UK) was administered
directly into the abdominal cavity to compensate for any fluid loss during surgery.
Abdominal musculature was closed with an absorbable suture (Ethicon 3-0, Vicryl
braided) and the epidermal layer with a non-absorbable suture (Ethicon 3-0, Blue
monofilament). Ampifen (42mg/kg Intervet UK Ltd,Cambridge,UK) antibiotic was given

immediately after surgery.
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2.1.2 Dietary manipulation

Animals were fed and looked after for nine weeks by Dr Seymour’s group.

Animals could recover for 48 hrs with food and water ad libitum before being assigned
to diets containing 61.6% fat and 20.3% sucrose (high-fat diet, HFD) or 45% fat and 15%
sucrose (Western diet, WD) (table 2.1). The contributions of carbohydrate, protein, and
individual FA species were calculated using heat of combustion values of 4, 4, and 9
kcal/g, respectively. Animals were maintained on each of the diets for 9 weeks. The WD

was formulated to mimic Western dietary patterns.

Table 2.1 Dietary constituents

Nutrients WD (% kcal) HFD (%kcl)
Carbohydrates 15% (from sucrose) | 20% (from
sucrose)
Proteins 20% (from casein) | 18.1% (from
casein)
Fats 45% (from lard and | 61.6% (from lard
soya Oil) and soya QOil)

HFD, high-fat diet; WD, western diet

2.2 Nuclear magnetic resonance (NMR) Analysis

2.2.1  Tissue extraction of lipid for liquid state *H NMR

2.2.1.1 Liver tissue
The liver tissue was ground into a fine powder using a liquid nitrogen-cooled pestle and

mortar and lipids were extracted using the chloroform and methanol method of Blight and
Dyer.®> Approximately 300mg of liver tissues were kept in the glass tube and after that the
glass tube was placed into an ice pot. Liver tissues (300mg) were homogenised with an
electrical blender (ULTRA-TURRAX T25) in chloroform-methanol-water (1ml) in the

ratio 2:1:0.8(v/v/v) and the mixture was centrifuged (Universal refrigerated centrifuge,
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SIGMA 2-16 PK) (g800) at 25°C for 15 minutes. The upper aqueous layer was discarded
and the lower chloroform layer containing lipids transferred to a screw top glass vial
(Agilent Technologies, Ltd) and dried under a nitrogen stream (BOC Edwards, Surrey,
UK). Samples were left overnight in a freeze dryer (Modulyo, BOC Edwards, Crawley,
UK) to remove trace amounts of remaining solvent, and then resuspended in 1 ml
deuterated chloroform +0.03% TMS, H20 < 0.01% (euriso-top., France) and stored at -

20°C for 24 hours pending NMR analysis.

2.2.1.2 Heart tissue
Heart tissue was ground into a fine powder using a liquid nitrogen-cooled pestle and

mortar and lipids were extracted using the chloroform and methanol method of Blight and
Dyer.®> Approximately 300mg of heart tissues were kept in the glass tube and after that
the glass tube was placed into an ice pot. The heart tissues (300mg) was homogenised
with an electrical blender (ULTRA-TURRAX T25) in chloroform-methanol-water (1ml)
in the ratio 2:1:0.8(v/v/v) and the mixture was centrifuged (Universal refrigerated
centrifuge, SIGMA 2-16 PK) (g800) at 25°C for 15 minutes. The upper aqueous layer was
discarded and the lower chloroform layer containing lipids transferred to a screw top glass
vial (Agilent Technologies, Ltd) and dried under a nitrogen stream (BOC Edwards,
Surrey, UK). Samples were left overnight in a freeze dryer (Modulyo, BOC Edwards,
Crawley, UK) to remove trace amounts of remaining solvent, and then resuspended in 1
ml deuterated chloroform +0.03% TMS, H20 < 0.01% (euriso-top., France) and stored at

-20°C for 24 hours pending NMR analysis.

2.2.2 Preparation of NMR sample
The lipid and chloroform-D mixture (600ul) was transferred into a 5mm thin wall NMR

sample tube (Wilmad LabGlass, USA). The level of the sample was checked by the
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measurement meter to ensure that it was in the range of the magnetic field and the NMR
sample tube was placed into the sample probe holder to be lowered into the NMR

machine.

2.2.3 Liquid state NMR experiments

All NMR experiments were carried out on a Bruker Avance Il 500 MHz spectrometer
operating at a frequency of 500.1025 MHz (*H). All measurements were collected at
288K (Kelvin). H spectra were collected using a single n/2 pulse and 64 scans were
accumulated. Spectra were referenced to the *H peak of TMS at Oppm. All spectra were

processed using Topspin 1.3 (Bruker biospin).

2.2.4 Solid state 'H HR-MAS NMR sample preparation

The *H HR-MAS NMR experiments on intact heart and liver tissue of the left lobe excised
from rats were performed on a Bruker Avance Il 500 MHz spectrometer operating at a
frequency of 500.1025 MHz (*H). NMR spectrometer at 278 K with spinning speed 8kHZ
and 256 scans were accumulated. About 30-40mg tissue (liver or heart) was located
between two Kel-F plugs in the MAS rotor and inserted in a commercial 4.0mm MAS
probe from Bruker. The spectrum was referenced to the methyl (0.9ppm) in each

spectrum.

2.2.5 Lipid histology

Rats were anaesthetised via i/p sodium thiopentone (0.5mI/100g BW) and the heart and
liver rapidly excised. The apex of each heart and liver was mounted on cork blocks using
Tissue-Tek OCT®. Mounted apex of hearts and livers were placed in pre-cooled 2-
methyl-butane for one minute then transferred to liquid nitrogen. Samples were stored at

-20°C prior to sectioning.
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Small blocks of animal’s right lop livers were mounted on cork blocks using Tissue-Tek
OCT®. Mounted liver tissue was placed in pre-cooled 2-methyl-butane for 1 minute then

transferred to liquid nitrogen. Samples were stored at -20°C prior to sectioning.

A cryostat microtome (Microm HM 505 E Cryostat, Thermo Scientific, Walldorf,
Germany) was used to obtain 10pum sections from both heart apex and liver tissue. Lipid
deposition was examined using Oil Red O stain (Lipid Stain, ab150678, Abcam
plc,UK).Sections were analysed using a light microscope (x20 and x50 magnification,

Olympus BX51, Tokyo,Japan).

2.2.6 Statistical methods

In this study multivariate data analysis software was used to perform PCA (SIMCA14.1,
Umetrics UK). *H NMR spectrum data for heart tissues, liver tissues and lipid extractions
from heart and liver tissues of rats were analysed by PCA software on the basis of sample
grouping. In this part of the experiment, four different groups of samples were analysed.
The groups were fed on either WD or HFD. Each group had two types of surgery, AC
and Sham, a total of 20 samples. They were analysed and grouped as (WD+AC) 6
samples; (WD+SHAM) 7 samples; (HFD+AC) 3 samples and (HFD+SHAM) 4 samples
(Table 2.2.6).

The data was analysed by the PCA having a number of variables that represented peaks
intensity of *H NMR and number of observations (20) representing the samples. The PCA
scores of the data were then plotted and loaded in diagrams which could then be easily

interpreted.
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Table 2.2 List of samples extracted from survived rat heart and liver tissues

Sample Type Type of Surgery
AC SHAM Total
Diet WD 7 +1* 7+1* 14+2*=16
HF 3+1* 4+0* 7+1*=8
Total survived rats 10 11 21

*Number of mortalities
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Chapter 3
Lipid droplets in heart and liver

tissues
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3.1 Introduction

Lipid droplets (LDs) are intracellular organelles specialized for storage of neutral lipids.
The first speculation about the origin of LD, was made in 19" century when Richard
Altmann and E.B. Wilson described them as fat droplets inside cells.> 2 For a long time,
LDs were considered merely as storage depots; however, recently they have emerged as
highly dynamic organelles that participate in several cellular processes and interact with
various other cellular compartments. LDs form stable interactions with endoplasmic
reticulum (ER) and mitochondria.® Other cellular organelles such as the inner nuclear

envelope, lysosomes or vacuoles, and endosomes also appear to bind with droplets.®

3.1.1 Structure and composition of LDs

Typically, LDs are round; their diameter ranges from 0.1-5um in non-adipocytes and can
exceed over 100um in white adipocytes. The LD core is composed of neutral lipids
mainly triacylglycerol (TG) and sterol esters (SE) enclosed by a monolayer of
phospholipids and associated proteins. The phospholipid monolayer of LDs is composed
of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
lyso-phosphatidylcholine  (lysoPC), lyso-phosphatidylethanolamine  (lysoPE),
phosphatidic acid (PA), phosphatidylserine (PS) and sphingomyelin (SM).* Proteomic
studies have revealed numerous LD related proteins that can be classified into nine
groups: (i) LD structural proteins including perilipin (PLIN) 1-5, (ii) lipid metabolism
enzymes namely diacylglycerol acyltransferase (DGAT) enzymes: DGAT1 and DGAT?2,
acyl-CoA cholesterol acyltransferase (ACAT) enzymes: ACAT1 and ACAT2, and
lecithin retinol acyltransferase (LART), (iii) membrane trafficking proteins such as Rab
(Rab8a, Rab18) and SNARE proteins, (iv) signalling proteins, mitogen activated protein

kinase (MAPK), protein kinase C (PKC), and phosphoinositide-3-kinase (PI13K),
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(V) ubiquitination factors, UBX domain-containing protein 8 (UBXDS), ancient
ubiquitous protein 1 (AUP1), and ubiquitin-conjugating enzyme E2 G2 (UBE2G2), (vi)
cytoskeletal proteins such as actin, vimentin, tubulin, and myosin, (vii) ribosomal

proteins, (vii) histones, and (ix) cell death inducing DFFA-like effector (CIDE) proteins.>

6

3.1.2 LDs formation

Recent studies have suggested that in eukaryotes LDs emerge de novo from the ER.”®
There are several proposed models of LD formation, including the classical model,
budding of the lipid ester globule covered by the cytoplasmic leaflet of the ER
membrane'®, a model of diffusion of TGs from the ER into formed LDs contained in a
membrane cup®!, an ER “hatching”, hypothesizing a bicellar structure and the presence
of transmembrane ER proteins in LDs'?, and a model of LDs budding first into the lumen
of the ER.1*2 However, Walther et. al., have postulated the most recent model for LD
formation.*® According to this model LDs are formed in four conventional steps:

The first step of LD formation includes TG and SE synthesis within the ER. TG synthesis
is catalysed by DGAT1 and DGAT2 enzymes.!*'® DGAT1 catalyses the esterification
reaction to generate a TG from fatty acyl-CoA and an acyl acceptor, while, DGAT2
catalyses TG synthesis from fatty acid substrates derived from de novo lipogenesis.}’ TG
synthesis occurs throughout the ER wherever enzyme substrates are found in excess and
TGs accumulate within the ER bilayer. SEs are also synthesised in the ER by the ACAT
enzymes; however, the mechanism of SE synthesis is not well established yet. In the
second step of LD formation, there is a formation of a TG lens. After synthesis and
accumulation of TG, biophysical processes drive lens formation in the ER tubules. Some
ER proteins are assumed to be involved in the lens formation and regulation; for example,

Fat induced protein 2 (FIP2) may be involved in the segregation of neutral lipids and
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binds to TGs for LD formation.*® PLIN3 is suggested to bind nascent lenses and stabilize
them.® Acyl coenzyme-A synthetase 3(ACS3) and Arf1/COPI complex inhibit TG lens

formation in specific regions of ER and mediate targeting of proteins from ER to LDs.*

20

In the third step of LD formation encompasses budding of nascent LD. After TGs lens
formation it is converted to a bud on the ER and eventually fission of the droplet in the
cytosol occurs. Although budding of LDs from the ER is a biophysical process some
proteins are thought to be involved in regulating this step. Seipin protein plays a
functional role in the nascent LD formation and helps in their growth and expansion.?* 22
In addition, seipin also regulates the protein composition of LDs.?% 2% Since LDs and ER
stay in contact even when seipin is absent, it is possible that other proteins are involved
in initial budding and growth of nascent LD.? 22 The fourth and final step of LD
formation involves the growth and expansion of LDs. After initial LDs (iLDs) formation,
some LDs are converted to expanding LDs (eLDs) by ARF1 and COP-I/coatamer protein
machinery.?% 2* 25 Subsequently, there is targeting of the proteins to LD surfaces. The
proteins that are targeted to the LD surfaces can be classified into two major classes: class
| proteins and class Il proteins.?® In drosophila, class | proteins, such as GPAT4, DGAT?2,
ATGL, UBXDS8, and ACSL3, translocate to LD surface by ER-LD membrane bridges.
Whereas, class Il proteins, such as CCT1 and PLIN target from the cytosol by
amphipathic helices or hydrophobic domains.?® Although the model describes the
fundamental steps of TG lens formation and budding into the aqueous cytosol, it remains

to be validated.

