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Abstract

Dietary macronutrient composition may modulate cardiometabolic disease (CMD) risk,
as consuming a diet enriched in saturated fat (SFA), compared with unsaturated fat, leads to
greater intrahepatic triglyceride (IHTG) accumulation, despite similar weight gain. However,
it is difficult to differentiate the effects of weight gain from dietary fat composition on CMD
risk as most studies have been conducted with overfeeding interventions. Therefore, the aim of
this thesis was to investigate if, during weight-neutral conditions, dietary SFAs, compared with
polyunsaturated FAs (PUFAs), undergo differential handling and induce divergent effects on
hepatic and cardiac metabolism and function.

Participants free from diagnosed-metabolic disease consumed a mixed test meal with
[UBC]palmitate or [U'*C]linoleate after following a 3-day high-carbohydrate diet, which
upregulated markers of hepatic de novo lipogenesis by ~65% (p<0.05). Despite shifting hepatic
metabolism towards esterification and away from oxidation, appearance of 1*C in expired CO»,
a marker of whole-body dietary FA oxidation, was ~46% (p<0.01) greater following
[U3C]linoleate compared with [U'3C]palmitate consumption.

Participants free-from diagnosed metabolic disease underwent an MRI/S scan and
postprandial study day with stable-isotope tracers before and after consuming an isocaloric
SFA- or PUFA-enriched high-fat diet (HFD) for up to 24 days. There were minimal changes
in body weight. However, consuming a PUFA-enriched HFD reduced IHTG content by ~19%
(»<0.05) and induced beneficial changes in blood pressures, markers of whole-body dietary
FA oxidation, cardiac PCt/ATP (pre: 1.52+0.13; post: 1.78+0.40; p<0.05), cardiac function,
and insulin-kinetics. Consuming a SFA-enriched HFD tended to increase IHTG content BY
~17% (p=0.09), and adversely altered markers of cardiac function, whole-body dietary FA
oxidation, and insulin resistance.

To further probe if FA composition, independent of FA quantity, impacts the heart,
human inducible pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were cultured in
a 400pmol/L SFA- or PUFA-enriched FA mixture to model the human HFD from Chapter 4.
PUFA-enriched lipid mix treated hiPSC-CMs did not reduce media FA uptake and upregulated
FA metabolism pathways (pa4j<0.05), while SFA-enriched lipid mix treated hiPSC-CMs
reduced FA uptake by ~67% (p<0.01) and upregulated ribosomal biogenesis (p.qj<0.05).

Taken together, these findings suggest dietary FAs undergo differential intracellular
metabolism, dietary FA composition impacts CMD risk independent of body weight, and

dietary FAs may directly modulate human cardiomyocyte metabolism and function.
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Chapter 1: Introduction

1.1  Overview

Obesity is a chronic condition associated with an increased risk of developing
cardiometabolic disease (CMD), collectively this includes, but is not limited to, metabolic
dysfunction-associated steatotic liver disease (MASLD), cardiovascular disease (CVD),
dyslipidaemia, metabolic syndrome, hypertension, insulin resistance, and type 2 diabetes
(T2D) (1-4). Individuals defined as overweight or obese have a body mass index (BMI) 25-
29.9 kg/m? or >30 kg/m?, respectively, where the increased body weight typically results from
abnormal or excess adiposity (5). Current evidence suggests the development of obesity is
multifactorial and results from complex interactions between modifiable and non-modifiable
lifestyle, genetic, environmental, and social risk factors (2). An individual’s diet is one
modifiable lifestyle risk factor associated with obesity, where consuming calories in excess of
an individual’s metabolic requirements may increase adiposity and BMI, and therefore, may
impact CMD risk (6-8). However, the macronutrient composition of an individual’s diet may
modulate metabolic health, with effects that may be independent of changes in body weight
and adiposity. Luukkonen et al. reported that individuals who consumed a diet enriched in
saturated fat (SFA), compared with those who consumed a diet enriched in unsaturated fat or
carbohydrates, had greater fat accumulation within the liver (known as intrahepatic triglyceride
(IHTG), a hallmark of MASLD) despite similar weight gain (9). Further, these divergent,
weight-independent effects of dietary SFA, compared with unsaturated FAs, on metabolic
health may be due to differences in intracellular and systemic handling (9). However, as most
studies investigating the effects of dietary FA composition on CMD risk have been conducted
under overfeeding conditions (9-11), it is difficult to differentiate the effects of weight gain
from dietary macronutrient composition. Therefore, to characterise the effect of dietary FA
composition on CMD risk, in this thesis I investigated the effects of dietary SFA, compared

with polyunsaturated FA (PUFAs) on hepatic and cardiac metabolism and function in weight-
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neutral conditions. I focused on long-chain FA (LCFA), with fatty-acyl chains between 14 and
20 carbons, as they are the predominant FAs in the diet and plasma-TG, and metabolised
slightly differently from short, medium, and very-long chain FA (12); discussions surrounding

FAs are assumed to mean LCFA unless otherwise stated.

1.2 Cellular Lipid Metabolism

In the plasma, FAs circulate as albumin bound non-esterified FA (NEFA) or in protein-
lipid particles termed lipoproteins. FAs are classified by the number of carbons in the
hydrocarbon tail, and the number, location (i.e. n-6, n-3), and orientation (cis vs. trans) of

double bonds. The most abundant FAs in the human plasma-TG are listed in Table 1.1 (13).

Table 1.1. Fatty Acid Abundance in Plasma-TG in Humans

Fatty Acid Structure Class Abundance (mol%)
Oleate 18:1n-9 MUFA ~37.7
Palmitate 16:0 SFA ~29.5
Linoleate 18:2n-6 PUFA ~15.0
Palmitoleate 16:1n-7 MUFA ~5.1
Stearate 18:0 SFA ~4.5
Myristate 14:0 SFA ~3.3
a-Linoleate 18:3n-3 PUFA ~0.9
Arachidonate 20:4n-6 PUFA ~0.8

Abbreviations: MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated
fatty acid; TG, triglyceride. Data adapted from (13)

Most FAs enter cells through transporters, such as fatty acid translocase/cluster of
differentiation 36 (FAT/CD36) and FA binding protein (FABP), or receptor-mediated
endocytosis of lipoproteins, a minority of FAs enter cells through simple diffusion (14-17).
Alternatively, certain cells can synthesise FAs from non-lipid precursors through de novo
lipogenesis (DNL) (6). Upon entering a cell or following synthesis, FAs are rapidly activated

by long-chain fatty acyl-CoA synthetases (ACSL) into fatty acyl-CoAs, and partitioned into
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metabolic, biosynthetic, signaling, or structural pathways (18). The primary metabolic
pathways for FAs include i) oxidation, to generate adenosine triphosphate (ATP), ii)
esterification, to form primarily, but not exclusively, TG, and, iii) secretion pathways, where
FA enter the plasma as NEFAs or as TG in very-low density lipoproteins (VLDL) or

chylomicrons.

1.2.1 FA Oxidation

In many tissues, FAs are used to generate ATP. This is achieved predominantly, but
not exclusively by, mitochondrial B-oxidation, which requires FAs to be transported into the
mitochondrial matrix by the carnitine shuttle (Fig. 1.1) (19). In the matrix, fatty acyl-CoAs are
broken down into acetyl-CoA, NADH, and FADH,, which are subsequently oxidised by the
citric acid (TCA) cycle and electron transport chain to produce ATP, CO,, and water. In
hepatocyte mitochondria, FA-derived acetyl-CoA can be partitioned into ketogenesis. This
pathway partially oxidises FAs to form ketone bodies, such as 3-B-hydroxybutyrate (30HB),
which are secreted into the plasma as fuel sources for tissues (20).

Malonyl-CoA
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FA-CoA acyl-carnitine
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Figure 1.1. Mitochondrial fatty acid import and oxidation. Carnitine palmitoyl transferase 1 (CPT1)
combines a fatty acyl-CoA with carnitine to form a fatty acyl-carnitine, this is transported into the matrix by
carnitine translocase (CT) in exchange for a carnitine (21). In the matrix, carnitine palmitoyl transferase 2
(CPT2), catalyses the reverse reaction of CPT1 to reform the fatty acyl-CoA.

25



Chapter 1: Introduction

1.2.2 FA Esterification

Within cells, FAs are esterified and stored as TG in lipid droplets (22). While most FAs
are esterified into TG, either by the GPAT or MAG pathway (Fig. 1.2), FAs can also be
esterified with cholesterol, forming cholesterol-esters (CE), or partitioned into lipid synthesis
pathways to form phospholipids (PL), sphingolipids, or ceramides (23, 24). FAs that have
accumulated in excess of immediate requirements for oxidation or secretion are stored as TG
within lipid droplets until needed (22).

MGAT Pathway

FA-CoA MAG
MGAT
FA-CoA FA-CoA
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Figure 1.2. Fatty acid esterification to triglyceride. For TG synthesis via the GPAT pathway, glycerol-3-
phosphate acyltransferase (GPAT) combines a fatty acyl-CoA with glycerol-3-phosphate, a glycolytic
intermediate, to form lysophosphatidic acid (LA); the addition of another fatty acyl-CoA and removal of
phosphate subsequently forms diacylglycerol (DAG). In the MAG pathway, DAG is formed by
monoacylglycerol transferase adding a fatty acyl-CoA to monoacylglycerol (25). Following DAG formation
by either pathway, diacylglycerol transferase (DGAT) forms TG by adding a fatty acyl-CoA to DAG.

1.2.3 FA Secretion

Certain cells can secrete lipids from intracellular stores into the plasma for transport to
other tissues. From hepatocytes and enterocytes, lipids are secreted as TG in VLDL and
chylomicrons, respectively. VLDL and chylomicron formation begins with translating
apolipoprotein B (apoB) 100 or apoB48 mRNA. During translation, the growing apoB100 or
apoB48 apolipoprotein is lipidated with TG, PL, and CE to form pre-VLDL or pre-
chylomicrons, and with the addition of other apolipoproteins such as, apoA, apoC, and apoE,
form mature VLDL and chylomicrons (26-29). Once secreted, lipoproteins deliver lipids to

tissues that express intravascular lipases, such as lipoprotein lipase (LPL), hepatic lipase, and
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endothelial lipase, that liberate FAs from lipoprotein-TG for uptake into cells, or to cells which
express receptors, such as the low-density lipoprotein (LDL) receptor (LDL-R), for lipoprotein
uptake through receptor mediated endocytosis (30, 31). Lipids are also secreted from adipose
tissue. In adipocytes, FAs are first hydrolysed intracellularly from TGs by adipocyte
triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and monoglyceride lipase. Once
liberated, FAs are exported from the cell, where they bind to albumin, and are transported in

the systemic circulation to tissues for further metabolism.