Some cells, such as adipocytes or hepatocytes, have LDs whose diameter is >100um

known as giant LDs. These giant LDs are formed by either coalescence or diffusion
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mediated by Ostwald ripening. In coalescence, two LDs fuse very rapidly to form a larger
LD and in diffusion mediated by Ostwald ripening, one LD enlarges slowly and
concentrates the oil of the adjacent second LD

3.1.3 LDs in health and diseases

Most cell types in the body can store lipids in the form of LDs, including, cardiomyocytes,
hepatocytes, myocytes, macrophages, fibroblasts, etc. However, the over accumulation
of LDs leads to several diseases such as type 1l diabetes, obesity, hepatosteatosis, cancer,

and atherosclerosis.

3.1.3.1 Heart lipid droplets
The heart uses fatty acids (FAs) as the energy source for continuous myocardial

contraction. However, excess FA oxidation generates high amounts of reactive oxygen
species (ROS). Free FAs and their derivatives may cause lipotoxicity by disturbing the
cellular signalling network. To avoid lipotoxicity, excess FAs are converted to inert
triacylglycerol (TAG) and stored in LDs.?’ Since, the FA consumption in the healthy heart
is dynamic there are very few LDs. Conversely in pathological conditions when FA influx
is higher, numerous enlarged LDs appear in the heart, resulting from the increased
conversion of FAs to TAGs. This abnormal retention of lipids in the heart is associated
with cardiomyopathies. The TAG stored in LD can be used by lipase mediated lipolysis.
Heart lipolysis involves two lipases, adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL) and a co-lipase, comparative gene identification 58(CGI-58) and
is regulated by PLIN5.?8 Studies have suggested that TAGs are a safe storage form of FAs
whereas free FAs and derived intermediates such as DAG and ceramide may cause

lipotoxicity.?
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3.1.3.2 Liver lipid droplets
One of the physiological functions of the liver is lipid metabolism and distribution of

lipids throughout the body. The liver breaks down the lipids into FAs to generate
metabolic energy and secretes them as lipoproteins. FAs are esterified by DGAT2 enzyme
leading to the formation of TGs and stored in LDs. Further, TGs can be secreted to other
organs for energy as very low-density lipoprotein (VLDL).*° TG catabolism in the liver
is mediated by ATGL enzyme. ATGL activity is tightly regulated by activators such as
CGI-58 pigment epithelial derived factor and inhibitors namely GO/G1 switch gene 2, fas
associated factor 2, cell death-inducing DFFA-like effector ¢ (CIDEC), PLIN2 and
PLIN5.3! In addition to lipase mediated lipid breakdown, LD degradation can also occur
through lipophagy.®? In lipophagy, the autophagic machinery targets LDs for degradation
by lysosomal lipase. The mechanism through which the autophagic machinery recognizes
hepatic LDs, targets specific LDs and channels the degradation products of lipophagy is
not well established. However, recent study identified RAB7, as a key protein involved
in hepatic lipophagy.® During normal conditions there is a balance between influx of FA,
oxidation of FA and export of very low-density lipoprotein (VLDL). Imbalance in the
homeostasis of lipid metabolism leads to over-accumulation of TGs in liver LDs. The
over-accumulation or steatosis of TGs in LDs may occur from increased TG synthesis
combined with LD biogenesis, decreased FA oxidation, or impaired VLDL secretion.
Steatosis of LDs in the liver leads to progression of liver diseases such as non-alcoholic
fatty liver disease (NAFLD), alcoholic liver disease (ALD) and Hepatitis C virus

infection.34 %
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3.1.4 Hematoxylin-eosin (H & E) and oil red O (ORO)

Tissues were stained with hematoxylin-eosin (H & E) and oil red O (ORO) for the
evidence of lipid accumulation.®® The histological staining is important to know about the
properties of the tissue or structure to visualise under stain solution. Visualization of lipids
in the histological section is difficult because they are relatively inert.% The ORO is a fat-
soluble bright red diazo dye without forming any bond with the lipid components.3” ORO
stains hydrophobic and neutral lipids, such as TG and cholesterol esters but is unable to
stain membranes polar lipids, such as phospholipids, sphingolipids, and ceramides. This
staining can be used for fresh, frozen, or formalin-fixed samples to visualise the lipids.*’
H & E is colourless and forms a functional dye when oxidized to hematein.** H & E

solutions produce a blue-purple staining of cell nuclei.®®

3.2 Aims

To investigate the accumulation of lipids in the rat heart and liver tissues under WD and
HFD dietary conditions. The histological sections while be stained with H&E and Oil
Red O staining under a light microscope. This will show the accumulation of lipids
composition in the form of lipid droplets on the hearts and liver tissues under Oil Red O
stain. The cell nuclei and cytoplasm or cellular structure will be determined by H & E

stain.

3.3 Materials and methods

Adult male Sprague Dawely rats (220-250 gm, Charles River Inc.,Kent, UK) were
maintained on diets containing 61.6% fat and 20.3% sucrose (high-fat diet, HFD); or 45%
fat and 15% sucrose (western diet, WD), 48 hours post-surgery, as described in Chapter

2 section 2.1, generating four experimental groups:
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e High-fat diet + Sham (HFDSham).

e Western diet + Sham (WDSham).

e High-fat diet + Aortic Constriction (HFDAC).

e Western diet + Aortic Constriction (WDAC).
The apex of heart and liver tissues were mounted on cork blocks using Tissue-Tek OCT®.
Mounted apex of hearts and livers were placed in pre-cooled 2-methyl-butane for 1

minute then transferred to liquid nitrogen. Samples were stored at -20°C prior to

sectioning as described in Chapter 2 section 2.2.5.

A cryostat microtome (Microm HM 505 E Cryostat, Thermo Scientific, Walldorf,
Germany) was used to obtain 10um sections from both heart and liver tissues.
Histological morphology was examined using H&E stain (Hematoxylin and Eosin stain,
Sigma-Aldrich, Inc). Lipid deposition was examined using Oil Red O stain (Lipid Stain,
ab150678, Abcam plc, UK). Sections were observed using light microscope (x10 and x40
magnification, Olympus 1X71, Tokyo, Japan) and imaging software (Olympus cellSens

Entry).
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3.4 Results

3.4.1 Histology of rat heart and liver tissues

Hematoxylin and eosin (H&E) stain was used to observe the nucleus and cell membrane
of the tissues. Under H&E stain, the nucleus appeared as blue-purple colour whereas
cytoplasm and cell membrane appeared as red- pink colour. Oil red O stain was used to
observe the lipid accumulation in the tissues. Under oil red O stain, the accumulated lipid

droplets in tissues appear as red colour whereas nucleus appears as blue colour.

The histological sections of rat heart tissues under H&E nuclei appeared as blue colour
whereas cell membrane and cytoplasm emerged as red-pink colour in HFAC (Figure
3.1A), HFSham (Figure3.2A), WDAC (Figure 3.3A) and WDSham (Figure 3.4A). The
H&E stain result of heart tissues suggested that there were no cellular abnormalities, such
as size of cells, cytoplasmic and nucleus structure under both dietary and surgical
conditions. Under Oil red O staining, microscopic images suggested that the lipids were
accumulated in the form of lipid droplets in the heart tissues of rat models; HFAC

(Figure3.1B), HFSham (Figure3.2B), WDAC (Figure3.3B) and WDSham (Figure3.4B)
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Figure 3.1 Histological section of heart tissues of rat model under HFDAC

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain
of the heart tissues of HFDAC the nuclei become blue (black arrow) and lipid
droplets are stained in red (red arrow). The scale bar represents 100um at X10
magnification and 20um at X40 magnification.
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Figure 3.2 Histological section of heart tissues of rat model under HFDSham

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the heart
tissues of HFDSham the nuclei become blue (black arrow) and lipid droplets are stained
in red colour (red arrow). The scale bar represents 100um at X10 magnification and 20um
at X40 magnification.
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Figure 3.3 Histological section of heart tissues of rat model under WDAC

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain,
the heart tissues of WDAC the nuclei become blue (black arrow) and lipid droplets
are stained in red (red arrow). The scale bar represents 100um at X10 magnification
and 20um at X40 magnification.
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Figure 3.4 Histological section of heart tissues of rat model under WDSham

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the heart
tissues of WDSham the nuclei become blue (black arrow) and lipid droplets are staied in
red (red arrow). The scale bar represents 100um at X10 magnification and 20pum at X40
magnification.
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Figure 3.5 Histological section of liver tissues of rat model under HFDAC

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the
liver tissues of HFDAC the nuclei become blue (black arrow) and lipid droplets are
stained in red (red arrow). The scale bar represents 100um at X10 magnification and
20pm at X40 magnification.
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Figure 3.6 Histological section of liver tissues of rat model under HFDSham

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the liver
tissues of HFDSham the nuclei become blue (black arrow) and lipid droplets are stained
in red (red arrow). The scale bar represents 100um at X10 magnification and 20um at
X40 magnification.
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Figure 3.7 Histological section of liver tissues of rat model under WDAC

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the
liver tissues of WDAC the nuclei become blue (black arrow) and lipid droplets are
stained in red (red arrow). The scale bar represents 100um at X10 magnification and
20pm at X40 magnification.
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Figure 3.8 Histological section of liver tissues of rat model under WDSham

(A) H&E stain of nuclei appear as blue (black arrow) and the cytoplasm and cell
membrane emerge as red-pink colour (yellow arrow). (B) Under oil red O stain, the liver
tissues of WDSham the nuclei become blue (black arrow) and lipid droplets are stained
in red (red arrow). The scale bar represents 100um at X10 magnification and 20um at
X40 magnification.
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The histological sections of rat liver tissues under H&E nuclei appeared as blue coloured
whereas cell membrane and cytoplasm emerged as a red-pink colour in HFAC (Figure
3.5A), HFSham (Figure3.6A), WDAC (Figure 3.7A) and WDSham (Figure 3.8A). The
H&E stain results of liver tissues suggested that there were no pathological changes in
both dietary and surgical conditions of rat models. Under Oil red O staining, microscopic
images suggested that the lipids were accumulated in the form of lipid droplets in the liver
tissues of rat models; HFAC (Figure3.5B), HFSham (figure3.6B), WDAC (Figure3.7B)

and WDSham (Figure3.8B).

3.5 Discussion

LDs are noticeable features of cardiac myocytes and hepatocytes.**? LDs play a critically
important role in coronary artery disease. The accumulation of cholesterol esters within
LDs are one of the leading causes of formation of atherosclerotic plaque formation. 4% 44
The lipid composition of LDs influences the signalling and metabolism mechanisms,
which ultimately hampers the liver function and promotes liver diseases.*> An emerging
hypothesis is that over-accumulation of lipids in the LDs causes lipotoxicity and this may
trigger metabolic diseases.*> *Many studies in animal models have provided mechanisms
by which lipid accumulation is associated with cardiac and hepatic dysfunctions.*”°
However, it is not clear which types of dietary fats accumulation in LDs cause cardiac

and hepatic diseases.

The main aim of this study was to investigate the dietary effects of lipids accumulation
in the rat heart and liver tissues. The heart and liver tissues were obtained from WD and
HF diets model rats after nine weeks of feeding using Sham and AC surgery methods

(described in Chapter 2). WD and HF diets have been linked with weight gain, increased
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adiposity, cardiac and hepatic diseases.***> The WD and HF diets contain fats 45% and
65%, respectively from different sources such as soybean oil, coconut oil, lard and
vegetable shortening.*® Lard and vegetable shortening contain rich saturated fatty acids

and monounsaturated fatty acids causing metabolic changes effectively in heart and

liver 49, 52, 53

The microscopic images under Oil Red O stain of heart from HFD (Figure 3.1B-3.2B)
and WD (Figure 3.3B-3.4B) groups and liver from HFD (Figure 3.5B-3.6B) and WD
(Figure 3.7B-3.8B) showed red structure in the cytoplasm evidencing lipid accumulation
as lipid droplets. Howener, there was no significant difference in the lipid density of
staining from either Sham or AC WD/HF groups. These observations are consistent with
the results of Crescenzo et al. (2014), where rats were fed WD and HF diet. These results
clearly demonstrated that the effects of dietary fat fed to adult rats, in the proportions of

the WD, are similar to those induced by the HF diet. % °

In conclusion, the experimental diets, WD and HF, showed that there were no significant
changes in lipid density levels in heart as well as liver tissues in either Sham and AC
surgical conditions. These microscopic images suggest that the lipid compositions and
their accumulation in LDs under WD and HF diets may be similar. However, it requires
further investigations to understand the lipid compositions of WD and HF diets and their

metabolic effects on the heart and liver.
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Chapter 4
Effect of fatty diet on lipid
composition In heart and liver

tissues
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4.1 Introduction

Problems associated with being overweight and obese have increased over the past few
decades.'® Being overweight is one of the primary risk factors for metabolic diseases,
such as fatty liver disease and cardiovascular disease. This results in major health
problems in society.* > The mechanisms linking fatty diet to lipid metabolism occurring
in hepatic and cardiac diseases are not completely understood.® * 4 Recently established
lipidomics methods show that the lipidome is extremely complex.® Therefore, it is
important to know which lipid metabolites contribute to disease progression. The
objective of this study was to define changes in cardiac and hepatic lipid composition
caused by fatty diets and then model heart and liver disease to identify changes associated
with disease progression. The aim is to identify lipid biomarkers associated with a fatty

diet that may be relevant in pathophysiology, diagnosis, and therapy.

Adipose tissues (fatty connective tissues) have a significant role in nutrient homeostasis,
including calorie storage and a reservoir of free fatty acids when hungry.! The new
attention given to dietary fat has transpired as a result of the many diseases related to
dietary fat intake, such as heart attack, stroke and plaque formation.” Many studies
suggest that lipid accumulation in the liver causes several hepatic diseases.®*® It is
established that the liver plays a key role in various aspects of lipid metabolism within
many types of lipids.**1" Numerous transformed lipid types comprise lipid groups that
are biologically dynamic and disturb signaling pathways of insulin, cell injury,

lipogenesis, and pathways of cellular repair.
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4.1.1 Magic angle spinning solid state NMR

Magic-angle spinning (MAS) 'H NMR spectroscopy is one of the best techniques for
examining the metabolic composition of whole tissues of any organ. This technique is
capable of analysing the lipid metabolites without damaging the tissues, at a resolution
approaching that of lipid extracts and liquid state.”° Hence, it has been used extensively

to study metabolic changes in diseased cells and tissues.*®%!

In solution NMR, the liquid molecules tumble rapidly in isotropic motions (Figure 4.1A)
resulting in averaging out the orientation of nuclear magnetic interactions, detecting only
the isotropic component. Thus, the spectra of solution NMR appear as sharp peaks. In
contrast, the solid-phase samples do not undergo unrestricted isotropic molecular
motions. Hence the NMR spectra shows broad lines. These broad line spectra are known
as “powder patterns” (Figure 4.1C). In other words, the frequency and intensity profiles
reflect the orientation-dependent (Figure 4.1B) interactions between molecules in the
sample.?? In a solid powder sample molecules have all possible orientations. More
precisely the broadness of the NMR spectrum of solid samples or powder is due to the

chemical shift of each molecule being different.?3
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Figure 4.1 Schematic diagram of isotropic and anisotropic molecular motion and
powder pattern spectrum?®

(A) Liquid molecules possess both translational and rotational motion in all directions
and due to fast tumbling between molecules generate sharp peaks of NMR spectrum. (B)
Solid molecules do not possess rotational and translational motion but they arrange
compactly in an orientation- dependent manner. (C) The broad pattern comes from the
superposition of many sharp peaks with different frequencies, each one coming from each
molecule with a different orientation.?* 2

In solid powder samples there is chemical shift anisotropy and dipolar couplings are high.
Therefore, solid molecules generate broad NMR spectral line widths 226 (Figure 4.2Da).
This issue was finally resolved by I. J. Lowe and E. R. Andrew. They packed the solid
sample into a rotor (made up of zirconia or silicon nitride), capped (Figure 4.2C) and then
placed at an angle 54.74° relative to the external magnetic field and spun at high speed
(Figure 4.2B). Spinning the sample suppresses the anisotropic dipolar interactions of solid
nuclei and placing the sample at 54.74° to the external magnetic field generates average

orientation around the x, y and z planes 232

as shown in figure 4.2A. This average
orientation angle (54.74°) is commonly known as the magic angle. At this magic angle,

the anisotropic nature of solid samples produces NMR sidebands (Figure 4.2Db) and
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these bands gradually disappear after spinning the sample at high speed (500 Hz to 67
kHz, depending upon experiment types). Finally, the NMR spectrum resides into thin
lines at the isotropic shifts and produces a high-resolution spectrum of solid sample 2 as

shown in figure 4.2Dc.

(a) Static

(b) 10 ka Jt 1
t t

Sideand Sideband
(c) 60 kHz
1 JIL 1 1
10 0 -10 -20

3C Frequency (kHz)

Figure 4.2 Schematic representation of MAS NMR.
(A) The sample is placed into an NMR probe at the “magic” angle of 54.74° (B) Magic

angle spinning probe (C) Rotor with caps (D(a)) Broad powder pattern 13¢ NMR of a
static sample (D(b)) spinning sidebands appear at low spinning speed (10kHz) (D(c)),side
bands disappear at high spinning speed (60kHz) and are averaged out into an isotropic
peak.?®
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4.2 Aims

To investigate the changes in lipid compositions under as a result of specific diets in rat
heart and liver tissues using solid state *H NMR. The NMR massive data will be analysed
by PCA software to obtain a clear view in variables effecting the data. This will show the

effect of lipids composition from different diets on rat hearts and liver tissues.

4.3 Materials and methods

Adult male Sprague Dawely rats (220-250 gm, Charles River Inc.,Kent, UK) were
maintained on diets containing 61.6% fat and 20.3% sucrose (high-fat diet, HFD); or 45%
fat and 15% sucrose (Western diet, WD), 48 hours post-surgery, as described in Chapter

2 section 2.1, generating four experimental groups:

e High-fat diet + Sham (HFDSham).

e Western diet + Sham (WDSham).

e High-fat diet + Aortic Constriction (HFDAC).
e Western diet + Aortic Constriction (WDAC).

After nine weeks, animals were anaesthetised, hearts and livers were harvested, rinsed,

freeze-clamped and processed as described in chapter 2 section 2.1.

The *H HR-MAS NMR experiments on intact heart and liver tissue of the left lobe excised
from rats were performed on a Bruker Avance Il spectrometer operating at a frequency
of 500.1025 MHz (*H). The adult male Sprague Dawley rats were subjected to aortic
constriction (AC; induced cardiac hypertrophy and heart failure) or Sham (placebo)
surgical methods. Then the rats were fed either Western or high fat diet for nine weeks
(detailed explanation in Chapter 2 section 2.1). 'H MAS NMR experiments were

performed on a Bruker 500 MHz (11.7 tesla) and a 4.0 mm MAS probe from Bruker was
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used. About 30-40 mg heart or liver tissue was packed between Kellogg-fluoropolymer
(Kel-F)/polychlorotrifluoroethylene plugs to prevent fluid leakage in the zirconium oxide
4mm diameter MAS rotor from Bruker. The sample spinning rate used was about 8 kHz
at 278K. A standard Topspin ZgPr pulse sequence was used for the measurement with a
single pulse excitation and 0.5 s low power pre-saturation at the H>O peak position for
H>O suppression. The acquisition time was 1 sec and the recycle delay time was 1 sec,
resulting in a total length of the pulse sequence of about 2.5 sec. Each spectrum was
acquired with a total of 256 accumulations in about 10 min 30 sec. A detailed explanation
is discussed in Chapter 2 section 2.2.4.

The data from solid state NMR spectra were analysed by PCA statistical tool described

in Chapter 2 section 2.2.6.
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4.4 Results

4.4.1 H MAS SS NMR spectra of rat heart and liver tissue
The spectra were referenced to the lipid CHz at 0.9ppm in each spectrum and peaks were

assigned based on prior published results. 2733

The 'H MAS NMR spectra of intact heart tissues (Figure 4.3) and the intensities of peak
3 (Lipids/triglyceride (CH2)n) and peak 22 (triglyceride —CH-O-COR) were different
among all four experiment groups (WDAC, WDSham, HFDAC and HFDSham). The
intensities of peak 23 (Lipids -CH=CH-) were weak in HFDAC samples. The peak 20 (a-
Glucose) was visible in the spectra of WDAC, HFDSham and HFDAC samples. The
intensity of peak 19 (Esterified cholesterol 3-CHOH) was found only in HFD samples.
The peak 6 (Leucine) was not found in WDSham samples. The peak 5 (Lipids
CH2CH,COQ) was appeared only in WD samples. The peak 1 (Lipids/Triglyceride CHz3),
4 (Alanin B-CHa), 7 (Lipids CH=CH-CH>), 8 (Lipids CH,-CH>-CO), 9 (Glutamate CH>),
10 (Lipids CH=CH-CHy),11(Creatine),12
(Choline/Phosphocholine/Phosphothanolamine/  Glycerophosphocholin ) , 13
(Glucose/Taurine —CH2NH?2), 14 (Phosphocholine), 15 (Alanine), 16 (Creatine) and 17

(Triglyceride —-CH-O-COR) were found with the same intensities in all samples.

'H MAS NMR spectra of intact liver tissues (Figure 4.4) and the intensities of peaks 8
(Choline/Phosphocholine), 9 (Taurine), 10 (Cholesterol 3-CHOH), 11 (Phosphocholine
NCHz), 12 (Glucose/glycogen), 16 (B-Glucose C:H), and 21 (Glycogen) were higher in
WD samples than HFD samples. The intensities of peaks 1 (Cholesterol/esters -CHz), 2
(Lipids/Triglyceride CHa), 3 (Lipids (CH2)n), 4 (Lipids B-CHz), 5 (Lipids -CH>—CH=), 6

(Lipids a-CHz), 7 (Lipids =CH- CH2—CH=), 13 (Cholin CH2(OH)), 14 (Phosphocholine
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POsCHy), 15 (Triglyceride), 19 (a-Glucose C1H) and 20 (Lipids —CH=CH) were appeared

the same in all group samples.

The spectra suggest that lipids and other components (proteins and carbohydrates etc.)
in the heart and liver tissues were almost similar. However, there are variations in some
metabolites peak intensities - in heart samples the lipid groups, such as (i) -CH=CH- at
5.32ppm were weak in tissues of HFD samples under aortic constriction condition, (ii)
CHa)n at 1.27-1.38ppm and —CH-0O-COR at 5.25-5.28ppm were asymmetrical among WD
and HFD samples obtained either from aortic constriction or placebo surgical methods,
(iii) -CHOH at 4.75ppm appeared only in aortic constriction or placebo HFD heart tissue
samples and (iv) CH2CH.CO at 1.62ppm was found in WD aortic constriction or placebo
samples. The non-lipid metabolites peak intensities of heart tissues, such as leucine at
1.75ppm and a-glucose at 4.85ppm were not found in the WD samples under placebo
surgical condition. In liver samples, the peak intensities of lipid groups at 3.21-3.3ppm
choline/phosphocholine, at 3.53ppm -CHOH and at 3.6ppm NCH3s were higher in WD
than HFD samples under both aortic constriction and placebo surgical conditions. The
peak intensities of non-lipid groups of liver samples at 3.42ppm taurine, 3.7-3.95ppm
glucose/glycogen, 4.65ppm B-glucose C1H, and 5.41glycogen were also higher in WD
than HFD samples under both aortic constriction and placebo conditions. These findings
reveal that these significant variations in some metabolites may be related to dietary fat

composition and surgery methods.
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Figure 4.3 'H MAS SS NMR spectra of rat heart tissue

Where 1 (0.9ppm) Lipids/Triglyceride CHs; 2 (1.18ppm) Unassingned peak; 3 (1.27-
1.38ppm) Lipids/Triglyceride (CH2)n; 4 (1.52ppm) Alanin B-CHs; 5 (1.62ppm) Lipids
CH2CH.CO; 6 (1.75ppm) Leucine; 7 (2.08 ppm) Lipids CH=CH-CH>; 8 (2.20ppm)
Lipids CH.-CH2-CO; 9 (2.38ppm) Glutamate CHa; 10 (2.82ppm) Lipids CH=CH-CHy;
11(3.07ppm)Creatine;12(3.21-3.27ppm)
Choline/Phosphocholine/Phosphothanolamine/Glycerophosphocholin;13(3.42ppm)
Glucose/Taurine —CH2NH>; 14 (3.60ppm) Phosphocholine; 15 (3.79ppm) Alanine; 16
(3.95ppm) Creatine; 17 (4.15ppm)Triglyceride —CH-O-COR; 18 (4.65ppm) B-Glucose;
19 (4.75ppm) Esterified cholesterol 3-CHOH; 20 (4.85ppm) a-Glucose; 21 (4.9ppm)
Unassigned peak; 22 (5.03ppm) a-Glucose C1H; 22 (5.25-5.28ppm) Triglyceride —CH-
0O-COR; 23 (5.32ppm) Lipids -CH=CH-.
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Table 4.1 List of metabolite peak assignments in the heart tissues

Metabolite 'H chemical shifts

Lipids /Triglyceride CH3 0.9ppm

Lipids/Triglyceride (CH2)n 1.27- 1.38ppm
Alanin B-CHs 1.52ppm
Lipids CH.CH.CO 1.62ppm
Leucine 1.75ppm
Lipids CH=CH-CH> 2.08 ppm
Lipids CH2-CH>-CO 2.20ppm
Glutamate CH; 2.38ppm
Lipids CH=CH-CH: 2.82ppm
Creatine 3.07ppm

Choline/Phosphocholine/Phosphothanolamine/Glycerophosphocholin 3.21-3.27ppm
Glucose/Taurine —CH2NH> 3.42ppm
Phosphocholine 3.60ppm
Alanine 3.79ppm
Creatine 3.95ppm
Triglyceride —-CH-O-COR 4.15ppm
B-Glucose 4.65ppm
Esterified cholesterol 3-CHOH 4.75ppm
a-Glucose 4.85ppm
a-GlucoseC1H 5.03ppm

Triglyceride -CH-O-COR 5.25-5.28ppm
Lipids -CH=CH- 5.32ppm
Glycogen 5.41ppm
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Figure 4.4 'H MAS SS NMR spectra of intact rat liver tissue.