1.2.4 FA Synthesis, Elongation, & Desaturation

The liver can synthesise FAs from non-lipid precursors (i.e. sugars, amino acids) via
DNL. In this pathway, malonyl-CoA is first formed from acetyl-CoA and CO; by acetyl-CoA
carboxylase (ACC). Next, malonyl-CoA undergoes successive rounds of elongation by fatty
acid synthase (FAS) until palmitate, a 16-carbon SFA and the major product of DNL, is formed
(32). Although DNL occurs primarily within hepatocytes in humans, malonyl-CoA formation
occurs in most oxidative tissues as it regulates FA oxidation (21). Once formed, DNL-derived
FAs mix with and are metabolised similarly to other intracellular FAs. FAs can be further
modified by intracellular enzymes; for example, palmitate can be elongated by elongated FA
elongase 6 (ELVOLO6) to stearate (C18:0) or other very-long chain FAs, and desaturated by
stearoyl-CoA desaturase (SCD) to the monounsaturated FAs (MUFAs) palmitoleate (C16:1n-
7) and oleate (C18:1n-9; OA) (32, 33). However, humans do not express enzymes to form the
polyunsaturated FAs (PUFAs) linoleate (C18:2n-6) and a-linoleate (C18:3n-3) from oleate,

these FAs can only be obtained from the diet and are therefore known as essential FA.

1.3 Systemic Metabolism

Complex processes regulate systemic FA and glucose metabolism to balance the high

metabolic demands of organs like the heart with preventing tissue damage from elevated
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plasma nutrient concentrations. The liver has a central role in regulating metabolism as it
coordinates the transition from the fasted to fed state, produces albumin, detoxifies drugs and
ammonia, clears waste products, and synthesises bile acids and cholesterol. Most of these
functions are performed by hepatocytes, which make up ~80% of the liver, the remaining ~20%
is composed of supporting cells and extracellular space (34). The liver’s dual blood supply
supports its role in regulating systemic and postprandial metabolism as it receives oxygenated
blood from the hepatic artery and nutrient-rich deoxygenated blood from the portal vein, which
drains the majority of the gastrointestinal tract and pancreas. Therefore, following the
absorption of dietary glucose and amino acids, these nutrients are carried, along with pancreatic
hormones such as insulin and glucagon, directly to the liver. After passing the hepatocytes,
blood is carried out of the liver by the hepatic vein which drains directly into the inferior vena

cava then the right side of the heart.

1.3.1 Postprandial Glucose Metabolism

In the transition from fasted to fed state, the increased flux of nutrients to the liver and
pancreas triggers a series of complex metabolic cascades to rapidly transition between energy
storage and supply. Following the consumption of a mixed meal, dietary carbohydrates,
proteins, and lipids are broken down throughout the digestive tract into sugars, amino acids,
and FA for absorption. Sugars and amino acids are directly carried to the liver, with the increase
in plasma glucose concentrations triggering insulin secretion from pancreatic B-cells. The
increased portal plasma glucose concentration increases hepatocyte glucose uptake, which with
increased hepatocellular insulin signaling, shifts hepatic glucose metabolism towards
glycolysis and glycogenesis, away from glycogenolysis and gluconeogenesis, and promotes
hepatic DNL (35, 36). However, as the liver is unable to take up, store, and utilise all meal-
derived glucose, systemic plasma glucose and insulin concentrations rise. In cardiac and

skeletal muscle and adipose tissue, increased insulin signaling promotes glucose uptake by
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increasing plasma membrane glucose transporter type 4 (GLUT4) expression, this aids glucose
uptake alongside import by the insulin-independent GLUT1 transporters (37-39). Insulin
signaling also shifts oxidative metabolism in cardiac and skeletal muscle towards glucose and
away from FAs and promotes storage of glucose as glycogen in muscle and as TG in adipose
tissue (40, 41). Systemic glucose and insulin concentrations peak ~30-90min following the
consumption of a meal before decreasing to pre-meal levels by ~240mins (42). The shift
towards glucose oxidation and storage eventually decreases plasma glucose concentrations,
which reduces further insulin secretion; plasma insulin concentrations decrease as the liver
internalises and clears insulin bound to the insulin receptor (43). As glucose and insulin
concentrations return to pre-meal levels, the decreased portal insulin-to-glucagon ratio shifts
hepatic glucose metabolism towards the fasted response, this is characterised by increased
glycogenolysis and gluconeogenesis and decreased glycogenesis (44). This metabolic shift
enables the liver to secrete glucose into the plasma to maintain appropriate plasma glucose

concentrations for the body’s metabolic requirements.

1.3.2 Postprandial Lipid Metabolism

After consuming a lipid-containing meal, dietary fats, predominantly consumed as TG,
are emulsified by bile acids, digested by lipases, and absorbed as FA and monoglycerides into
enterocytes. Within enterocytes, TG is resynthesised and packaged for secretion into
chylomicrons. Unlike sugars and amino acids, chylomicrons are secreted into and transported
by the slow-flowing lymphatic system before entering the systemic circulation via the thoracic
duct into the left subclavian vein. This results in chylomicrons bypassing the portal circulation
and liver, where they are instead delivered to striated muscle and adipose tissue during their
first circulation throughout the body. Plasma chylomicron concentrations peak ~180-300min
following the consumption of a meal (45). During the postprandial period, dietary FAs are

liberated from chylomicron-TG by intravascular lipases and taken up into cells via CD36 and
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FABP (16, 30, 46, 47). In muscle, these FA can be oxidised, while in adipose tissue, they can
be re-esterified into TG and stored. This shift towards storing dietary FA in adipose tissue is
driven, in part, by postprandial insulin signaling which increases LPL expression, inhibits
intracellular lipolysis, and promotes CD36 translocation to the plasma membrane (40, 48).
During intravascular lipolysis, some lipase-liberated FAs escape tissue uptake and spillover
into systemic circulation (i.e. spillover FA), and these FAs, along with partially hydrolysed
chylomicron ‘remnant’ particles, are carried to the liver and heart where they are taken up and

utilised by intracellular fat metabolism pathways (Fig. 1.3) (49-51).
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Figure 1.3. Overview of postprandial lipid metabolism. Abbreviations: 30HB, 3-hydroxybutyrate; DNL,
de novo lipogenesis; FA, fatty acid; IHTG, intrahepatic triglyceride; NEFA, non-esterified FA; TG,
triglyceride; VLDL, very-low density lipoprotein.
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As the body transitions from fed to fasted state, plasma insulin concentrations decrease
which shifts systemic lipid metabolism away from lipid storage and towards mobilisation
pathways (52). In adipose tissue, decreased insulin signalling enables HSL activation, which
liberates FAs from TG and releases NEFA into plasma for transport to tissues like the heart
and liver (Fig. 1.4) (53). NEFA uptake in the heart and liver are suggested to be proportional
to plasma NEFA concentrations, therefore, increased plasma NEFA concentrations in the
fasted period may promote hepatic and cardiac FA uptake and metabolism (54, 55). Lipid is
also mobilised from the liver as VLDL-TG. In non-hepatic tissues, FAs are liberated from
VLDL-TG by intravascular lipases and taken up to support that tissue’s metabolic
requirements. This process reduces VLDL TG content and forms the smaller intermediate-
density lipoproteins (IDL) and LDL; compared with VLDL, they are enriched with CE and PL
and lower in TGs (56). As with chylomicrons, some lipase-liberated FAs from VLDL-TG
escape tissue uptake and spillover, and some VLDL-TG passes through tissues partially
hydrolysed creating VLDL ‘remnant’ particles; both are delivered to the liver and heart (49,
56). Collectively, chylomicrons and VLDL are termed TG-rich lipoproteins (TRLs), and as
such, chylomicron-remnants and VLDL-remnants are termed TRL-remnants. Spillover FAs
are taken up into cells by FA transporters, while TRL-remnants, IDL, and LDL are cleared
from the plasma by receptor-mediated endocytosis; any FAs liberated from these lipoproteins
via endosomal lipolysis are recycled into the intracellular FA pool (14-17, 57). As the fasting
period continues, hepatic ketogenesis also increases (20). This shift in systemic and hepatic
metabolism towards lipid mobilisation supports systemic metabolic demands during the fasted

period until the next meal.
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Figure 1.4. Overview of human lipid metabolism in the fasted state. Abbreviations: 30HB, 3-
hydroxybutyrate; DNL, de novo lipogenesis; FA, fatty acid; IHTG, intrahepatic triglyceride; NEFA, non-
esterified FA; TG, triglyceride; VLDL, very-low density lipoprotein.

1.4 Hepatic Fat Metabolism

1.4.1 Hepatic Fat Metabolism Under Physiological Conditions

IHTG content is determined by a complex balance between the fat that enters the liver
from dietary sources (as TRL-remnants and spillover FA) and adipose tissue (as NEFA), the
amount synthesised via DNL, and the amount removed by oxidation (the citric acid (TCA)
cycle and ketogenesis) and secretion (Figure 1.3-1.4). The sources of hepatic FAs, as well as

the partitioning of FAs into different intrahepatic pathways is influenced by multiple
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parameters including the body’s nutritional (fed vs. fasted) (58) and hormonal state (59),
hepatic and/or extrahepatic-tissue disease status (i.e. insulin resistance, MASLD) (33, 58, 60),
and the amount, and potentially type of, dietary fat consumed (6, 9, 61).

Insulin has a major role in regulating hepatic FA metabolism by modulating FA flux
to, and partitioning within, the liver. Following a meal, insulin inhibits adipose-tissue lipolysis
to reduce FA flux from adipose-tissue to the liver; this is demonstrated by a decreased
contribution of adipose-tissue-derived FA to VLDL-TG from ~75% in the fasted state to ~45%
in the fed state (58). Within hepatocytes, the postprandial shift in hepatocellular FA metabolism
toward DNL and FA esterification and away from oxidation is primarily driven by insulin (54,
55). Following a meal, insulin, via Akt/protein kinase B (PKB), activates sterol regulatory
element binding protein 1c (SREBPI1c¢) to upregulate DNL and FA esterification by increasing
FAS, ACC2, and GPAT expression (62-64). Independent of insulin, increased hepatic glucose
delivery, such as after an acute high-carbohydrate diet, contributes to the postprandial
upregulation of DNL and FA esterification by, respectively, activating carbohydrate response
element binding protein (ChREBP) to upregulate FAS and ACC2 expression, and providing
G3P (via increased glycolysis) for GPAT-mediated FA esterification (36, 65-69). Upregulation
of ACC2 increases malonyl-CoA formation, which inhibits CPT1 and reduces hepatic FA
oxidation, this reciprocal regulation between FA synthesis and oxidation prevents futile cycling
in the liver (54). Taken together, these findings suggest hepatic insulin signalling is a major
driver of hepatocellular lipid synthesis and storage, and is supported by findings showing that
patients with loss-of-function mutations in the insulin receptor are protected from hepatic
steatosis despite presenting with markers of severe insulin resistance and hyperglycaemia (70).

In the fasted period, the relative absence of insulin and glucose, coupled with increased
metabolic demands and FA delivery, shifts hepatic FA metabolism towards oxidation and away

from DNL and TG esterification (52). Reduced insulin signaling increases adipose-tissue
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lipolysis, and hepatic NEFA delivery, uptake, and f-oxidation. The increased acetyl-CoA and
NADH from f-oxidation inhibit glucose oxidation by inhibiting pyruvate dehydrogenase and
enter the TCA cycle to form citrate. Subsequently, increased citrate concentrations promote
flux through the TCA cycle and further inhibit glucose metabolism by inhibiting glucose entry
into glycolysis via phosphofructokinase-1 inhibition (71). Increased intracellular FAs also
activate peroxisome proliferator-activated receptor alpha (PPARa), a transcription factor
which upregulates genes involved in FA uptake, S-oxidation, ketogenesis, lipoprotein
metabolism, and mitochondrial biogenesis (72, 73). Taken together, these FA-induced
intracellular changes increase the overall FA metabolic capacity and acutely inhibit hepatic

glucose metabolism in the fasted state.

1.4.2 Dysregulated Hepatic Fat Metabolism in the Pathogenesis of Hepatic Steatosis

It is not fully clear how elevated IHTG accumulation develops, especially in context of
MASLD, though it is likely due to imbalances between the delivery, synthesis, and removal of
FA from the liver. Steatotic liver disease, which, until recently, was termed non-alcoholic fatty
liver disease (NAFLD), is now reclassified as MASLD (1). Although terminology has changed
from NAFLD to MASLD (1), I will refer to the terminology/definition used by the authors of
the respective studies for the purposes of this thesis. Increased IHTG content is a hallmark of
NAFLD/MASLD and a risk factor for the disease progressing to non-alcoholic steatohepatitis
(NASH)/metabolic dysfunction-associated steatohepatitis (MASH) and cirrhosis; these
conditions characterised by hepatic inflammation, fibrosis, and eventually, liver failure (74).
Therefore, understanding the mechanisms which contribute to increased IHTG content may
help improve the understanding of how to prevent MASH and cirrhosis. Although it has been
consistently demonstrated that overconsuming dietary fat, as excess calories, increases IHTG
content (6, 52), the amount of dietary fat entering the liver depends on several factors, including

the quantity (75-77), frequency (78), and potentially composition (61, 79) of the dietary fat
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consumed, along with an individual’s phenotype (i.e. adiposity, insulin resistance, etc.) and
genotype (33, 80-83). One proposed mechanism explaining how IHTG accumulation increases
with adiposity suggests that individuals with elevated adiposity have a reduced ability to store
dietary fat in adipose tissue which leads to increased IHTG content (84). In support of this,
patients with partial lipodystrophy have a genetic mutation that limits their ability to store fat
in adipose tissue, and accordingly, present with severe IHTG accumulation (81). This suggests
impaired adipose tissue fat storage and metabolism may have a role in IHTG accumulation.
Increased adipose tissue lipolysis alone may not explain the increased IHTG
accumulation in individuals with obesity as plasma NEFA concentrations, a marker of adipose
tissue lipolysis, do not correlate with BMI (85, 86). Indeed, the rate of appearance (Ra) of
NEFA per kilogram fat mass is negatively correlated with fat mass, suggesting that lipolysis
decreases with increased adiposity (86). However, total R NEFA and R. NEFA per kilogram
lean mass are positively correlated with fat mass, and this suggests that, despite a decrease in
adipose-tissue lipolysis, NEFA delivery to non-adipose tissues (like the liver and heart),
increases with adiposity (86). This discrepancy may be explained by the absolute increase in
adipose tissue mass in obese individuals which may override the suppression of lipolysis and
lead to increased NEFA delivery to non-adipose tissues. As NEFA uptake into non-adipose
tissues strongly correlates with plasma NEFA levels, in individuals with obesity, increased
NEFA uptake into cells may match the increased hepatic NEFA delivery and normalise plasma
NEFA levels (54, 55). While this may explain increased hepatic lipid delivery in the fasted
state, there is evidence of altered postprandial metabolism in obese individuals, as obese,
compared with lean, adipose tissue has decreased postprandial FA trafficking (80). Following
a meal, if FA uptake into adipose tissue is reduced, this may inappropriately increase hepatic
dietary fat delivery as TRL-remnants or spillover FAs and further contribute to IHTG

accumulation.
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Elevated flux through hepatic DNL may contribute to IHTG accumulation. Using
stable-isotope tracer methodologies, Donnelley et al. reported that in individuals with NAFLD,
~23% of VLDL-TG FA came from DNL; higher than the ~5% of DNL-derived FA in VLDL-
TG from individuals without NAFLD (58, 60). Further, in individuals with NAFLD, the
proportion of DNL-derived FAs in VLDL-TG did not differ between the fed and fasted state
suggesting that constitutively elevated fasting DNL may contribute to IHTG accumulation
(60). It is suggested by some that insulin resistance and hyperinsulinemia precede IHTG
accumulation (33, 87); this would lead to reduced peripheral glucose uptake and
hyperglycaemia, which increases insulin-independent glucose uptake into hepatocytes and
could drive DNL activation via ChREBP (88).

Decreased lipid removal from the liver, through impaired FA oxidation or VLDL-TG
secretion, may also contribute to IHTG accumulation. However, human studies investigating
FA oxidation report conflicting results in patients with MASLD (69, 87, 89, 90). In some
studies, people with IHTG accumulation are reported to have reduced hepatic FA oxidation
secondary to increased hepatic DNL and/or hyperinsulinemia (33, 69). Alternatively, increased
dietary FA delivery as TRL-remnants or spillover FAs may increase hepatic FA uptake which,
in a PPARa-mediated manner, could increase FA oxidation (87, 90, 91). While the discrepancy
in FA oxidation findings in MASLD patients may be explained by differences in methodology
used to measure FA oxidation or patient characteristics between studies, there is emerging
evidence that the FA composition of a person’s diet may influence FA oxidation findings as
dietary PUFAs, compared with SFAs, have been suggested to preferentially enter oxidation
pathways (92). Although differences in the patient’s background dietary FA composition may
potentially explain the conflicting FA oxidation findings it remains unclear how FA
composition impacts FA oxidation findings under conditions where FA oxidation may be

suppressed, such as when hepatic DNL is elevated.
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Alterations in hepatic VLDL-TG secretion could modulate IHTG content, however,
relatively few studies have investigated the contribution of this pathway to IHTG accumulation
in humans. Genetic studies have revealed that transmembrane 6 superfamily member 2
(TM6SF2) mutations reduce VLDL-TG secretion and increase IHTG accumulation, indicating
that impaired hepatic VLDL-TG secretion increases IHTG content (83). However, in
individuals with NAFLD, VLDL secretion rates are increased, with VLDL particles containing
more TG compared with age- and BMI-matched individuals without NAFLD (93, 94). Further,
while VLDL secretion positively correlates with IHTG content, secretion rates plateau when
IHTG reaches >10% (94, 95). This suggests VLDL secretion may increase as a compensatory
mechanism to remove excess TG from the liver. However, as individuals with IHTG
accumulation may have reduced capacity for lipid storage in adipose tissue and VLDL delivery
to peripheral tissues may exceed their oxidative capacity, the VLDL-remnants would

recirculate to the liver, thereby contributing to IHTG accumulation.

1.4.3 Summary

Dysregulated hepatic fat metabolism likely contributes to THTG accumulation;
however, the exact mechanisms by which IHTG accumulates in the context of MASLD
remains unclear. Further, it remains unclear how dietary fat composition interacts with hepatic

FA metabolism pathways to influence IHTG accumulation.

1.5 Cardiac Metabolism

1.5.1 Cardiac Metabolism Under Physiological Conditions

The heart has one of the highest metabolic demands in the body, requiring a constant
ATP supply to support its contractile activity to pump oxygenated, nutrient rich blood to, and

remove waste products from, peripheral tissues. About 95% of cardiac ATP production occurs
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through mitochondrial oxidative metabolism, with the remaining 5% is generated by substrate-
level phosphorylation in glycolysis and TCA cycle (96). While the heart can oxidise a variety
of metabolic substrates, ~60% of cardiac ATP production is derived from FA oxidation, ~30%
from glucose oxidation, and the remaining ~10% from lactate, ketone, and amino acid
oxidation (97-101). FAs are the preferential cardiac fuel source under most conditions as FA
oxidation produces more ATP per molecule compared with glucose oxidation (102). However,
as FAs are a less oxygen-efficient fuel source than glucose, the heart must be able to rapidly
switch between FA and glucose oxidation to delicately balance limited oxygen supply with
high ATP demands (102). The heart can store glucose as glycogen and FAs as TG; however,
only ~10% of glucose and ~15% of FAs taken up into cardiomyocytes are stored, indicating
the heart is highly dependent on adequate nutrient delivery to meet its metabolic demands
(101, 103-105). In the heart, ATP can be rapidly generated around the myofilament from
phosphocreatine (PCr) reserves (Fig. 1.5). However, as cardiac PCr concentrations can be
rapidly used up, PCr more likely functions to buffer ATP concentrations during rapid increases
in cardiac workload rather than as a protective mechanism against impaired nutrient delivery
(106). Taken together, myocardial nutrient supply is fundamental to supporting cardiac

function.
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Figure 1.5. Cardiac Phosphocreatine Shuttle. Abbreviations: ADP, adenosine diphosphate; ATP,
adenosine triphosphate; Cr, creatine; PCr, phosphocreatine; CK, creatine kinase.
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1.5.1.1 Regulation of Cardiac Metabolism

Although FAs and glucose are constantly supplied to the heart, intricate mechanisms
regulate myocardial substrate selection to ensure cardiac ATP demands are met in response to
changes in substrate supply (following fasting and feeding) or workload (107). Under
physiological conditions, the main determinants of myocardial substrate selection are plasma
substrate availability and cardiac insulin signaling (107). During the fasting period, relatively
low plasma insulin concentrations increase adipose-tissue lipolysis, myocardial FA delivery,
uptake, and mitochondrial FA oxidation. When plasma glucose and insulin concentrations
increase postprandially, cardiac insulin signaling stimulates GLUT4 translocation to the
sarcolemma to increase myocardial glucose uptake and increases malonyl-CoA formation to
reduce FA oxidation (21, 38). In the heart, insulin also increases CD36 translocation to the
sarcolemma, which increases postprandial cardiac FA uptake (108). Independent of insulin and
other hormones, the oxidation of one fuel source (i.e. FAs) inhibits oxidation of the other fuel
source (i.e. glucose); this is a major intracellular mechanism regulating myocardial substrate
selection (Fig. 1.6) (71). Hormones other than insulin also modulate cardiac metabolism, for
example, adrenaline and noradrenaline increase cardiac contractility, heart rate, and promote
glycogenolysis, TG lipolysis, and oxidative metabolism (109-112). The heart’s ability to
switch between fuel sources is referred to as metabolic flexibility and is vital in ensuring

adequate myocardial ATP production.