Where 1 (0.72ppm) Cholesterol/esters -CHs; 2 (0.9ppm) Lipids/Triglyceride CHs; 3
(1.29ppm) Lipids (CH2)n; 4 (1.59 ppm) Lipids p-CHo; 5 (2.03ppm) Lipids -CH>—CH=; 6
(2.25 ppm) Lipids a-CHp; 7 (2.78-2.83 ppm) Lipids =CH-CH>—CH=; 8 (3.21 -3.3ppm)
Choline/Phosphocholine; 9 (3.42ppm) Taurine; 10 (3.53ppm) Cholesterol 3-CHOH; 11
(3.6ppm) Phosphocholine NCH3s; 12 (3.7-3.95ppm) Glucose/glycogen; 13 (4.09ppm)
Cholin CH2(OH); 14 (4.18ppm) Phosphocholine POsCHy; 15 (4.3ppm) Triglyceride; 16
(4.65ppm) B-Glucose C1H; 17 (4.8ppm) Unassigned peak; 18 (4.95-5.19ppm)
Unassigned peak; 19 (5.23ppm) a-Glucose C1H; 20 (5.32ppm) Lipids —-CH=CH; 21

(5.41ppm) Glycogen.

102



Table 4.2 List of metabolite peak assignments in the liver tissues

Metabolite 'H chemical shifts
Cholesterol/esters -CHs 0.72ppm
Lipids/Triglyceride CH3 0.9ppm

Lipids (CH2)n 1.29ppm
Lipids B-CH:> 1.59ppm
Lipids -CH,—CH= 2.03ppm
Lipids a-CH> 2.25ppm
Lipids = CH-CH,—CH= 2.78-2.83ppm
Choline/Phosphocholine 3.21 -3.3ppm
Taurine 3.42ppm
Cholesterol 3-CHOH 3.53ppm
Phosphocholine NCH3 3.6ppm
Glucose/glycogen 3.7-3.95ppm
Cholin CH2(OH) 4.09ppm
Phosphocholine PO3CH: 4.18ppm
Triglyceride 4.3ppm
B-Glucose C1H 4.65ppm
a-Glucose C1H 5.23 ppm
Lipids -CH=CH 5.32ppm
Glycogen 5.41ppm
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4.42 PCA analysis of 'H MAS SS NMR spectra of intact rat heart and liver
tissues

The data from *H MAS SS NMR spectra of intact rat heart and liver tissues were
examined using a multivariate statistical analysis (MVVA) approach. Principal components
analysis (PCA) is one such MVA method that reduces the data into a small number of
variables called principal components (PCs), describing most of the variation in the
spectral data. This analysis produces a scores scatter plot (Figures 4.5.1 and 4.6.1) and a
loadings scatter plot (Figures 4.5.2and 4.6.2) that show which spectral variable
contributes to each PC producing better separation of sample types. The corresponding
loadings plots are shown (Figure 4.5.2 and 4.6.2) that best discriminate between samples.
The absolute size of the peaks on the loading plots show the data points related to the
principal component that can correctly identify the most variable component of the
samples. Displaying the *H NMR spectra of the data variables (Figures 4.5.3 and 4.6.3)
is essential. Tracing the variable value from the spectra clearly demonstrates the
metabolite peaks (Figure4.5.3 and 4.6.3). This metabolite is then identified from the

known *H chemical shifts of each component in Tables 4.1 and 4.2.

The scores PC1, PC2 are variables derived from the NMR peaks and summarizing the
variables. The observation scores of PC1, PC2 are completely independent of each other.
PC1 explains the largest variation of the data, followed by PC2. The scatter plot of PC1
vs PC2 displays how the observations are situated with respect to each other.
Observations near each other are similar, which means less variation and observation far

away from each other are dissimilar, having more variation.
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The PCA analysis of heart tissues suggests that there are three different patterns of group
between WD and HFD samples (Figure 4.5). In one group, there are four WD samples
(WDACS8, WDAC2, WDSham3 and WDSham?7). Here, WDSham samples are clearly
separated from WDAC samples situated in the IV quadrant. This group suggests that the
variation is the highest among other samples and there is also a significant variation
between the Sham and AC surgery method conditions in the WD samples of this group.
The second group is the cluster of HFD samples. The samples of this group are close to
each other and non-overlapping, situated in all quadrants near to the zero point or near to
the centre. This cluster shows less variation among the samples of this group and no
separation between Sham and AC HFD samples. The third group is a mixture of WD and
HFD samples clustering very close to each other or overlapping, situated in the second
quadrant. The third group suggests that there is no variation and separation among the

samples of this cluster.

The loading scatter plot of heart tissues (Figure 4.6), PC1 on the X axis suggests that
variable points 1008-1012 have strong impact, because these variable points are far away
from the centre at the zero point of PC1 on the X-axis. The variable point 1010 shows
strong effect on the data, causing the highest variation among PC1. In the PC2 on the Y
axis, the variable points 1041,1042,1043 and 1013 are far away from the centre at the
zero value of PC2 on the Y-axis, causing strong variation impact among PC2. The
variable point 1041 shows the strongest variation among PC2 variables because it is far
away from other variables on PC2 on the Y-axis. The variable points 1008-1013
correspond to lipids -CH=CH- at (5.32ppm), whereas variable points 1041,1042,1043
correspond to triglyceride -CH-O-COR at (5.25-5.28ppm) of *H MAS SS NMR (Figure

4.7).
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Figure 4.5 Score scatter plot of 1H MAS SS NMR spectra of rat heart tissues.

Where green triangles are WD and red circles are HFD. ACWD: Aortic constriction
Western diet; SWD: Sham Western diet; ACHFD: Aortic constriction high fat diet;
SHFD: Sham high fat diet. The graph is plotted against PC1 and PC2 which represent the
score variation in the object direction.
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Figure 4.6 Loadings scatter plots of PC1 and PC2 component variables of heart
tissues.

Each point is a variable that represents the 'H MAS SS NMR peak intensity from rat heart
tissue samples, where, Var: variable point.
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Figure 4.7 'H MAS SS NMR spectrum of heart tissues corresponding to the
variables PCA analysis.

Where variable points 1008-1013 correspond to lipids -CH=CH- at (5.32ppm) and
variable points 1041,1042,1043 correspond to triglyceride —CH-O-COR at (5.25-
5.28ppm) and 'H MAS SS NMR spectra of rat heart tissues. Red boxes represent the
variables and their corresponding chemical shifts.
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The PCA analysis of liver tissues suggests that the score scatter plot divides the WD and
HFD samples into almost two halves (Figure 4.8). Below the regression line the scores
are from WDAC samples, suggesting the variation is the highest among the other samples
and significantly separating the WD and HFD samples. The cluster of HFD scores is close
to the WDSham scores. Some scores of HFD overlap with WDSham scores and some
HFD scores are also non-overlapping. Overlapping scores between HFD and WDSham
indicate no variations among the samples, whereas non-overlapping scores suggest
significant variation. HFD scores are non-overlapping and clearly separated, suggesting

variations among HFD samples.

The loading scatter plot of liver tissues (Figure 4.9), PC1 on the X axis suggests that
variable plots 1549, 1550, 1551 and 1552 show strong impact, because these variable
points are far away from the centre or zero point on the X axis. However, the variable
points from 1545 to 1557 are present between PC1 and PC2 and these variable points are
the same as variable points between 1549 to 1552. The variable points from 1545 to 1557
correspond to lipids (CHz)n at (1.29ppm) of 'H MAS SS NMR (Figure 4.10). However,
in the PC2 on Y axis the variable points 1608,1416,1415 and 1417 are far away and thus
cause strong impact in PC2. The variable point 1608 corresponds to lipids/triglyceride
CHj3 at 0.9ppm and variable points 1416,1415 and 1417 correspond to lipids a-CH> at

2.25ppm of 'H MAS SS NMR (Figure 4.10).
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Figure 4.8 Score scatter plot of 'H MAS SS NMR spectra of rat liver tissues

Where, red triangles are WD and green circles are HFD. ACWD: Aortic constriction
Western diet; SWD: Sham Western diet; ACHFD: Aortic constriction high fat diet;
SHFD: Sham high fat diet. The graph is plotted against PC1 and PC2 which represent the
score variation in the object direction.
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Figure 4.9 Loadings scatter plots of PC1 and PC2 component variables of liver
tissues.

Each point is a variable that represents the '"H MAS SS NMR peak intensity from rat liver
tissue samples, where, Var: variable point.
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Figure 4.10 'H MAS SS NMR spectrum of liver tissues corresponding to the

variables PCA analysis.

Where variable point 1608 corresponds to lipids/triglyceride CHs at 0.9ppm, variable
points 1545-1557 correspond to lipids (CH2)» at 1.29ppm and variable points 1415-1417
correspond to lipids a-CHz at 2.25ppm and *H MAS SS NMR spectra of rat liver tissues.
Red boxes represent the variables and their corresponding chemical shifts.
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4.5 Discussion

Metabolites, including lipid profile, are one of the strong biology tools for diagnosing and
evaluating the efficacy of a therapy in an early stage of diseases.®* *® Fat depots within
and surrounding the heart primarily supply fatty acid (FA) deposits.®® In normal
physiological heart condition, fats are the main source of fuel, accounting for 70% of
oxidative adenosine triphosphate (ATP) production.’” However, the excessive
accumulation of fats has been related to myocardial damage, inflammation, and heart
disease. Evidence suggests that high-fat diets promote an elevation of triglycerides and
fatty acids, leading to myocardial dysfunction and lipotoxic cardiomyopathy.38-40
Increased lipid oxidation is related to reactive oxygen species (ROS) causing metabolic
abnormalities in heart. The “lipid hypothesis™** states the link between high dietary fat
contents, mainly saturated fatty acids (SFA), and TG promoting heart and liver
diseases.*"** Consequently, dietary fat, particularly intake of SFA, has been constantly
demonized.* Ever since, reduced consumption of SFA has been promoted in the regular
diet to reduce the risk of heart and liver diseases.*> The intimate connection between
cardiac inflammation and fat metabolism causing dyslipidemia in Western and developed
societies, especially elevated level of triglycerides, small dense low-density lipoprotein
and dysfunctional high-density lipoprotein, is influenced by high dietary fats.*® The low
intake of saturated fat together with high consumption of polyunsaturated and
monounsaturated fat is linked with low risk of CVD studied in many populations.*’ The
liver is one of the important organs to regulate dietary nutrients, such as fats and
carbohydrates.*® The deposition of intrahepatic fat may contribute to metabolic hepatic
diseases. “6The excess fats are stored in the liver as TGs via secretion or oxidation
pathways. The retention of TGs in liver tissues are the precondition for the development

of fatty liver diseases.*®
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Among various pathological features of cardiac and liver diseases, the content and
composition of lipids deserve special consideration.*®*® Dietary lipids intake and their
composition may be driving forces in the transition to cause toxicity in the heart and liver.
Numerous lipidomics profiling investigations highlighted the existence of lipid signature
to promote heart and liver disorders.*®*® However, it is not clear which types of dietary
lipids/fats are the real cause to disturb the metabolism or physiology of heart and liver

tissues.*6-48

The main aim of this study was to investigate the molecular lipid profiles of different
diet using heart and liver tissues from rat models of WD and HFD under MAS NMR and
PCA. MAS is a well-known method for achieving high resolution *H-NMR spectrum of
metabolites of the intact biological tissues without losing tissue architecture and without
the need of extraction.**>! Therefore, it is used to obtain HR spectra of heterogeneous
biological samples for determining the metabolic profile of the studied system under the
considered conditions, such as cancer, dietary effects on diseases etc.**2 Subsequently
the metabolic changes are evaluated by using PCA of data obtained from MS-NMR
spectra and systematically evaluating the variations in metabolites from a distribution
pattern.32 2 The PCA is a statistical method used to detect interrelationships between the
different variables by data a prediction scheme that manages sample grouping with
selection and dimensionality reduction.®® In PCA, the direction of length and the angles
between the connecting line variables and centroids signify the connection between

variables and principal component axes; the longer the line, the higher the variance.>

The rats were fed either Western or high fat diet for nine weeks. The aortic constriction

(AC; induced cardiac hypertrophy and heart failure) and Sham (placebo) surgical
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methods were used before feeding (described in section 2.1.1). About 30-40mg of heart

and liver tissues were used for each experiment.