39



Chapter 1: Introduction

Glucose FA
Cytosol Glucose FA
] — |
G6P FA-CoA
Acetyl-CoA

Pyruvate / Malonyl-CoA
Citrate \,

Carnitine
Shuttle
Mitochondria |

Pyruvate Citrate FA-CoA

PDH\A I %dation

T Acetyl-CoA

Figure 1.6. Reciprocal Inhibition between FA and Glucose Oxidation (i.e. Randle Cycle). When fatty
acids (FAs) are abundant (red), FA oxidation inhibits glucose metabolism by i) increasing mitochondrial
acetyl-CoA and NADH concentrations, which inhibit pyruvate dehydrogenase (PDH), the rate limiting
enzyme of glucose oxidation, and #i) through forming citrate, which inhibits phosphofructokinase-1, the rate
limiting enzyme of glycolysis. In contrast, when glucose is abundant (blue), glucose oxidation inhibits FA
metabolism through forming malonyl-CoA, which inhibits mitochondrial FA uptake. Abbreviation: CIC,
citrate carrier; GLUT, glucose transporter; CD36, cluster of differentiation 36/fatty acid translocase; G6P,
glucose-6-phosphate.

1.5.2 Disrupted Cardiac Metabolism in the Pathogenesis of Cardiovascular Disease
Impaired ATP production, secondary to alterations in cardiac metabolism and a loss of
metabolic flexibility contribute to CVD pathogenesis. For example, in heart failure with
reduced ejection fraction (HFrEF), absolute myocardial ATP content and PCr/ATP, a
biomarker of myocardial energetic reserve, are reduced by ~30% and ~50%, respectively (113,
114). Supporting this, most animal and some human studies report that myocardial metabolism
in HFrEF shifts towards a more glycolytic, lower ATP-yielding, phenotype compared with the
healthy heart (115-122). In some human studies, this shift towards glycolysis in the context of
HFrEF is associated with decreased ability to oxidise FAs (118-122). In contrast, in T2D
studies, myocardial metabolism shifts towards excessive FA uptake, oxidation, and TG
accumulation (123-126). Both examples highlight that shifting myocardial substrate selection

towards predominantly relying on glucose or FAs for ATP generation, without the ability to

40



Chapter 1: Introduction

switch to the alternative substrate, has detrimental effects on cardiac function. However,
perturbations in cardiac metabolism develop before deteriorations in cardiac function
suggesting that alterations in cardiac metabolism may have a pathogenic role in CMD
development (124, 127).

Although obesity is not traditionally considered a CVD, there is evidence of abnormal
cardiac metabolism and function in this population. Compared with age- and sex-matched
controls, individuals with obesity have reduced cardiac PCr/ATP, which is associated with
increased BMI, adiposity, and diastolic dysfunction (130, 131). Another marker of abnormal
cardiac metabolism, increased myocardial TG content, is positively correlated with obesity and
with markers of cardiac dysfunction, including left ventricular (LV) hypertrophy (LVH) and
concentric LV remodeling (130). As cardiac FA uptake and metabolism are influenced by
plasma FA availability, and dietary FA composition influences plasma FA composition, it

could be speculated that dietary FA composition may impact cardiac metabolism and function.

1.6 Dysregulated Hepatic Lipid Metabolism & CVD Risk

As obesity is a risk factor for MASLD and CVD, and similar mechanisms may
contribute to the development of IHTG accumulation and perturbed cardiac metabolism in
obesity, there is interest in clarifying the relationship between hepatic steatosis and CVD risk.
Recently, MASLD has been identified as an independent CVD risk factor and this risk is further
increased if a patient has hepatic fibrosis (128-132). Even in individuals with a BMI <25 kg/m?,
a NAFLD diagnosis increases the risk of developing CVD, suggesting this relationship may be
independent of obesity (133). Despite evidence linking hepatic steatosis with increased CVD
risk, it remains unclear if MASLD increases CVD risk as a consequence of dysfunctional
hepatic metabolism, or if the presence of increased IHTG accumulation identifies individuals

with a more severe manifestation of metabolic syndrome, and it is this more severe underlying
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systemic metabolic problem which increases CVD risk.

1.6.1 Evidence For Dysfunctional Hepatic Metabolism Increasing CVD Risk

Increased CVD risk in individuals with increased IHTG content but not defined as
overweight or obese may be explained by alterations in hepatic metabolism and function,
independent of systemic metabolic derangements (133). Patients with NAFLD have increased
VLDL-TG secretion rates with larger VLDL-TG particles and reduced hepatic clearance of
TRL-remnants and plasma NEFA, this may increase cardiac lipid delivery, promote excessive
cardiac FA oxidation and impair metabolic flexibility (93, 94, 134). Further, these changes in
hepatic lipoprotein metabolism may explain the hypertriglyceridemia, increased LDL and
oxidised LDL, and decreased HDL (collectively termed “atherogenic dyslipidaemia”) in
individuals with NAFLD, and therefore, the increased risk of developing atherosclerotic CVD
(131, 135). Alternatively, increased CVD risk in patients with MASLD may be mediated
through the effects of specific FAs, such as palmitate, on the heart. Palmitate is the major
product of hepatic DNL and once formed, is esterified into TG and secreted in VLDL. Hepatic
DNL may be increased in individuals with MASLD, therefore, these individuals may have
greater cardiac delivery of palmitate (60). Palmitate is reported to alter calcium and potassium
currents in cardiomyocytes in a pro-arrhythmogenic manner, which may explain the increased
rates of arrhythmias in patients with MASLD (136, 137). In addition to the detrimental changes
on lipid metabolism, hepatic steatosis increases systemic and vascular inflammation, and
endothelial dysfunction, all of which are independent CVD risk factors (138, 139). While
relevant to the connection between hepatic steatosis and CVD risk, the details on the
relationships between hepatic steatosis, inflammation, and endothelial function are beyond the
scope of this thesis and have been comprehensively reviewed (139, 140). Together, this

evidence suggests that changes in cardiac metabolism and function, originating from
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derangements in liver metabolism secondary to IHTG accumulation, contribute to increased

CVD risk in MASLD patients.

1.6.2 Evidence For Severe Systemic Metabolic Dysfunction Increasing CVD Risk

Greater insulin resistance, hyperinsulinemia, dyslipidaemia, and central adiposity are
associated with increased IHTG accumulation (33, 141, 142). As all four metabolic
derangements are also CVD risk factors, patients with increased IHTG accumulation, such that
they meet MASLD diagnostic criteria, may have increased CVD risk due to this more severe
metabolic phenotype (142-144). Supporting this, Luukkonen et al. investigated two patient
groups with similarly elevated IHTG content, one group had multiple features of metabolic
syndrome and were not carriers of the I148M variant in the patatin-like phospholipase domain
containing protein 3 (PNPLA3) gene (“Metabolic NAFLD”) and the other group had minimal
features of metabolic syndrome and were carriers of the [148M variant in the PNPLA3 gene
(“PNPLA3 NAFLD”). The “Metabolic NAFLD” group showed increased markers of insulin
resistance, while the “PNPLA3 NAFLD” group did not, despite comparable total liver fat
(145). Further, individuals with “PNPLA3 NAFLD” are at lower risk from developing CVD
compared with individuals with “Metabolic NAFLD”, despite similarly elevated liver fat (146,
147). This supports that systemic metabolic derangements, regardless of IHTG content, are
needed to increase CVD risk. It could be argued that T2D is, in general, a disease with more
severe manifestations of insulin resistance, hyperinsulinemia, dyslipidaemia, and central
adiposity than MASLD, therefore, if perturbations in systemic metabolism are the primary
driver of CVD in patients with elevated IHTG, then patients with T2D but without MASLD
should have higher rates of CVD than patients with MASLD but without T2D. Indeed, the
CVD incidence rate in patients with T2D but without MASLD is ~11.9 per 1000 person-years,
which is higher than the ~8.5 per 1000 person-years in patients with MASLD but without T2D

(148, 149). These studies support the suggestion that perturbations in systemic metabolism are
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key mediators of increased CVD risk in patients with increased IHTG content.

1.6.3 Summary

Perturbations in both hepatic and systemic metabolism likely contribute to elevated
CVD risk in individuals with increased IHTG content, especially as patients with both MASLD
and T2D have higher rates of CVD than patients with only T2D or MASLD (150). As
alterations in lipid metabolism appear to impact IHTG accumulation, cardiac metabolism, and
CVD risk, and dietary fat is a major source of systemic FAs, changes in dietary fat content or
composition could modulate systemic lipid metabolism, and by extension cardiac and hepatic
metabolism and function, and CVD risk. Therefore, it is of interest to clarify the relationship

between dietary FA composition, IHTG accumulation, and cardiac metabolism and function.

1.7 Dietary Fat Composition & Liver Fat Accumulation

1.7.1 Observational Studies Linking Dietary Fat Composition to Liver Fat Content

The effect of dietary fat composition on CMD risk was first described in the 1970s in
the Seven Countries Epidemiological Study, which identified a positive association between
SFA intake, total serum cholesterol, and CHD risk (151). While the relationship between
cholesterol, SFA, and CHD has been well described and thoroughly reviewed (143, 152, 153),
the relationship between dietary fat composition and the risk of developing CMDs, such as
MASLD, remains unclear.

Most population-based observational studies have found that consuming excess
calories or consuming a diet that exceeds the recommended intake of SFA, free sugars, and/or
processed foods for the respective participant cohort studied is associated with increased
circulating plasma-TG levels, hepatic steatosis, and insulin resistance (154-156). A limited

number of cross-sectional studies that assessed dietary FA composition in individuals with and
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without NAFLD have suggested that individuals with NAFLD and NASH consumed more
total fat, SFA, and cholesterol, and less MUFA and PUFA, than age- and BMI-matched
individuals without NAFLD (155, 157, 158). Further, in individuals diagnosed with NAFLD,
this dietary pattern was associated with a higher degree of insulin-resistance and likelihood of
hepatic steatosis progressing to NASH, compared with individuals with NAFLD who had
consumed a diet lower in SFA and higher in MUFA and PUFA (159-161). Although self-
reported food diaries and questionnaires are prone to reporter bias (162), these findings agree
with more objective measures of in vivo intrahepatic and plasma FA composition (including
quantifying IHTG FA composition in patients using MR spectroscopy and performing
lipidomic and gas chromatography analysis on the FA composition of plasma lipid pools and
liver biopsies); these studies have found that patients with NAFLD and NASH have increased
SFA and decreased unsaturated FA in their circulating plasma TG and intrahepatic lipid pools
compared with disease-free controls (163-167). Taken together, these observational studies

indicate there is an association between dietary FA composition and IHTG quantity.

1.7.2 The Role of Intrahepatic FA Composition on Cardiometabolic Disease Risk

Although increased liver fat content is a CMD risk factor, IHTG FA composition,
independent of IHTG quantity, may modulate CMD risk. In a study which characterised the
liver lipidome of patients with elevated IHTG content, despite similarly increased liver fat
content, differences in IHTG FA composition were observed between patients with “Metabolic
NAFLD” compared with “PNPLA3 NAFLD” (145). The liver lipidome of patients with
“Metabolic NAFLD” was enriched in saturated and monounsaturated TG, free FA, markers of
de novo ceramide synthesis, and ceramides compared with patients without “Metabolic
NAFLD” (145). In contrast, the liver lipidome of patients with “PNPLA3 NAFLD” was
enriched in polyunsaturated TG, and not with ceramides, compared with individuals with “non-

PNPLA3 NAFLD” (145). These findings agree with studies which performed lipidomic
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analysis on liver biopsy samples and found the composition of hepatic lipids from obese
patients with NAFLD or NASH were enriched with SFA, MUFA, and diacylglycerols (DAG)
and deplete of PUFA compared with non-NAFLD obese controls (163, 165). Taken together,
this suggests IHTG FA composition, independent of IHTG quantity, may influence CMD risk.

Although the consumption of dietary FAs differs between patients with NAFLD and
disease-free controls, it has been reported that patients with NAFLD consume more free sugars
and sugar-sweetened beverages than people without, suggesting that dietary sugars may also
contribute to hepatic steatosis NAFLD (168-171). However, as sugars are substrates for hepatic
DNL, excess sugar consumption could increase intrahepatic palmitate and contribute to CMD
pathogenesis by modifying intrahepatic FA composition. In support of this, hepatic DNL was
reported to not correlate with IHTG content in individuals with NAFLD, T2D, and disease-
free controls; however, hepatic DNL correlated positively with the hepatic SFA fraction and
did not correlate with the PUFA fraction (172). Further, the total IHTG content and the liver
PUFA fraction were not associated with hepatic insulin sensitivity, whereas the hepatic SFA
fraction had a strong, negative association with hepatic insulin sensitivity (172). Given these
observations, it could be speculated that intrahepatic SFA quantity, rather than total
intrahepatic fat quantity, may negatively contribute to hepatic insulin sensitivity and CMD risk,
and that high rates of hepatic DNL, which are increased by dietary sugar consumption, alter
intrahepatic FA composition to increase intrahepatic SFA quantity (172). However, as
palmitate can be elongated into stearate (C18:0) and desaturated to palmitoleate (C16:1n-7)
and oleate (C18:1n-9) (32), if an individual can elongate and/or desaturate newly made
palmitate to oleate and/or palmitoleate, then the effects of a high rate of hepatic DNL on hepatic
insulin sensitivity might be partly attenuated, and might thus attenuate CMD development and
progression. Alternatively, if individuals with high rates of hepatic DNL consume a high-SFA

diet, the increased intrahepatic SFA content may exceed the capacity of hepatic enzymes to
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desaturate and elongate palmitate, which could promote intrahepatic SFA accumulation and
potentiate the development and progression of insulin resistance and CMD.

Taken together, observational studies have identified that diets enriched with total fat,
SFA, and free sugars, and lower in MUFA and PUFA are associated with increased IHTG
accumulation, and that these dietary patterns may modify IHTG FA composition which can
independently modulate CMD risk factors. However, as these studies have explored the effect
of dietary patterns on IHTG accumulation, interventional studies are needed to characterise the

effects of specific dietary FAs on these disease processes.

1.7.3 Interventional Studies on Dietary Fat Composition & Liver Fat Content

A limited number of interventional studies have investigated how dietary fat quantity
and composition influence IHTG accumulation in cohorts of varying age, BMI, and disease
status, and are summarised in Tables 1.2-1.4. To investigate the effect of dietary fat quantity,
participants consumed diets with either less calories (hypocaloric), more calories
(hypercaloric), or an equal number of calories (isocaloric) for their individual metabolic needs,
and these may vary in macronutrient composition. For example, participants may consume
high-fat low-carbohydrate (HFLC) diets, or low-fat high-carbohydrate (LFHC) diets. To study
the effect of dietary fat composition, participants typically consume the same amount of fat but
with varied composition. For example, some participants may consume a diet enriched in SFA
and others a diet enriched in PUFA. There is currently no universally accepted definition for
what constitutes a HFLC or LFHC diet, but it has been suggested that a HFLC diet is between
50-60% total energy (TE) fat and 20-30% TE carbohydrate, and a LFHC diet is 20-30% TE fat
and 60-70% TE carbohydrate (173, 174). For the purposes of this thesis, I will refer to the type
of diet consumed (e.g. HFLC, LCHF, SFA-enriched etc.) using the same terminology used by

the authors of the discussed study.
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1.7.3.1 Findings from Hypocaloric Studies

Hypocaloric studies have consistently reported that regardless of macronutrient (e.g.
fat, carbohydrate) or dietary fat composition, decreased caloric intake reduces body weight and
IHTG content (175-180) (Table 1.2). This decrease in IHTG accumulation has been observed
in people who are overweight, obese, and/or have NAFLD or T2D, and who have undertaken
hypocaloric interventions from 14 days for up to 2 years (Table 1.2) (181). In six studies that
compared the effect of hypocaloric HFLC with hypocaloric LFHC diets on IHTG content, most
reported similar reductions in body weight and IHTG across the two diet types and irrespective
of macronutrient composition (175, 176, 179, 182-184). Recently, Schutte et al. (184) explored
the effect of two 25% energy restricted LFHC diets on weight loss and IHTG content in 110
men and women with obesity aged 40-70 years. One diet was enriched in unsaturated FA, fibre,
and plant-protein (high nutrient quality) and the other was enriched in SFA and free-sugars
(low nutrient quality), and both were consumed for 12 weeks. They found no difference in the
reduction of IHTG content between the two diet types, despite the high-nutrient-quality energy
restricted diet resulting in a 2.1 kg greater weight loss (p<0.01) than the low-nutrient-quality
energy restricted diet (184). These observations, along with other studies, indicate that dietary
fat composition has minimal impact on changes in IHTG content when consuming a

hypocaloric diet.

1.7.3.2 Findings from Hypercaloric Studies

Consuming a hypercaloric fat-enriched diet appears to increase IHTG accumulation to
a greater extent than consuming a hypercaloric carbohydrate-enriched diet, despite both diets
inducing similar weight gain (9-11, 185, 186). This suggests that in conditions of caloric
excess, dietary fat quantity and/or composition influences the extent of IHTG accumulation

(Table 1.3). For example, when overweight participants consumed an extra 1000kcal/day as
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either SFA, unsaturated FA, or simple sugars for 3 weeks, IHTG content increased to a greater
extent following the SFA diet, compared with the unsaturated FA or simple sugar diets despite
similar weight gain (9). Further, after 3 weeks of consuming the SFA diet, markers of insulin
resistance and plasma ceramides increased; these markers remained unchanged in those
consuming the unsaturated FA or simple sugar-enriched diets (9). These findings indicate that
increased SFA content, in the context of a HFLC hypercaloric diet, promotes a greater increase
in IHTG content and increased CMD risk. Similar studies in lean and overweight participants,
lasting between 3 days to 8 weeks, have found that overfeeding SFA, compared with
overfeeding unsaturated FA or fructose, leads to greater levels of IHTG accumulation, fasting
plasma total cholesterol, LDL, and apoB (10, 11) (Table 1.3). Taken together, these studies
indicate the effects of weight gain on IHTG content are exacerbated by consuming increased

SFA relative to unsaturated FA or sugar.
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Table 1.2. Interventional hypocaloric human studies investigating dietary fat composition effects on intrahepatic triglyceride content.

Study Participants Intervention Duration Change in liver fat
Browning et al. 18 M+F NAFLD. Low-CHO (<20g/d) diet vs 14d Low-CHO: |from 22£13% to 10£7°%
2011 45+12y Low-kcal (~1200-1500kcal/d). Low-kcal: | from 19+10 to 14+7°%
35+7kg/m’
Haufe et al. 2011 102 M+F Low-CHO (<90g/d) vs 6m Low-CHO: |~47"%
30-60y* Low-fat (<20% TE) Low-fat: |~427%
25-45kg/m* NSD between groups.
Kirk et al. 2009 22 M+F High-CHO (>180g/d) vs ~11 wk Low-CHO: |38.0+4.5"%
43.6+2.5y Low-CHO (<60g/d) High-CHO: |44.5£13.5"%.
36.5+0.8 kg/m? NSD between groups.
Lewis et al. 2006 18 M+F VLCD (450-800 kcal/d) 6 wk 1~43"%
50y (34-57y)H
44kg/m? T(40-51kg/m?)
Otten et al. 2016 70 F Paleo diet (40% TE fat) vs 6 m Paleo: [64°% 6 m, |50"% 2y.
50-70y* Low-fat diet (25-30% TE fat) 2y Low-fat: [43"% 6m, [497% 2 y.
25-40 kg/m*
Steven et al. 2016 30 M+F T2DM VLCD (625kcal/d); participants separated 8 wk Responders: | 12.842.7'% to 2.2+0.2°%
25-80y* based on FPG at follow up. Non-responders: |8.2+1.1'% to 2.2+0.1%%
2745 kg/m* Responders: <7mmol/L. NSD between groups.
Non-responders: >7mmol/L
Bian et al. 2014 43 M+F 6d low-CHO diet (-1000kcal/day, <20g 6d vs. 7m 6d low-CHO diet: from 11.1£1.3 to
5143y CHO/d) vs. 8.4+1.3%%
30.6+1.4 kg/m? -1000 kcal/week as 30%TE fat (10% SFA, 7m 5% weight loss: from 10.8+1.5 to
10% MUFA, & 10% PUFA), 50%TE CHO 7.8+1.4%%
until ~5% weight loss achieved NSD between groups
Schutte et al. 2022 100 M+F 25% ER as a high-quality diet vs. 12 wk ER High-quality diet: |55 %

61y’ (42-70y)*
31.2+3.3"kg/m?