Table 4.3 Assignment of heart tissue metabolites in WDSham, WDAC, HFSham,
HFAC and PCA variables

Metabolites WDSham | WDAC | HFDSham | HFDAC | PCA
Variables

Lipids [Triglyceride CHs X

(0.9ppm)

Lipids/Triglyceride (CH2)n (1.27- X

1.38ppm)

Alanin $-CHs (1.52ppm)

Lipids CH2CH2CO (1.62ppm)
Leucine (1.75ppm)

Lipids CH=CH-CH (2.08ppm)
Lipids CH2-CH2-CO (2.20ppm)
Glutamate CH: (2.38ppm)

Lipids CH=CH-CH. (2.82ppm)
Creatine (3.07ppm)
Choline/Phosphocholine/PT/GPC
(3.21-3.27ppm)

Glucose/Taurine —CH:2NH:
(3.42ppm)

Phosphocholine (3.60ppm)
Alanine (3.79ppm)

Creatine (3.95ppm)

Triglyceride —CH-0O-COR
(4.15ppm)

B-Glucose (4.65ppm)

Esterified cholesterol 3-CHOH
(4.75ppm)

o-Glucose (4.85ppm)
o-GlucoseC1H (5.03ppm)
Triglyceride —CH-O-COR(5.25-
5.28ppm)

Lipids -CH=CH- (5.32ppm)
Glycogen (5.41ppm)
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The high-resolution proton MAS NMR spectra of intact heart tissues were dominated by
resonances associated with metabolites (Table 4.3), especially lipid groups such as
lipids/triglyceride (CH2)n at 1.27-1.38ppm and triglyceride -CH-O-COR at 5.25-5.28ppm
(Figure 4.3). These peak intensities differed among WDAC, WDSham, HFDAC and

HFDSham groups. The lipid group -CH=CH- at 5.32ppm intensity was weaker in
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HFDAC than HFDSham and WD samples. The Esterified cholesterol -CHOH at 4.75ppm
was found only in HFD samples (Figure 4.3). The lipid group CH>CH>CO at 1.62ppm
only appeared in WD samples. The lipid groups CHz at 0.9ppm, CH=CH-CH> at
2.08ppm, CH2-CH2-CO at 2.20ppm, CH=CH-CH at 2.82ppm,
choline/phosphocholine/phosphothanolamine/glycerophosphocholin  at  3.21-3.27ppm,
phosphocholine at 3.60ppm and triglyceride —CH-O-COR at 5.25-5.28ppm were found
with the same intensities in all samples (Figure 4.3). PCA data suggest that the variable
points 1008-1013 correspond to unsaturated lipids -CH=CH- at 5.32ppm and variable
points 1041-1043 correspond to triglyceride -CH-O-COR at 5.25-5.28ppm of 'H MAS

SS NMR (Figure 4.7).

Dayton et al. conducted a dietary experiment on 846 men with an average age of 65 years
with 30% CVD by replacing saturated fat with high polyunsaturated linoleic acid in one
group. They found that serum cholesterol was reduced by 13% in the polyunsaturated
group but there was no significant difference between the two groups in terms of
myocardial infraction.® Leren performed the Oslo diet-heart study. In this experiment,
he randomly selected 412 men having myocardial infraction. In one group, he gave the
usual high saturated fat diet. The other group’s diet was changed from high saturated fat
to low saturated fat with high polyunsaturated vegetable oils. He found that the mortality
rate was less in the low saturated fat with high polyunsaturated diet group.®® Houtsmuller
et al selected 51-51 persons in two groups of newly diagnosed diabetes mellitus. They
gave to one group high saturated fat diet and in the other group, high saturated fat was
replaced with a high polyunsaturated fats and low saturated fats diet. They monitored
CVD by electrocardiography and found that CVD was diagnosed in 24 of 51 in the high

saturated fat diet group. In the polyunsaturated and low saturated fat diet group, CVD was
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found in 8 of 51, suggesting that a polyunsaturated fat and low saturated fat diet reduced

the risk of CVD.>’

Burgmaier et al. reported that obese Zucker rats significantly decreased in cardiac power
and increased triglyceride (TG) accumulation after feeding WD for 7 days. They found
that these changes were not seen in control-diet rats, in which FA oxidation was
upregulated after seven days of high-calorie diet. They also found mismatch between FA
uptake and oxidation led to myocardial TG accumulation and left ventricular (LV)
dysfunction at seven days of WD.*® Ouwens et al. found rats that were fed HFD for 8
weeks exhibited increased TG accumulation and decreased LV fractional shortening.>®
Chen el al.reported that dietary long-chain SFA encouraged cardiac dysfunction, without
triggering substantial changes in blood pressure, blood glucose and insulin resistance in
mice. They also suggested that the excess individual SFA may compromise myocardial
function by mechanisms independent of the majority of metabolic disorders.®®
Listenberger et al. used a cellular lipid metabolism model and suggested that unsaturated
fatty acids protect against lipotoxicity via elevation of triglyceride accumulation.®* Zhou
et al. used obese Zucker diabetic fatty rats as a model to determine the metabolic
abnormalities that cause lipotoxicity on myocardial cells. They found that accumulation
of TG was rapid in the heart because of under expression of fatty acid oxidative enzymes.
They suggested that fat-laden hearts promote lipoapoptosis followed by cardiac

dysfunction.5?

The lipid compositions of WD and HFD was investigated on heart tissues in this chapter.
These data suggest that there are no significant differences in the lipid compositions of
WD and HFD either in cardiac stress (AC) or normal (sham) condition surgical methods

(Figure 4.3). However, PCA data of this study suggest that unsaturated lipids and TG

117



compositions show variation in all experimental groups (Figure 4.5-4.7). These findings
support the suggestions of previous studies that the composition of unsaturated lipids and
TG may influence the lipid metabolism along with saturated fats on heart tissues. The
non-lipid metabolites such as leucine and a-glucose are found in HFD groups in both
cardiac stress (AC) or normal (Sham) surgical conditions. However, these non-lipid
metabolites are not recorded as variable groups under PCA. However, it is needed to
understand the role of leucine and a-glucose in the metabolism of heart and related
diseases during HFD conditions. In this study, the esterified cholesterol was only found
in HFD samples of proton MAS NMR spectra. It has been proposed that esterified
cholesterol may be associated to antiatherogenics. However, animal and epidemiologic
studies suggest that esterified cholesterol has not been linked to antiatherogenic.
However, there is a need to further investigate the role of esterified cholesterol of HFD

and lipid profiling of cardiac metabolism.

Proton MAS NMR spectra of intact liver tissue metabolites (Table 4.4) suggest that the
peak intensities with lipid groups, such as choline/phosphocholine at 3.21-3.3ppm,
cholesterol 3-CHOH at 3.53ppm and phosphocholine NCH3 at 3.6ppm and the peak
intensities of non-lipid groups, such as taurine at 3.42ppm, glucose/glycogen at 3.7-
3.95ppm, B-glucose C1H at 4.65ppm and glycogen at 5.41ppm are higher in WD than
HFD samples (Figure 4.4). Moreover, the PCA data suggest that the variable points 1545-
1557 correspond to polyunsaturated lipids (CH2)» at 1.29ppm, variable point 1608
corresponds to lipids/triglyceride CHz at 0.9ppm and variable points 1416,1415 and 1417

correspond to lipids a-CHz at 2.25ppm of *H MAS SS NMR (Figure 4.10).
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Table 4.4 Assignment of liver tissue metabolites in WDSham, WDAC, HFSham,

HFAC and PCA variables

Metabolites

WDSham

WDAC

HFDSham

HFDAC

PCA
Variables

Cholesterol/esters -CHj3
(0.72ppm)

X

Lipids/Triglyceride CHs
(0.90ppm)

Lipids (CH2)n (1.29ppm)

Lipids B-CH (1.59ppm)

Lipids -CH>—CH= (2.03ppm)

Lipids a-CH2 (2.25ppm)

Lipids = CH-CH>-CH=(2.78-
2.83ppm)

Choline/Phosphocholine
(3.21-3.30ppm)

Taurine (3.42ppm)

Cholesterol 3-CHOH
(3.53ppm)

Phosphocholine NCHs
(3.60ppm)

Glucose/glycogen (3.70-
3.95ppm)

Cholin CH2(OH) (4.09ppm)

Phosphocholine PO3CH:
(4.18ppm)

Triglyceride (4.30ppm)

B-Glucose C1H (4.65ppm)

a-Glucose C1H (5.23ppm)

Lipids -CH=CH (5.32ppm)

Glycogen (5.41ppm)
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The association between dietary fat consumption and liver fat compositions have been

investigated. Koch et al. examined the connection between dietary fats and liver fat

contents measured by magnetic resonance imaging (MRI) in 354 adults. They observed

that consumption of fats was not linked with liver fats, whilst alcohol was associated with

hepatic fats.5® In contrast, Mollard et al. suggested that dietary fat may be the determinant

of hepatic steatosis and significantly associated with hepatic TG using magnetic

resonance spectroscopy in 74 overweight adolescents.®* Kuk et al. investigated the

association between acute (1 day) or habitual (10 day) dietary fat intake and liver fat using
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computed tomography in 42 abdominally-obese men. They found that there was no link
between liver fat and acute dietary fat intake, but a positive association was found
between liver fat and habitual fat consumption.®® Rosqvist et al. investigated the effect
of excess feeding of SFA or polyunsaturated fatty acids (PUFA) on liver fat accumulation
in healthy adults for seven weeks using MRI. They found that SFA increased liver fat to

a greater extent than PUFA.%®

The data of PCA of proton MAS NMR from liver tissues after nine weeks feeding WD
and HFD of this study suggest that the variations in mono- or polyunsaturated and TG in
both dietary conditions (Figure 4.8 - 4.10). TG and unsaturated lipid compositions may
influence the lipid metabolism in the liver. These findings support the previous studies
showing that TG and UFA may play an important role in lipid metabolism in the liver.
However, these data did not identify the most variable SFA groups in all experimental
conditions and here these findings contradict previous studies showing that SFA has a

greater influence than UFA on the liver.

In conclusion, lipid compositions associated with dietary sources relies on the detection
of key dietary factors that influence the lipidomics profile in the heart and liver causing
toxicity and diseases. The dietary fats intake may affect its composition, such as TG, and
saturated fatty acids in the metabolism of liver and heart physiology. The variables in TG
and unsaturated lipids of WD and HFD conditions suggest that they may play an
important role in lipid metabolism and propagation of diseases, which may need further

investigation and validation.
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Chapter 5
WD and HFD lipid profiling of
lipids extracted from heart and

liver
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5.1 Introduction

The metabolome is a group of small molecules or metabolites of an entire physiological
system.! 2 The metabolites are exogenous - dietary, or drug related and endogenous -
chemical substrates, intermediates and their final products that are synthesised or
produced in the biological system. Metabolites comprise lipids, carbohydrates, amino
acids, peptides, nucleotides and organic acids.># In this study, the main objective was to
examine the effect of lipid metabolites from dietary fats extracted from rat’s heart and

liver tissues.

Fats or lipids are generally deposited on subcutaneous and visceral fat tissues. However,
excess fats can accumulate in non-adipose tissues such as hepatocytes (liver tissues) and
cardiomyocytes (heart tissues).>® Deposition of excess fats is one of the hallmarks of
obesity. Visceral obesity is associated with high mortality rate.® However, obesity may
also promote hypertension, insulin resistance syndrome including diabetes, increased risk
of cardiovascular diseases (CVD) and non-alcoholic fatty liver diseases.® The surplus fat
is generally ectopic fat coming from dietary sources.** The Western diet and high fat diet
contain an excessive percentage of saturated fats, which is identified as a risk factor of
pathological conditions for cardiovascular disease, hepatic disorders and dyslipidaemia
in both humans and mice.'>*® To investigate the effect of dietary fats on heart and liver -
lipid compositions, WD and HF diet were fed to rats for nine weeks before lipid extraction

from heart and liver tissues.

The abnormal accumulation and excessive deposition of fats/lipids within
cardiomyocytes or hepatocytes mainly involve triglycerides, saturated and unsaturated
lipids although other lipid metabolites such as free fatty acids, cholesterol, and

phospholipids also exist.*61° Free fatty acids are one of the main substrates to form
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triglycerides that induce oxidative stress and provoke generation of reactive oxygen

species (ROS) causing cellular apoptosis or toxicity.6-1°

Lipidomics is the use of analytical methods together with chemometrics for the study of
lipid profile.®® Chemometrics is the combination of statistical and computational
applications to analyse the data obtained from the spectra of analytical experiments.?
Proton nuclear magnetic resonance (*H NMR) is one of the useful analytical methods in

probing for lipid profile.?

5.1.1 Proton'H NMR

'H NMR spectroscopy is a useful method to take advantage of the magnetic properties of
protons to acquire structural information. The strong magnetic field of NMR and
electromagnetic radiation as radiofrequency (rf) pulses are applied to excite the protons
of samples.?® When the excited protons relax and achieve the equilibrium state, energy is
collected in the form of an oscillating electromagnetic signal, commonly known as free
induction decay (FID). This signal (intensity versus time) is normally Fourier
Transformed to generate a spectrum of intensity versus frequency.?® The protons of the
different molecules show different chemical shift with a specific pattern of peaks giving
information about both the chemical shift and the intensities of those peaks.?® A detail

explanation of the principles of NMR is provided in Chapter 1 section 1.6.1.