Low-quality diet vs.
No-ER habitual diet

ER Low-quality diet: |46"%
Weight-neutral habitual diet: 124 %
NSD between weight loss conditions
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Crabtree et al. 37 M+F KD + ketone salt (70% TE fat) vs 6 wk KD + ketone salt: |42 %
2021 353y KD + placebo (67% TE fat) vs. KD + placebo: |32"%
30.9+0.7 kg/m? Low-fat (25% TE fat) diet Low-fat diet: |52"%
NSD between groups
Properzi et al. S5IM+F LFHC diet (30% TE fat) vs. 12 wk LFHC: [29"%
2018 52 £1.54%y HFLC diet (45% TE fat) HFLC: |30"%

30.8+0.7* kg/m?

NSD between groups

Subject data presented as mean = SEM unless otherwise stated: * denotes standard deviation, fdenotes median; *denotes range; *denotes interquartile range; *denotes pooled

data; | denotes a decrease in liver fat; T denotes an increase in liver fat; " denotes absolute change in liver fat; * denotes relative change in liver fat; $ denotes absolute liver fat

at end of intervention; Abbreviations: CHO, carbohydrate; d, days; ER, energy restricted; FPG, fasting plasma glucose; F, Female; HFLC, high-fat low carbohydrate; KD,
ketogenic diet; LFHC, low-fat high-carbohydrate; M, male; m, months; NAFLD, non-alcoholic fatty liver disease; NSD, no significant difference; Paleo, paleolithic; PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids; TE, total energy; T2DM, type 2 diabetes mellitus; wk, weeks; y, years.

Table 1.3. Interventional hypercaloric human studies investigating dietary fat composition effects on intrahepatic triglyceride content.

Study Participants Intervention Duration Change in liver fat

Sobrecases et al. 2010 30 M StdD + Fru (3.5g/kg/FFM), SFA (+30% TE) vs. 7d Fru: 1~16"%
23.9+0.4y StdD +Fru+ SFA (3.5 g/kg/FFM & +30% TE) SFA: 1~86"%
22.6+0.2kg/m* Fru+SFA: 1~133"%

Luukkonen et al. 2018 38 M+F Extra 1000kcal/d as SFA vs. 3wk SFA: 1~55"%
48+2y UnSFA vs. UnSFA: 1~15"%
31£1 kg/m? simple sugars Sugar: 1~33"%

Rosqvist et al. 2014 37 M+F Habitual diet + 49d SFA: 10.56+1"%
20-38y" High-SFA vs. high n-6 PUFA muffins PUFA: 10.04+0.24"%
18-27 kg/m*

Rosqvist et al. 2019 60 M+F Habitual diet + 8 wk SFA: 1~53"%
42.3+9.5% High-SFA vs. High n-6 PUFA muffins PUFA: |~2"%
28.3+3.5" kg/m®

van der Meer et al. 15 M Habitual diet + 280 g/day fat (800 mL cream) 3d 1112°%

2008 25+6.6y

23.442.5 kg/m?

Subject data presented as mean + SEM unless otherwise stated: * denotes standard deviation, Ydenotes inclusion criteria or estimated range within which all participants are
included; | denotes a decrease in liver fat; 7 denotes an increase in liver fat; "~ denotes absolute change in liver fat; * denotes relative change in liver fat; Abbreviations: d, days;
F, Female; Fru, fructose; M, male; m, months; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; TE, total energy; UnSFA, unsaturated; wk, weeks; y, years.
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1.7.3.3 Findings from Isocaloric Studies

In overweight and obese men and women, with and without NAFLD or T2D,
consuming an isocaloric LFHC diet or low-SFA diet for between 2—16 weeks decreased IHTG
content (61, 75-77, 187-191). In non-obese (BMI 18.5-27.5 kg/m?), young (20-45 yr),
otherwise healthy men and women, consuming a LFHC diet supplemented with one of three
oils high in SFA, MUFA, or PUFA, did not change IHTG content (189). However, as baseline
IHTG content in this cohort was on the lower end of the normal range (~1.0 = 1.17%) and the
participants were free from metabolic disease, this may explain the lack of observed difference
(189). In contrast, isocaloric HFLC or high-SFA diets increase or do not change the IHTG
content (61, 75-77, 187, 192, 193) (Table 1.4). To investigate the effect of specific dietary FAs
on IHTG content, 61 overweight and obese participants consumed an isocaloric HCLF diet
enriched with either SFA or PUFA for 10-weeks (61). In this study, IHTG content decreased
by 16% following consumption of the PUFA-enriched diet and increased by 34% following
consumption of the SFA-enriched diet (61). Using a randomised crossover study design,
Basset-Sagarminaga et al. (187) compared the effect of a 2-week isocaloric low-glycaemic
index (GI), low-SFA diet to a high-GI, high-SFA diet in 13 overweight and obese men and
women. IHTG accumulation was significantly lower after following the low-GI, low-SFA diet
compared with the high-GI, high-SFA diet; notably, changes in IHTG content were not
correlated with changes in body weight (187). Moreover, following the consumption of a test
meal at the end of the dietary intervention, the high-GI, high-SFA diet led to significantly
greater postprandial TG and glucose concentrations compared with the low-GI, low-SFA diet
(187). In a randomised crossover trial (RCT) of 16 overweight men comparing the effects of a
4-week isocaloric SFA-enriched diet with a free-sugar-enriched diet, consuming a SFA-
enriched diet increased IHTG content to a greater extent and led to greater postprandial glucose

and insulin excursions; changes in IHTG content did not correlate with changes in body weight
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(192). Despite the variation in the design, duration, measured outcomes (e.g. plasma
biochemical parameters), and participant populations among these hyper- and isocaloric
intervention studies, they highlight the divergent effects of dietary SFA and of unsaturated FA
on IHTG accumulation.

Findings from observational and interventional dietary studies demonstrate that dietary
fat quantity and composition impact IHTG content, and by extension, CMD risk. It appears the
consumption of SFAs and PUFAs lead to divergent effects on IHTG accumulation, which
suggests there may be differences in the intrahepatic or systemic handling of specific dietary
FA. However, it is unclear how dietary FA composition may impact IHTG accumulation in the

context of a HFLC diet, and it unclear through which mechanism(s).
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Table 1.4. Interventional isocaloric human studies investigating dietary fat composition effects on intrahepatic triglyceride content.

Study Participants Intervention Duration Change in liver fat
Bjermo et al. 2012 61 M+F n—6 PUFA enriched (15% TE) vs. 10 wk n-6 PUFA: |0.9%
30-65y* SFA enriched (15% TE) diet SFA: 10.3"%
25-40kg/m*
Marina et al. 2014 13 M+F Low-fat (20% TE) vs. 4 wk Low-fat:[13.9£10.2°%
18-55y* High-fat (55% TE) diet High-fat: NSD
>27kg/m*
Utzschneider et al. 2013 35 M+F High-SFA (24%TE) vs. 4 wk High-SFA: NSD
69.3+1.6y Low-SFA (7%TE) diet Low-SFA: |19.8£6"%.
26.9+0.8kg/m’
van Herpen et al. 2011 20M Low-fat (20%TE) vs. 4 wk Low-fat: | ~13"%
50-60y * High-fat (55%TE) diet High-fat: 1~17"%
>27kg/m*
Westerbacka et al. 2005 10 F Low-fat (16%TE) vs. 14d Low-fat: [20+9"%
4345y High-fat (56%TE) diet High-fat: 135+21"%
33+4 kg/m?
Parry et al. 2020 16 M High-SFA (45%TE fat, 20%TE SFA) vs. 4 wk SFA: 1~39.0£10.0"%
47.9+1.1y High-sugar (20%TE fat, 20%TE sugar) diet Sugar: NSD
27.7+0.4 kg/m?
Basset-Sagarminaga er 13 M+F High-GI/SFA (15%TE SFA) vs. 2 wk Post High-GI/SFA diet: 3.3£0.6°%
al. 2023 67+6"y Low-GI/SFA (5%TE SFA) diet Post Low-GI/SFA diet: 2.4+0.5%%
29.5+1.9" kg/m?
Della Pepa & Vetrani ez 43 M+F T2D High-MUFA (26.5%TE MUFA, 4.2%TE PUFA) vs. 8 wk MUFA alone: |1.4%+2.7"%
al. 2020 63+6"y High-MUFA & PUFA diet (26.7%TE MUFA, MUFA & PUFA: |4.0£4.5"'%
31.5+3.5" kg/m? 5.8%TE PUFA)
Stonehouse et al. 2021 64 M+F Habitual diet + oil (PUFAs/SFAs/MUFA): Palm 16 wk Palm Olein Oil: NSD
20-45%y, Olein Oil (4.2/13.5/15%TE); vs. Soybean Oil: NSD

18.5-27.5% kg/m?

Soybean Oil (14.4/8.8/9.4%TE) vs.
Cocoa Butter (2.3/19.5/11%TE)

Cocoa Butter: NSD
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Bozzetto et al. 17 M+F T2DM

2012 58+6"
29.142.6" kg/m?

High-CHO/low-GI (28% TE fat, 16% MUFA) vs.
High-MUFA (42%TE fat, 27%TE MUFA) diet

High-CHO/low-GI diet: NSD
High-MUFA diet: |29"%

Errazuriz et al. 2017 43 M+F
62+12%
30.9+3.8" kg/m2

High-MUFA (46%TE fat, 22% MUFA) vs.
High-fibre (28%TE fat, 7% MUFA) vs.
Control diet (34%TE fat, 8% MUFA) diet

12 wk

High-MUFA: |18% +3"%
High-fibre: NSD
Control: NSD

Subject data presented as mean = SEM unless otherwise stated: * denotes standard deviation, fdenotes median; *denotes range; **denotes interquartile range; ¥denotes
pooled data; Ydenotes inclusion criteria or estimated range within which all participants are included; | denotes a decrease in liver fat; 1 denotes an increase in liver fat;
" denotes absolute change in liver fat;" denotes relative change in liver fat;% denotes absolute liver fat at end of intervention; Abbreviations: d, days; ER, energy
restricted; FPG, fasting plasma glucose; F, Female; GI, glycaemic index; HFLC, high-fat low carbohydrate; LFHC, low-fat high-carbohydrate; M, male; m, months;
NAFLD, non-alcoholic fatty liver disease; NSD, no significant difference; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; TE, total energy; T2DM, type

2 diabetes mellitus; wk, weeks; y, years.
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1.7.4 Proposed Mechanisms for the Handling of Dietary Fatty Acids

Several mechanisms from in vivo and in vitro studies have been proposed to explain the
divergence in IHTG accumulation following the consumption of a SFA- compared with a
PUFA-enriched diet. These include that SFA: 1) does not preferentially enter oxidation
pathways relative to PUFA (92, 194); 2) causes the synthesis of biologically active lipids, such
as ceramides or DAG (9, 145); 3) induces endoplasmic reticulum (ER) stress responses (195);
or 4) undergoes different peripheral handling by extra-hepatic tissues (80).

In a small study (n=4 men) using stable-isotope tracers, DeLany et al. (194) showed
whole-body FA oxidation decreased with increased FA-chain length and/or decreased FA
saturation. By using !3C-labelled FA, Parry et al. found the oxidation of dietary linoleate
(PUFA) was greater than dietary palmitate (SFA) in healthy individuals consuming their
habitual diet (92). In vitro studies further support that FA composition influences hepatocellular
FA oxidation as linoleate-treated, compared with palmitate-treated HepG2 cells, have higher
reactive oxygen species (ROS) production, suggesting that PUFAs promote higher rates of FA
oxidation than SFAs or MUFASs (196). In line with these findings, Nagarajan et al. used stable
isotope-labelled FA tracers to show Huh7 cells treated with a SFA- compared with a PUFA-
enriched FA-mixture have lower B-oxidation rates (197). Rat hepatic CPT1, the rate-
determining enzyme of mitochondrial FA oxidation, has a higher binding affinity and transport
rate for PUFAs compared with SFAs (198). Although it remains unclear if human hepatic CPT1
has a higher binding affinity and transport rate for PUFA compared with SFA, it could be
speculated that dietary PUFA, relative to SFA, are preferentially partitioned into mitochondrial
oxidation pathways, which would reduce FA availability for TG synthesis and thus, IHTG
accumulation.

Most other proposed intrahepatic mechanisms to explain the greater IHTG

accumulation with consumption of a SFA- compared with PUFA-enriched diet, suggest that an
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excess of intrahepatocellular SFA increases hepatocellular ceramides, DAGs, and/or ER stress,
which leads to cellular derangements and IHTG accumulation (145, 195, 199). Indeed, the
consumption of a SFA-enriched diet in overweight and obese men and women increases plasma
ceramides (9, 11), and the livers of patients with NAFLD have a greater abundance of
ceramides (145) and DAGs (165, 195, 199), which are positively associated with hepatic
steatosis, insulin resistance, and inflammation (as reviewed in (200)). In vitro evidence also
supports that palmitate, compared with oleate, may be preferentially partitioning towards
ceramide- and DAG-synthesis rather than towards oxidation pathways as culturing HepG2 cells
and primary rat hepatocytes with palmitate, compared with oleate, leads to greater ceramide
and DAG accumulation (201, 202). Although in vivo and in vitro studies have shown hepatic
ceramide and DAG accumulation is associated with insulin resistance and IHTG accumulation
(200), most in vitro studies have characterised these responses in cells treated with only
palmitate; this limits their generalisability as it is unrepresentative of physiological conditions
when multiple FAs are present. For example, hepatocytes treated with only palmitate have less
intrahepatocellular lipid accumulation than cells treated with oleate (202-207); this directly
contrasts with in vivo human studies (9, 10, 61) and in vitro studies which report that adding
oleate to palmitate-treated cells prevents palmitate-induced cell death and leads to greater
intrahepatic lipid accumulation than with palmitate alone (205, 208). Nevertheless, in vivo
studies have identified a positive association between increased IHTG accumulation and
hepatic ceramides and DAGs accumulation, though, further studies are needed to clarify
whether ceramide and DAG accumulation precedes or follows IHTG accumulation (145, 199).
Overall, it is difficult to conclude, at present, if differences in FA partitioning towards bioactive
lipid species synthesis contributes to or results from differences in IHTG accumulation
following consumption of SFA compared with PUFA-enriched diets.

The effect of FA composition on extra-hepatic tissue fat metabolism is also thought to
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influence IHTG accumulation by modulating FA flux to the liver. Elevated visceral adipose
tissue-lipolysis has been suggested to increase IHTG accumulation (84). However, evidence
from in vivo human studies showing that a SFA-enriched diet produces divergent effects on
adipose tissue lipolysis compared with a PUFA-enriched diet is sparse (9). Further, FA
trafficking is decreased in obese compared with lean adipose tissue (80), which might increase
dietary fat delivery to the liver as TRL-remnants; evidence for an effect of dietary fat
composition on this pathway is yet to be demonstrated in humans. Finally, hepatic TG secretion
in VLDL is an important disposal route for IHTG. Huh7 cells cultured in SFA- or PUFA-
enriched FA-mixtures take up the same proportion of FAs from the media and secrete the same
amount of TG (197) suggesting that FA composition may not influence hepatic FA uptake and
secretion, however, there is limited evidence for how dietary fat composition might influence
this process in humans. To elucidate the mechanisms that underpin the differential handling of
SFA compared with PUFA, further human studies and cellular in vitro models that capture the

complexity of in vivo human FA metabolism are needed.

1.7.5 Summary

Diets with different FA compositions induce divergent effects on IHTG accumulation,
with the consumption of SFA-enriched diets often leading to greater IHTG accumulation than
sugar- or unsaturated-fat enriched diets. Despite growing evidence, it remains unclear if
consuming a high-fat diet enriched with SFA or PUFA under isocaloric conditions influences
IHTG accumulation. Further, the underlying mechanism explaining how these different dietary

FAs may induce divergent effects on IHTG accumulation remain unclear.
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1.8 Dietary Fat Composition and Cardiac Metabolism & Function

1.8.1 Dietary Fat Composition & Plasma CVD Risk Factors

The relationship between dietary fat composition and CVD risk has been extensively
studied since the 1970s, where it was first reported that diets enriched in SFA are associated
with increased plasma LDL and rates of CHD (209). Since then, longitudinal, cross-sectional,
and mendelian randomisation studies, along with RCTs and meta-analyses have collectively
shown that increased plasma LDL causes atherosclerotic CVD, and that increased consumption
of dietary SFA, compared with PUFA, increases plasma LDL (143, 153, 210-213). A systemic
review of 74 studies has shown that for every 1% TE of dietary SFA replaced with PUFA, there
is a lowering of plasma total cholesterol by 0.064 mmol/L, plasma LDL by 0.055mmol/L, and
plasma TG by 0.010 mmol/L (214). Further, overconsuming SFA, compared with unsaturated
FA, induces proatherogenic effects on LDL such that each particle is more susceptible to
aggregation, independent of LDL concentrations (215). In addition to modulating plasma
lipids, increased consumption of dietary SFA, compared with PUFA, may increase plasma pro-
inflammatory cytokine concentrations, pro-thrombotic coagulation factors, and blood pressure,
all of which are CVD risk factors (216-221). Collectively, these findings indicate that increased
consumption of dietary SFA, compared with PUFA, has negative effects of CVD risk, through
the detrimental effects of SFA on CVD risk factors.

Given that increased consumption of dietary PUFAs exerts beneficial effects on plasma
lipids, and that PUFAs represent a group of different FAs, there is interest in clarifying if certain
PUFAs, such as omega-3 FAs, (which include eicosapentaenoic acid (EPA, 20:5r-3),
docosahexaenoic acid (DHA, 22:6n-3), and a-linolenic acid (ALA, 18:3n-3)), exert different
effects on CVD risk from omega—6 FAs, (which include linoleic acid (LA, 18:2n—6) and
arachidonic acid (AA, 20:4n—6)). A recent meta-analysis of 86 RCTs reported that increased

omega—3 FA consumption, provided to patients in most studies as a supplement, slightly
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reduced plasma TG and mortality from CHD (222). However, the authors did not comment on
how findings from omega—3 FA supplementation compared with increased omega—6 FA
supplementation or consumption. This is highly relevant in the context of CMD as studies
investigating the effects of dietary FA composition on cardiovascular-related outcomes have
focused on EPA, DHA, and ALA (omega—3 FAs) supplementation, while studies investigating
the effects of dietary FA composition on IHTG accumulation have focus on linoleate (an
omega—6 FA) consumption (10, 61, 222, 223). Despite this difference, there may be a dose-
dependent effect of omega—3 and omega—6, PUFAs on plasma lipids, with omega-3 PUFAs
exerting lipid-lowering effects at lower concentrations (212, 223-226). Equally, increased
omega—3 supplementation, similar to increased omega—6 PUFA consumption, reduces IHTG
content (61, 227). This suggests that, with respect to CMD risk, the beneficial effects of
increased consumption of PUFA, compared with SFA, on plasma lipids and IHTG

accumulation may occur regardless of dietary PUFA omega—3 and omega—6 content.

1.8.2 Dietary Fat Composition and Cardiac Energetics & Function

As different dietary FAs appear to preferentially enter different intracellular and
systemic FA handling pathways, dietary FA composition could influence cardiac energetics
and function, and thereby CVD risk (92, 194). However, there are no studies to date which
have examined the effect of dietary fat composition on in vivo human cardiac energetics. A
handful of cross-sectional sectional studies have described the relationship between dietary or
plasma FA composition and markers of cardiac function or structure, however, there are far
fewer studies in this area than on the effects of dietary fat composition on IHTG accumulation.
Similarly, while a limited number of RCTs on dietary FA composition and cardiac function
have been carried out, they have focused on the effects of omega—3 PUFA supplementation in
patients with heart failure or arrythmias (228, 229). Nevertheless, preliminary reports from

human studies, along with findings from key animal and in vitro studies, support that PUFA,
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compared with SFA, enriched diets may exert beneficial effects on cardiac metabolism and
function.