5.2 Aims

To investigate the lipidomics changes induced by western diet fat and high fat feeding in

the rat using *H NMR. Lipids were extracted from rat heart and liver tissues. Multivariate
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statistics, via a PCA tool was used to analyse the NMR spectra chromatograms produced

by lipidomics analyses to obtain a clear view of the variables affecting the data.

5.3 Materials and methods

Adult male Sprague Dawely rats (220-250 gm, Charles River Inc.,Kent, UK) were
maintained on diets containing 61.6% fat and 20.3% sucrose (high-fat diet, HFD); or 45%
fat and 15% sucrose (Western diet, WD), 48 hours post-surgery, as described in Chapter
2 section 2.1, generating four experimental groups:

e High-fat diet + Sham (HFDSham).

e Western diet + Sham (WDSham).

e High-fat diet + Aortic Constriction (HFDAC).
e Western diet + Aortic Constriction (WDAC).

After nine weeks, animals were anaesthetised, and hearts and livers were harvested,
rinsed, freeze-clamped and processed as described in Chapter 2 section 2.1. The *H NMR
experiments on lipids extracted from heart and liver tissues from rats were performed on
a Bruker Avance Il spectrometer operating at a frequency of 500.1025 MHz (*H) detail
explanation in Chapter 2 section 2.2.3. for Proton NMR lipid profiling experiments, the
lipid soluble metabolites were reconstituted in 600 pul of CDClIs (0.03% v/v TMS). About
500 pl of the prepared sample was loaded into a standard 5 mm NMR tube. A standard
Topspin Zg pulse sequence was used for the measurement with a single pulse excitation
using 256 scans at 288K. The acquisition time was 1s and the recycle delay time was 15,
resulting in a total experimental time of about 17 mins. The data from NMR spectra were

analysed by the PCA statistical tool described in Chapter 2 section 2.2.6.
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5.4 Results

54.1 H NMR spectra of lipid metabolites extracted from rat heart and liver
tissue
The spectra were referenced to TMS at 0.0ppm in each spectrum and peaks were assigned

according to prior published results.?*?’

The H NMR spectra of lipids extracted from heart tissues (Figure 5.3) and the intensity
of peak 7 (FA B-CH.) were only observed in HF samples. The peak 16 (PC and SM CH
-N* (CHs3)3) was found in WDSham and HFSham samples. The peak 20 (PC and SM -O-
CH2-CH2-N*(CH?3)3) was appeared in WDAC and HFSham samples. Peaks 1 (Chol-18 -
CHs3), 2 (FA o-CH3), 3 (Chol-21 -CH3) and FA omega3 -CHj3, 4 (Chol-19 -CH3), 5 (FA
(CHa)n), 6 (FA CH2CH,CO), 8 (unassigned), 9 (FA CH-CH=), 10 (FA -CO-CH,-CHy-),
11 (FA o and B -CH2), 12 (FA -CH=CH-CH2-CH=CH-), 13 (FA (CH=CH-CHy-
CH=CH)y), 14 (Phosphatidylethanolamine (PE) -CH2-NHy), 15
(Phosphatidylcholine(PC) and Sphingomyelin(SM) N*(CHas)s, 17 (unassigned), 18
(Glycerophospholipid backbone -CH>, 19 (Glycerol (TG) C1H, C3H), 21 (Glyceryl-
C1H(TG/PC/PE)), 22 (Glycerophosphocholine (GPC) -CH>), 23 (Glycerol (TG) -CH),
24 (Glycerol (PC/PE) -CH) and 25 (FA -CH=CH- and Chol-6 -CHz) were found with the

same intensities in all samples.

'H MAS NMR spectra of extracted lipids from liver tissues (Figure 5.4) and the intensity

of peak 16 (Glycerophosphocholine (GPC) -CH,) were higher in WD samples than HF
samples. The intensities of peaks 1 (Chol-18 -CH3), 2 (FA o-CH,/ Cho-26&27 -CH3), 3
(Chol-19 -CH,), 4 (FA (CH,)»), 5 (FA CO-CH, -CH,), 6 (unassigned), 7 (FA CH-CH=),
8 (FA CO-CH,), 9 (FA CH=CH-CH,-CH=CH- and (CH=CH-CH,-CH=CH).), 10
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(Phosphatidylethanolamine (PE) -CH,-NH,), 11 (Cholin -N"(CHs)s), 12 (unassigned), 13

(Glycerophosphospholipid backbone -CH>»), 14 (TG glycerol C1H), 15 (Glyceryl-C1H
(TG/PC/PE)), 17 (Glycerol(TG) —CH), 18 (Glycerol(PC/PE) C2H and 19 (FA CH=CH

/ Chol-6 -CH3 appeared the same in all group samples.

The spectra suggest that lipid components extracted from heart and liver tissues were
similar. However, there were variations in some lipid peak intensities - in the samples of
heart lipid groups, such as B-CHz of FA at 1.67ppm appears either in aortic constriction
or placebo HFD samples and CH2-N* (CHs)z of PC and SM at 3.65ppm were not found
in either WD or HFD aortic constriction samples. In liver samples, the peak intensities of
the lipid group -CH> of GPC at 4.38ppm were higher in WD than HFD samples under
both aortic constriction and placebo surgical conditions. These findings indicate that these
significant variations in some lipid compositions may be related to either dietary fat

compositions or surgical methods.
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Figure 5.1 'H NMR spectra of lipid extractions from rat heart tissues.

Where 1 (0.70ppm) Cholesterol (Chol-18) -CHs; 2 (0.88ppm) Fatty acids (FA) ®-CHz; 3 (0.9 -
0.96ppm Chol-21 -CH3) and FA omega3 -CHs; 4 (1.00ppm) Chol-19 -CHgs; 5 (1.30ppm) FA (CH2)n;
6 (1.59ppm) FA CH,CH2CO; 7 (1.67ppm) FA B-CHa; 8 (1.84ppm) Unassigned; 9 (2.04ppm) FA CH-
CH=; 10 (2.30ppm) FA -CO-CH,-CH>-; 11 (2.38ppm) FA o and  -CH2: 12 (2.75ppm) FA -CH=CH-
CH32-CH=CH-; 13 (2.80ppm) FA (CH=CH-CH2-CH=CH);; 14 (3.11ppm) Phosphatidylethanolamine
(PE) -CH2-NH3; 15 (3.35ppm) Phosphatidylcholine(PC) and Sphingomyelin(SM) N*(CHs)s; 16
(3.65ppm) PC and SM CH2-N* (CHs)s; 17 (3.8ppm) unassigned; 18 (3.98 ppm) Glycerophospholipid
backbone -CH>; 19 (4.16ppm) Glycerol (TG) C1H, C3H; 20 (4.24ppm) PC and SM -O-CH,-CH-
N*(CHz3)s; 21 (4.32ppm) Glyceryl-C1H(TG/PC/PE); 22 (4.38 ppm) Glycerophosphocholine (GPC) -
CHy; 23 (5.22ppm) Glycerol (TG) -CH; 24(5.28ppm) Glycerol (PC/PE) -CH; 25 (5.36ppm) FA -
CH=CH- and Chol-6 -CHs.
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Table 5.1 List of lipid group peak assignments in the lipid extracted from heart

Lipid groups 'H chemical shifts

Cholesterol (Chol-18) -CHs 0.70ppm
Fatty acids (FA) o-CH3 0.88ppm

Chol-21 -CHs3 0.9- 0.95ppm
FA omega3 -CHj3 0.96 ppm
Chol-19 -CHj3 1.00ppm
FA (CHa)n 1.30ppm
FA CH2CH2CO 1.59ppm
FA B-CH> 1.67ppm
FA CH-CH= 2.04 ppm
FA -CO-CH,-CH»- 2.30ppm
FA o and 3 -CH> 2.38ppm
FA -CH=CH-CH2-CH=CH- 2.75ppm
FA (CH=CH-CH2-CH=CH), 2.80ppm
Phosphatidylethanolamine (PE) -CH2-NH> 3.11ppm
Phosphatidylcholine (PC) and Sphingomyelin (SM) N*(CHs)3 3.35ppm
PC and SM CH2-N* (CHs)3 3.65ppm
Glycerophospholipid backbone -CH> 3.97ppm
Glycerol (TG) C1H, C3H 4.16ppm
PC and SM -O-CH; -CH2-N* (CHa)s 4.24ppm
Glyceryl-C1H(TG/PC/PE) 4.32ppm
Glycerophosphocholine (GPC) -CH; 4.38ppm
Glycerol (TG) -CH 5.22ppm
Glycerol (PC/PE) -CH 5.28ppm
FA -CH=CH- and Chol-6 -CH3 5.36ppm
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Figure 5.2 'H NMR spectra of lipid extractions from rat liver tissues.

Where 1 (0.69ppm) Cholesterol(Chol-18) -CH3; 2 (0.88ppm) Fatty acids (FA) o-CH,/
Cho-26&27 -CH3; 3 (1.00ppm) Chol-19 -CHj; 4 (1.30ppm) FA (CH,)n; 5 (1.59ppm) FA
CO-CH, -CH,; 6 (1.8ppm) Unassigned; 7 (2.04ppm) FA CH-CH=; 8 (2.30ppm) FA CO-
CH,; 9 (2.75 -2.80ppm) FA CH=CH-CH,-CH=CH- and (CH=CH-CH,-CH=CH)x; 10
(3.14ppm) Phosphatidylethanolamine (PE) -CH,-NH,; 11 (3.37ppm) Cholin —N"(CH3)3;
12 (3.8ppm) Unassigned; 13 (3.98ppm) Glycerophosphospholipid backbone -CH»; 14

(4.16ppm) TG glycerol C1H; 15 (4.32ppm) Glyceryl-C1H (TG/PC/PE); 16 (4.38ppm)
Glycerophosphocholine (GPC) -CH,; 17 (5.22ppm) Glycerol(TG) —~CH; 18(5.27ppm)

Glycerol(PC/PE) C2H; 19 (5.35ppm) FA CH=CH and Chol-6 -CH.
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Table 5.2 List of lipid group peak assignments in the lipid extracted from liver

Lipid groups 'H chemical shifts
Cholesterol (Chol-18) -CH3 0.69ppm
Fatty acids (FA) o-CH3/ Cho-26&27 -CH3 0.88ppm
Chol-19 -CH, 1.00ppm
FA (CH,)n 1.30ppm
FA CO-CH, -CH, 1.59ppm
FA CH-CH= 2.04ppm
FA CO-CH, 2.30ppm
FA CH=CH-CH,-CH=CH- 2.75ppm
FA (CH=CH-CH,-CH=CH)n 2.80ppm
Phosphatidylethanolamine (PE) -CH,-NH, 3.10ppm
Cholin -N*(CH3)3 3.37ppm
Glycerophosphospholipid backbone -CH> 3.97ppm
TG glycerol C1H 4.16ppm
Glyceryl-C1H (TG/PC/PE) 4.32ppm
Glycerophosphocholine (GPC) -CH, 4.38ppm
Glycerol(TG) —-CH 5.22ppm
Glycerol(PC/PE) C2H 5.27ppm
FA CH=CH and Chol-6 -CH3 5.37ppm
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5.4.2 PCA analysis of 'H spectra of lipid metabolites extracted from rat heart
and liver

The data from *H NMR spectra of lipids extracted from rat heart and liver tissues were
examined using a multivariate statistical analysis (MVA) approach. Principal components
analysis (PCA) is one such MVA method that reduces the data into a small number of
variables called principal components (PCs), describing most of the variation in the
spectral data. This analysis produces a scores scatter plot (Figures 5.3 and 5.6) and a
loadings scatter plot (Figures 5.4 and 5.7) that show which spectral variable contributes
to each PC producing better separation of sample types. The corresponding loadings plots
are shown (Figure 5.4 and 5.7) that best discriminate between samples. The absolute size
of the peaks on the loading plots shows the data point is related to the principal component
that can correctly identify the most variable component of the samples. Displaying the H
NMR spectra of the data variables (Figures 5.5 and 5.8) is essential. Tracing the variable
value from the spectra demonstrates the metabolite peaks (Figure5.5 and 5.8). The lipid
metabolites are then identified from the known *H chemical shifts of each component in

Tables 5.1 and 5.2.

The scores PC1, PC2 are variables derived from the NMR peaks and summarizing the
variables. The observation scores of PC1, PC2 are completely independent of each other.
PC1 explains the largest variation of the data, followed by PC2. The scatter plot of PC1
vs PC2 displays how the observations are situated with respect to each other.
Observations near each other are similar, which means less variation and observation far

away from each other are dissimilar, having more variation.
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The PCA analysis of lipids from heart tissues suggest that the score scatter plot shows
two different patterns of group between WD and HF samples (Figure 5.3). In one group,
there are HF samples and some WDSham samples above the regression line. This group
suggests that the variation is the highest among the samples and there is also a significant
difference between Sham and AC surgery method of WD samples of this group. The
second group is the cluster of WD samples below the regression line. The samples of this
group are close to each other and overlapping situating near to the zero point or near to
the centre. This cluster shows less variation among the samples of this group but no

separation between Sham and AC WD samples.

In loading scatter plot of heart lipids (Figure 5.4), PC1 on the X axis suggests that variable
points 1858-1890 have strong impact, because these variable points are far away from the
centre at the zero point of PC1 on X-axis. The variable points 1884 and 1885 show strong
effect on the data causing the highest variation among PC1, whereas in the PC2 on the Y
axis the variable points 2015-2030 are far away from the centre at zero value of PC2 on
the Y-axis causing strong variation impact among PC2. The variable point 2015 shows
the strongest variation among the PC2 variables because it is far away from other
variables of PC2 on the Y-axis. The variable points 2015-20130 correspond to fatty acids
(FA) o-CH3z at 0.88ppm, whereas the variable points 1858- 1890 correspond to FA (CH»),

at 1.30ppm of 'H NMR (Figure 5.5).
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Figure 5.3 Score scatter plot of 1H NMR spectra of lipids extracted from rat heart
tissues.

Where green circles are WD and blue circles are HFD. ACWD: Aortic constriction
Western diet; SWD: Sham Western diet; ACHFD: Aortic constriction high fat diet;
SHFD: Sham high fat diet. The graph is plotted against PC1 and PC2 which represent the
score variation in the object direction.
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Figure 5.4 Loadings scatter plots of PC1 and PC2 component variables of lipids from
heart.

Each point is a variable that presents the 'H NMR peak intensity of lipids from rat heart
samples. Where, Var: variable point.
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Figure 5.5 'H NMR spectrum of heart lipids corresponding to the lipid variables
PCA analysis.

Where 2015-20130 correspond to fatty acids (FA) w-CH3 at 0.88ppm, whereas variable
points 1858- 1890 correspond to FA (CHa), at 1.30ppm of H NMR. *H NMR spectra
of lipids extract from rat heart tissues. Red boxes represent the variables and their
corresponding chemical shifts.
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In PCA analysis of lipids from liver tissues, the score scatter plot divides the WD and HF
samples into three groups (Figure 5.6). The WD samples are separated significantly from
HF samples. The cluster of HF scores are non-overlapping and clear separation is
observed between HFSham and HFAC samples. There are two group clusters of WD
samples. In these WD groups, the Sham and AC samples are separated and do not overlap

with each other.

In loading scatter plot of lipids from liver tissues (Figure 5.7), PC1 on the X axis suggests
that variable poits 1886 and 1887 show strong impact, because these variable points are
far away from the centre or zero point on the X axis. However, the variable points from
1881 to 1884 and variable point from 1889 to 1891 are present between PC1 and PC2 and
these variable points are the same as variable points between 1881 to 1891. In the PC2 on
the Y axis the variable points 1883 and 1889 are far away and thus cause strong impact
on PC2. The variable points from 1881 to 1891correspond to FA (CH>), at 1.30ppm of

IH NMR (Figure 5.8).
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Figure 5.6 Score scatter plot of 'H NMR spectra of lipids extracted from rat liver
tissues.

Where green circles are WD and blue circles are HFD. ACWD: Aortic constriction
Western diet; SWD: Sham Western diet; ACHFD: Aortic constriction high fat diet;

SHFD: Sham high fat diet. The graph is plotted against PC1 and PC2 which represent the
score variation in the object direction.
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Figure 5.7 Loadings scatter plots of PC1 and PC2 component variables.

Each point is a variable that represents the "H NMR peak intensity of lipids from rat liver
samples, where, Var: variable point.
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Figure 5.8 'H NMR spectrum of liver lipids corresponding to the lipid variables
PCA analysis.

Where variable points 1881- 1891 correspond to FA (CHa), at 1.30ppm of *H NMR. H
NMR spectra of lipids extract from rat liver tissues. Red boxes represent the variables and

their corresponding chemical shifts.
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5.5 Discussion

Metabolomics has been emerging as an important tool to detect the novel biomarkers of
dietary intake in recent times.?®° Lipidomics is a subset of metabolomics dealing with
lipid profiles.®% *2 It helps to quantify lipid compositions in biological matrixes.*® The
lipidomics technologies provide a deep understanding of heart and liver
pathophysiological processes to identify potential lipid biomarkers in order to develop
clinical applications.*2® The main aim of this study was to investigate the molecular lipid
profiles of different diets (WD and HFD) extracted from heart and liver tissues analysed
by proton NMR and PCA. Proton nuclear magnetic resonance (*H NMR) spectroscopy is
an ideal instrument for lipid analysis which helps to generate lipid molecular profiling.>*
.37 It is a quick, reproducible, noninvasive, and nondestructive tool that needs minimal
volume of sample, giving thorough information of lipid molecular structure.4° The lipid
abnormalities associated to diseases are closely reflected on the 'H NMR lipid finger
print.*! Thus, the proton NMR-based lipid approach is an effective technique for the
identification of lipid biomarkers of a dietary pattern and associated disease state.*!
Brindle et al. first used 600 MHz *H NMR to analyse total serum lipid related to severe
coronary heart disease.*? Further, Kirschenlohr et al. used 400 MHz NMR spectra for
plasma samples and suggested that CVD is influenced by cholesterol.*® In both early
studies, the *H NMR analysis was based on the regions mainly assigned to the key lipid
groups.*> > However, in recent time the explanation of the NMR-generated composite
lipid data has been simplified by the use of multivariate statistical analysis, such as PCA
that provide a prevailing platform to understand the lipid profile of different dietary

patterns and related diseases.**
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The rats were fed either Western or high fat diet for nine weeks. The aortic constriction
(AC; induced cardiac hypertrophy and heart failure) and Sham (placebo) surgical
methods were used before feeding (described in section 2.1.1). About 300mg of heart and
liver tissues were used to extract lipids for each experiment. The *H NMR spectra of lipids
from the heart suggest that the lipid groups (Table 5.1) B-CH at 1.67ppm of FA was only
observed in HF samples (HFSham and HFAC), CH2-N*(CHj3)3 at 3.65ppm of PC and SM
was found in WDSham and HFSham samples and -O-CH»2-CH2-N+(CHs3)3 at 4.24ppm
of PC and SM appeared in WDAC and HFSham samples (Figure 5.1). PCA data suggest
that the variable points 2015-20130 correspond to FA methyl group (o-CHs) at 0.88ppm,
whereas variable points 1858- 1890 correspond to the FA polyunsaturated group (CH2)n

at 1.30ppm of *H NMR (Figure 5.5).

Berthiaume et al. used Wistar rats - intervention of 8 weeks standard diet or high saturated
fat diet under electrocardiography, genomic expression and pressure-volume catheter.*®
They reported that high fat feeding rats recovered myocardial function during rest or non-
physiological stress condition.* However, during physiological stress, they found heart
failure or LV dysfunction was mild to moderate.* Further, they examined whether HFD
fed to rats for eight weeks post-infarction raised the metabolic physiological changes in
the heart.*® They found a cardioprotective effect of HFD when fed after myocardial
infarction (MI) as compared to standard or control diet cohorts, despite the lipotoxic
effects of elevating FA.*® Using 3P NMR, they observed that Langendorff perfused hearts
had no differences in phosphocreatine to ATP ratios, suggesting no overt energy deficit

in MI HFD groups.*®
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O’Donnell et al. used Sprague-Dowley rats and followed Sham surgical method.*” Under
13C NMR, they observed that HF from endogenous fatty acids remained negligible during
inotropic challenges and contributions from palmitate dropped by 18%.4” The lowering
of palmitate was balanced by increasing glucose and glycogen oxidation. They concluded
that endogenous FA oxidation induced heart failure and that endogenous fat oxidation

does not offset the exogenous fat oxidation of a failing heart.*’

Table 5.3 Assignment of heart lipid groups in WDSham, WDAC, HFSham, HFAC
and PCA variables

Lipid groups WDSham | WDAC | HFSham | HFAC PCA
variables

Cholesterol (Chol-18) -CHs (0.70ppm) N N N N X
FA ©-CHjs (0.88ppm) N v N v v
Chol-21 -CHj; (0.9-0.95ppm) N N N N X
FA omega3 -CHs (0.96ppm) N N N N X
Chol-19 -CH3 (1.00ppm) N N N N X
FA (CHy)n (1.30ppm) N N N N N
FA CH,CH,CO (1.59ppm) v N N v X
FA B-CH. (1.67ppm) X X v v X
FA CH-CH= (2.04ppm) N N N N X
FA -CO-CH,-CH,- (2.30ppm) N N N N X
FA o and  -CH2 (2.38ppm) N N N N X
FA -CH=CH-CH,-CH=CH- (2.75ppm) N N N N X
FA (CH=CH-CH,-CH=CH), (2.80ppm) N N v v X
PE -CH,-NH2 (3.11ppm) N N N N X
PC and SM N*(CHg)3 (3.35ppm) N N N N X
PC and SM CH,-N*(CHs)3 (3.65ppm) N X N X X
Glycerophospholipid ~ backbone  -CH, N N N N X
(3.97ppm)

Glycerol (TG) C1H, C3H (4.16ppm) N N N N X
PC/SM -O-CH.-CH,-N*(CHs)s (4.24ppm) X N N X X
Glyceryl-C1H(TG/PC/PE) (4.32ppm) N N N N X
Glycerophosphocholine  (GPC)  -CH, N N N N X
(4.38ppm)

Glycerol (TG) -CH (5.22ppm) N N N N X
Glycerol (PC/PE) -CH (5.28ppm) N N N N X
FA -CH=CH- and Chol-6 -CH3 (5.36ppm) N N N N X
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It is well known that intramyocardial TG yield is reduced in failing hearts, restraining the
rich source of long-chain fatty acids for mitochondrial f-oxidation. Lahey et al. studied
dietary long-chain fatty acids, palmitate and oleate for TG dynamics and peroxisome
proliferator-activated receptor-a activation in Sham and AC rat hearts.*® Using *C NMR
they reported that palmitate contribution into TG stores was less in the AC heart as
compared to the Sham.*® However, oleate restored TG enhancement in AC hearts. They
suggested that oleate rescues lipid metabolism in the failing heart or else it is reduced in
the presence of palmitate.®® Further, AKKi et al. reported that WD induced dysregulation
of FA metabolism that was significantly greater in cardiac hypertrophy as compared to
standard diet (SD) condition using Sprague—Dawley AC rats under 1*C NMR.*° Butler et
al. found that WD induced significant metabolic remodelling in the heart as compared to

SD and HFD using diet-induced rat model under AC surgical condition.>

However, in this study, lipids from heart showing FA B-unsaturated groups were only
observed in HFD groups, either in aortic constriction (to mimic of the cardiac stress) or
Sham (normal or control cardiac condition) surgical methods under proton NMR spectra.
PCA data revealed that the FA methyl group and polyunsaturated group were more
variable in both WD or HFD groups. Therefore, these data suggest that FA may play an
important role in the lipid dynamics and metabolism in the heart and related diseases.
However, the data from NMR and PCA of this study contradict the other findings by
Berthiaume et al.*> ¢, Lahey et al.*® and O’Donnell et al.*’ suggesting that saturated high
fats or TG cause cardiac diseases. Further, there is a needed to understand the link

between unsaturated FA and cardiac diseases.
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Table 5.4 Assignment of liver lipid groups in WDSham, WDAC, HFSham, HFAC
and PCA variables

Lipid group WDsham | WDAC | HFDSham | HFDAC PCA
Variables

Chol-18 -CH3 (0.69ppm) N N N N X
FA -CH3/ Cho-26&27 -CHj v N N N X
(0.88ppm)
Chol-19 -CH, (1.00ppm) N N N N X
FA (CH,)x (1.30ppm) N N N N N
FA CO-CH, -CH, (1.59ppm) N N N N X
FA CH-CH=(2.04ppm) \ N N N X
FA CO-CH, (2.30ppm) N N N N X
FA CH=CH-CH,-CH=CH- v v v v X
(2.75ppm)
FA(CH=CH-CH,-CH=CH), V V N N X
(2.80ppm)
PE -CH,-NH, (3.10ppm) \ N V \
Cholin —N*(CH3)3 (3.37ppm)
Glycerophosphospholipid \ \ \ \ X
backbone -CH2(3.97ppm)
TG glycerol C1H (4.16ppm) N V V \ X
Glyceryl-C1H(TG/PC/PE) N V V \ X
(4.32ppm)
GPC -CH, (4.38ppm)
Glycerol(TG) —CH (5.22ppm)
Glycerol(PC/PE) C2H N V N \ X
(5.27ppm)
FA CH=CH & Chol-6 -CH; N N N N X
(5.37ppm)

The *H NMR spectra of lipids from liver showed that in the lipid groups (Table 5.2) such

as -CH> at 4.38ppm of GPC, the peak intensity was higher in WD samples than HF
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samples (Figure 5.2). PCA data suggest that the variable points from 1881 to

1891correspond to FA polyunsaturated groups at 1.30ppm of *H NMR (Figure 5.8).

Sobrecases et al. reported that SFA diet increased liver fat more than fructose, suggesting
that surplus SFA is more toxic to liver fat accumulation than extra added sugars.>* Van
der Meer et al. observed a significant increase in liver fat accumulation in three days of
over eating of a high-fat diet using *H NMR.>? They also reported that short-term intake
of HFD and high energy diet increased the plasma TG and non-esterified fatty acid
concentrations and hepatic TG.>? Further using MRI Rosqvist et al suggested that SFA
caused an elevation of liver fat accumulation as compared with PUFA.%® Wei et al
reported that SFA disturbed the homeostasis of ER inducing apoptosis in liver cells using

immunoassay.>*

In this study, the lipids from liver of proton NMR spectra showed the peak intensities of
lipid group -CH2 of GPC at 4.38ppm were higher in WD than HFD samples. Otherwise
there was no significant difference in proton NMR spectra between WD and HFD groups
either in cardiac stress (AC) or normal (Sham) surgical conditions. PCA data revealed
that polyunsaturated FA were more variable in both WD and HFD groups. However, these
data contradict previous findings by Sobrecases et al.,>! van der Meer et al.,>? Rosqvist et
al.> and Wei et al.>* who suggested that the SFA group is the most influential lipid group
in disturbing the lipid metabolism in the liver and associated diseases. Further, it may be
necessary to understand the role of unsaturated FA in the lipid dynamics and metabolism

in the liver or related diseases.

In conclusion, lipid compositions may be important in the lipid dynamics of the heart and

liver and related abnormalities. The data suggest that the variations in unsaturated FA
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lipid groups of WD and HFD conditions may influence the heart and liver lipid profiles
and related diseases. The unsaturated FA group may be used as a biomarker to understand

the link between diets, WD or HFD and lipid profiling or the heart and liver.
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Chapter 6

sSummary
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The aim of this project was to investigate the lipid profiling of WD and HFD and their
effect on rat’s heart and liver using liquid and solid state *H NMR. The massive NMR
data were analysed by PCA software to understand the most effective variables of the
lipid compositions. Rats were assigned to either Western diet (WD) or high fat diet
(HFD). Rats were maintained for nine weeks post-surgery (Sham and AC) ina 12:12 hour
light-dark cycle and provided with food and water. Lipid samples collected from heart
and liver tissues were analysed by *H NMR liquid state and intact tissues were analysed
by 'H NMR solid state. The data gained from peak intensity was analysed by the PCA

statistical tool.

The experimental conditions were grouped into four categories: WDSham, WDAC,
HFDSham and HFDAC. To establish the presence of lipids in the heart and liver tissues,
H&E and Oil Red O stain were used. The microscopic images suggested that the lipids
were accumulated in the form of LDs. The density of LDs was significantly similar under

WD and HFD groups in both heart and liver tissues.

The MAS SS NMR of intact heart and liver tissues spectra showed the similar
compositions of metabolites including lipid compositions under all experimental groups.
However, PCA data suggested lipid metabolites showed greater variation than
carbohydrates and proteins. The most variable lipid were TG and unsaturated lipids, in all
dietary conditions, although previous studies suggest that SFA and TG influence the lipid

metabolism more than USFA in the heart.

Further lipids extracted from heart and liver tissues were examined under proton NMR.
The spectra were not significantly different among experimental dietary groups.

However, PCA data suggested that the unsaturated FA groups were the most variable in
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WD and HFD groups. Both tissues and extracted lipid samples suggested that unsaturated
lipid groups were variable. The unsaturated lipid group may be recognised as a biomarker
to examine the effect of dietary fats on the pathophysiological conditions or lipid

metabolism of heart and liver and related diseases.

160



Appendix

The following steps of SIMCA14.1 were used for PCA analysis: -

Step 1: Firstly, imported the normalised NMR spectral data on a new created project sheet
in SIMCA. Then the second column set to a Secondary Observation ID. The columns are
set to Y-axis. The Primary Variable ID defined for the first row as shown in figure below
and then picked Primary Variable ID. This first row is corresponding to the chemical shift

regions in the NMR-spectra.

d) = SIMCA

A Home Data Analyze Predict Plot/List View Developer Tools

E E B Hew as~ ﬂ b Two first :I i ke —t : | Observed vs, predicted
. D B2 A Edit - " O Add .. h T Al Eal Mo Coefficients
Dataset | Statistics | New Change | Autofit Overview Summary Scores Loadmgs Hoteumgs DHModX
B = HR Detete~ | mogel type © Remove of fit VIP
Dataset Workset & Fit model & Diagnostics & mle\pletat\:r\

[@ Project Window - Active model: ML (PCA-X)

Dataset - data reorderd (2)

3 |WDAC-1 AC WD 3766.6 3656.72 3398.44 | 3851.13| 3628.07 3710.44 3564.33 | 3766.54 4309.47 39']2.66.3
4 |WDAC-2 AC WD ~1892.38 -2042.59 -1933.45 -2095.22 | -2408.5 -2042.74 -2362.27 | -1860.8 -2066.86 -1995.09 -2
5 |WDAC-3 AC WD 1659.1| 1881.86 | 1081.72| 1353.61 1810 1512.85 2062.24 1644.5 1556.66 1861.45 1
6 | WDAC-4 AC WD 3552.13 | 3416.41| 3510.15 3353.2 | 3756.01 3361.82 3445.97 3627.3  3842.71 3430.25 3
7 |WDAC-5 AC WD 7830.52 | 7864.66 | B359.59 £8099.93 | £429.33 7771.98  B8826.86 B8505.05 B8402.58  B8805.88 8
& | WDAC-6 AC WD 7419.62| 7132.86 | €719.91 | €685.19 | €544.64 | 7128.79 7424.44 7008.23 7119.93 7145.64 7
2 | WDAC-7 AC WD 3915.37| 3592.13| 3622.94 | 3465.59 | 3698.78 | 3507.66 3845.31 3542.43 4122.17 3816.29 4
10 | WDAC-8 AC WD 3624.84| 3610.57 | 3460.43 | 3800.35| 4028.95 | 3925.49 3663.7 | 3778.72 | 3861.77 | 3899.73

L. R .
B . Home Data Analyze Predict Plot/List View Developer Tools
Tk

D B Newas~ 'y ﬁ Jee Two first | Observed vs. predicted
i:l Hal Edit~ v © Add C T T AR VIV L Coefficients
Dataset | Statistics | New Change Autofit Ovemew Summary Scares Loadmgs Hote\lmgs DMadX
- - 3 Delete | model type - © Remove of fit =
Dataset Workset Il Fit model Il Diagnostics & mtemletatl:n
{@ Project Window - Active modek: M1 (PCA-X)
Project Window - Active model: M1 (PCA-X)
No. Model Type A N R2X(cum) R2Y(cum) Q2(cum)
----- 1 ML PCA-X 2 36 0.695 0.557

Figure: (A) Importing NMR-spectra data to the Simca work sheet and defining the
primary and secondary observation ID. In this data set, observations (N) =36 (Sprague-
Dawley rats) and variables (K) = 1983 (*H-NMR chemical shift region integrals). The
observations (rats) are separated in four groups or classes; WDAC = 13 rats, WDSHAM
= 11 rats, SDAC =7 rats, (B) Defining the PCA model of the project.
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Step 2: Defining the “workset”. Selected the PCA-X model, Mland opened the

“workset” box.

D T T

Home Data Analyze Predict Plot/List View Developer
E EiNewas~| o ke Two first | o
Hal Edit - v & Add 5 b
Dataset | Statistics | Mew Change Autofit Overview S
o = X Delete* | model type - © Remove
Dataset Workset F] Fit model F]

iAot et

9 data reorderd (2] - M1

| Workset... | [ Options... |  Title: Untitled

Type: PCA-X Observations (M)=36, variables (K)=1983 (X=1283, Y=0)

Figure: Creation of “workset” using PCA-X model, M1

Step 3: Scaling the variables: On the “workset” window, opened the scale button and
selected the all variables. Under “set scaling type” selected “ParN” as a default for scaling

the data that automatically generated the mean-centres of the data as shown in figure.

r Ty
Workset [ & 1 & |
Overview | Variables | Observations | Transform I Lag | Expand @AScale [ spreadsheet
Variables: 1983, selected: 1983
Set scaling
Primary ID Type Block Modifier Avg. Std. dev. s Type:
X var_1 ParN 1 (1/sqrt) 1 3458 1657
X var_2 ParN — 1 3442 1662
X Var_3 ParN == 1 3394 1638
X var_4 ParN — 1 3454 1618 T o
X\Var_5 ParN = 1 3494 1694 Block weight:
X var 6 ParN —_ 1 3510 1626
X var_7 ParN - 1 3567 1730 Modifier:
X var_8 ParN - 1 3488 1674 1 -
= Set
X var_9 ParN —_ g 3539 1684 -
X Var_10 ParN = 1 3529 1667
X Var_11 ParN == 1 3544 1723
X var_12 ParN - 1 3677 1668
X Var_13 ParN —_ 1 3567 1655
X var_14 ParN - 1 3507 1661
X var_15 ParN = 1 3692 1684 -
Find: ) Show statistics
Use simple mode Model type: [PCA-X V] [ OK ] [ Cancel ] [ Help ]
A

Figure: Selected the “ParN” scaling type to generate the mean centres of the data
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Step 4: Set up observations (obs): On “workset” window selected the observation button
and set up the class ID. The data were categorised in to four observation primary ID and
their corresponding four observation Class ID (Obs Primary 1D (Obs Class ID)); WDAC

(1), WDS (3), SDAC (2) and SDS (4).

Workset - |. @] =

Overview | Variables | Observations | Transform | Lag | Expand | Seale | Spreadsheet|

Observations: 36, incuded; 38, selected: 1

o
+T]
@

Primary ID

v WDAC-12
v WDAC-13
v SDAC-1
v SDAC-2
v SDAC-3
v SDAC-4
v SDAC-5
v SDAC-6
v SDAC-7
v WDS-2
v WDS-3
v WDS-5
v WD5-6

[ Indude |

L L BB S O R B X T S B e o

]

Find: B Set dass: 1 - s model:

Use simple mode | Model type: [PCA-X *| [ ok |[ concel |[ nep ]

Figure: Defining the observations as primary 1D and Class ID

Step 5: Selection of PCA model type. For this, used button “Change Model Type” to
select PCA-X as shown in figure and then created PCA model as shown in below figure.




Figure: Selection and creation of PCA model using button “Change Model Type”

Step 6: PCA-X model summary (M1): PCA model summary of fit generated

automatically using “Autofit”.

data reorderd (2).M1 (PCA-X) B R2xcum)
A B Q2(cum)

=)
=
o
E
=]

w

Comp No.

Figure: Plot displays the cumulative R2 and Q2 for the X-model matrix, after each
component. R2X is the percentage of the variations of all the X explained by the model

and Q2 is percentage of the variation of all the X that can be predicted by the model.
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Step 7: Model details of PCA-X: Double clicking on PCA model (M1), the statistics

was generated.

'G| LS - ta reorderd (2).us
Home Data Analyze Predict Plot/List View Developer

E e - o skl et L e
.E i 7] BE New as~ . ﬂ P Two first Eai GEy g
U2 6] eait~ L © Add 8 b .. Y R VL |
Dataset | Statistics | New Change Autofit Overview Summary Scores Loadings Hotelling's
- - 3 Delete - model type © Remave of fit * - - T2+
Dataset Workset F Fit model ] Diagnostics & interpn
l@ Project Windew - Active model: M1 (PCA-X)
9 data reorderd (2) - M1 o =R

Tite: Untted

Type: PCA-X Observations (N)=38, variables (K)=1983 (X=1983, Y=0)

Component| R2X R2X(cum) Eigenvalue Q2  Limit Q2(cum) Significance [terations
0 Mon-Cent.

1 0. 0771 111 0,745 0.000504 0.746 Rl

2 0.0753 0547 766 0.208 0.000504 0.759 Rl Ei

Figure: PCA-X model has an ability to fit the data and the explained variation described
by the parameter R2 and the predictive model of PCA-X is estimated by the parameter
Q2. In PCA-X model, R2 always increase with number of PC’s calculated until it is close
to the optimal value of 1.0. However, Q2 will reach an optimal value, after which the

predictive power decreases ie. there is a trade-off between fit and prediction ability.
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Step 8: Overview of the plots of PCA-X model: After evaluating the statistics, clicked

button “overview” on Home window and obtained four different plots including “score

scatter plot”, “Loading scatter plot”, “DModX line plot” and “X/Y plots”.
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Figure: The score plot defines the separation between variables. The loading plot suggests
which variables contribute to the formation of the score. DMod X line plot indicates the
residual standard deviation (RSD) of the observations in the X space. X/Y plot displays
the cumulative R2VX and Q2V X for each X variable. R2VX is the cumulative percent of
the variation of the X variable explained by the model after the last component. Q2VX is
the cumulative percent of the variation of the X variable predicted by the model, after the

last component.
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