Cross-sectional studies report that consuming a diet enriched with SFA, high-glycaemic
index, and processed foods is associated with increased LV mass, decreased stroke volume
(SV), and decreased LV ejection fraction (EF) (230). In contrast, consuming a diet with a higher
unsaturated FA to SFA ratio is associated with a higher LV EF and SV (231). In patients with
heart failure with a preserved ejection fraction (HFpEF), increased circulating plasma palmitate
is associated with increased dyslipidaemia and a reduced distance achieved during a 6-minute
walking test (marker of cardiopulmonary functional capacity), while increased circulating
omega—3 PUFAs is associated with increased LVEF, reduced dyslipidaemia, and increased
distance during a 6-minute walking test (232, 233). A prospective cohort study over 20 years
reported that in 505 men, consuming a diet enriched with SFA at age 50 was positively
associated with markers of LV diastolic dysfunction at age 70 (234). In a similar prospective
cohort study over 20 years, a 1-standard deviation increase in the proportion of myristate
(14:0), palmitate (16:0), stearate (18:0), oleate (18:1n—9), or EPA (20:51-3) in the plasma CE
fraction increased the risk of developing LVH at age 70 by 29-37%, while a 1-standard
deviation increase in the proportion of LA (18:2n—6) the plasma CE fraction reduced the risk
of developing LVH at age 70 by 24% (235).

RCTs have provided further support that increased PUFA consumption may induce
beneficial effects on cardiac function. In a double-blind RCT, 43 patients with HFrEF receiving
lg/day or 4g/day of an omega—3 PUFA supplement, compared with placebo, had a dose-
dependent increase in LVEF over 3 months (236). This is in line with a larger study of 133
patients with HFrEF which were randomised to receive a 2g/day omega—3 PUFA supplement
or placebo; after 12 months, the PUFA-treated group had improved LVEF, exercise time, and

reduced hospitalisation rates compared with placebo (237). In the only interventional study to
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date investigating the effect of increased dietary FA consumption (and not supplementation)
on markers of cardiac function, Carbone ef al. showed in 9 patients with obesity and HFpEF
that increasing dietary consumption of unsaturated FA for 12 weeks significantly improved
exercise time and oxygen pulse without changes in BMI (238). While these studies suggest that
increased intake of PUFA, compared with SFA, mediates beneficial effects on cardiac function,
it would be of interest to investigate if increased intake of SFA, compared with PUFA, impairs
cardiac function. Although no such studies have been performed in humans, two studies have
been conducted in dogs and grizzly bears (239, 240). There were divergent cardiac and
metabolic effects in dogs fed a HFLC diet supplemented with either lard (high-SFA) or salmon
oil (high-PUFA) for 6 weeks (239). Although both groups consumed the same quantity of fat
and had similar weight gain, compared with the other diet, dogs fed a lard-supplemented diet
had reduced LV function, increased insulin resistance, and increased visceral fat, while dogs
fed a salmon oil-supplemented diet had reduced myocardial TG content, and no markers of
insulin resistance or cardiac dysfunction (239). Similar findings were observed in grizzlies;
feeding grizzly bears a SFA-enriched diet for 5-months led to LV diastolic impairment,
increased diastolic arterial blood pressures, and increased circulating pro-inflammatory
cytokines compared with grizzly bears fed a PUFA-enriched diet (240). While no differences
in cholesterol, HDL, and LDL were observed between the two diets in grizzly bears, evidence
suggests that grizzlies are protected from developing atherosclerosis, which may explain why
the SFA-, compared with PUFA-enriched diet, did not elevate plasma lipids as seen in humans
(241). Although limited studies using different markers, designs, and species have assessed the
relationship between dietary FA composition and cardiac function, taken together, the data
suggest increased PUFA consumption mediates beneficial effects on cardiac function while

increased SFA consumption induces deleterious effects on cardiac function.
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1.8.3 Dietary FA Composition & Cardiac Function: Proposed Mechanisms

Several mechanisms have been proposed to explain the divergent effects of consuming
a diet enriched or supplemented with PUFA, compared with SFA, on cardiac function; many
mechanisms are similar to those proposed for explaining the divergence in IHTG accumulation
following consumption of a SFA- compared with PUFA-enriched diet (section 1.7.4). If dietary
SFA do not preferentially enter oxidation pathways compared with PUFA, consuming a SFA-
enriched diet could impair myocardial energetics and reduce ATP content (92, 194). As
impaired cardiac ATP production induces myocardial remodelling, it may explain the diastolic
dysfunction and increased LVH in response to a SFA-enriched diet (235, 239, 240, 242).
Alternatively, consuming a diet enriched with PUFA, compared with SFA, may protect the
heart from dysfunction by increasing cardiolipin, an essential mitochondrial lipid required for
mitochondrial oxidative metabolism. In a rat model of heart failure, feeding a diet enriched
with linoleate, compared with no linoleate, restored cardiolipin levels and improved
mitochondrial oxidative metabolism and LV function (243). Differences in dietary FA
composition may exert different effects on cardiac function through divergent effects on
cardiac metabolism.

Reduced partitioning of SFA, compared with PUFA, into oxidation pathways may
increase intracellular SFA and result in the partitioning of SFA into alternative pathways, such
as PL biosynthesis. Indeed, mice fed a SFA-enriched diet and cardiomyocytes cultured in SFA-
enriched media have increased membrane PL FA saturation; in mice, this increased PL
saturation positively correlates with diastolic dysfunction (244). Further, this diastolic
dysfunction can be rescued by cardiomyocyte-specific overexpression of SCD1, an enzyme
which desaturates palmitate to oleate and restores PL and membrane unsaturation (245).
Although not investigated in these studies, it could be postulated that increased dietary PUFA

consumption may protect the heart from diastolic dysfunction by maintaining PL and
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membrane unsaturation. Similarly, increased dietary PUFA consumption may improve cardiac
function through the interaction of dietary PUFA with cardiac ion channels (246). In general,
dietary PUFAs inhibit cardiac excitatory calcium and sodium channels and activate inhibitory
potassium channels, alter the time course of ion channel kinetics, alter the maximum ion
channel conductance (247). This may explain the beneficial effect of dietary PUFA
supplementation on reducing risk of sudden cardiac death (248). Taken together, dietary FA
composition may influence both cardiac function and the risk of severe CVDs, such as sudden
cardiac death, through effects on cardiomyocyte membrane fluidity and ion channel behaviour.

The partitioning of excess SFA into another lipid biosynthetic pathway, for example
into ceramide and/or DAG formation, may explain the increase in plasma ceramides and DAG
following consumption of a SFA-enriched diet (9, 145). As plasma ceramides and DAG
increase, this may potentially, increase myocardial ceramide or DAG content. Increased
myocardial ceramides inhibit the electron transport chain, impair mitochondrial dynamics, and
induce apoptosis, similarly, increased myocardial DAG promote insulin resistance, ER stress,
and apoptosis, all of which are cellular changes that could cause cardiac dysfunction and
remodelling (249-253). As SFA-enriched diets lead to greater plasma, and potentially, greater
myocardial ceramide and DAG content, the cellular and metabolic damage induced by these

bioactive lipids may impaired cardiac function in response to SFA-enriched diets.

1.8.4 Summary

Dietary FA composition appears to induce divergent effects on cardiac function, with
the consumption of SFA-enriched diets often leading to LV dysfunction, and consumption of
PUFA-enriched diets improving LV function. Due to the limited number of studies, it is unclear
if consuming an isocaloric high-fat diet enriched with SFA or PUFA directly influences cardiac
metabolism and function in humans. Further, the cellular mechanisms explaining how these

different dietary FAs may induce divergent effects on cardiomyocyte function remain unclear.
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1.9 Thesis Aims

Although diet is a well-established modifiable risk factor for obesity, IHTG
accumulation, and CVD, it remains unclear how dietary FA composition interacts with
systemic and cellular FA metabolism to influence CMD pathogenesis and progression. The
work described in this thesis aims to characterise how dietary fat composition impacts hepatic
and cardiac metabolism and function during weight-neutral interventions. This will be achieved

in three chapters, with the aim to address the following research questions:

1. Does acutely upregulating hepatic DNL with a high-carbohydrate diet impact the
preferential partitioning of dietary palmitate (SFA) compared with dietary linoleate

(PUFA) in humans free from diagnosed metabolic disease?

2. Does the FA composition (SFA- or PUFA-enriched) of an isocaloric high-fat diet
differentially impact hepatic and cardiac metabolism and function in humans free from

diagnosed metabolic disease independent of body weight?

3. Does FA composition, independent of FA quantity, impact cardiomyocyte metabolism
and function in human induced pluripotent stem cell derived cardiomyocytes (hiPSC-

CMs)?
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2.1 Participant Recruitment & Screening

Participants were recruited from the Oxfordshire area by word of mouth and Oxford

BioBank (http://www.oxfordbiobank.org.uk), a database of >10000 genotyped and phenotyped

participants in Oxfordshire who have consented to be recruited and approached for future
clinical research (254). Participants recruited for studies in Chapters 3 and 4 were free from
diagnosed metabolic disease at the time of screening. This was defined as participants with
BMI between 18.5 — 34.9 kg/m?, blood pressure <140/90 mmHg, fasting plasma glucose
<7.0mmol/L, fasting plasma TG <4.5mmol/L, fasting plasma total cholesterol <8.0mmol/L,
and fasting plasma LDL-cholesterol <6.5mmol/L. While some of these values are greater than
the accepted normal range, these participant characteristics are representative of the average
UK adult which is the population where dietary modification may be utilised to reduce the risk
of developing CMD. Studies were approved by the University of Oxford Medical Sciences
Interdivisional Research Ethics Committee (R75046/RE001) and Northeast - Tyne & Wear
South Research Ethics Committee (17/NE/0031). Prior to starting a study, participants
underwent a screening visit where they gave written informed consent and were confirmed to
meet the inclusion criteria for the respective study (sections 3.2.1 and 4.2.1). In Chapter 4, after
consent was given, a fasting plasma sample was collected (described below) from each
participant to determine individual background heavy water enrichment (section 2.6.3).

Participants were free to withdraw at any point if desired.

2.2 Postprandial Study Days

On postprandial study days, participants arrived at the Oxford Centre for Diabetes,
Endocrinology and Metabolism (OCDEM) clinical research unit (CRU) following an overnight
fast of ~10h. Body weight and waist circumference were measured at the start of each study

day. Waist circumference measurements were performed by a trained research nurse halfway
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between the anterior-superior iliac spine and bottom rib. Participants were asked to avoid food
naturally enriched in 3C (e.g. cornflakes, foods rich in corn-starch, etc.) (255) in the 3-days
leading up to the postprandial study day, and from consuming alcohol and undergoing
strenuous exercise for 24h prior to the study day. A heated blanket was placed around the
participant’s arm and a Teflon catheter was inserted into an antecubital vein to allow for
repeated blood sampling. A baseline fasting venous blood and breath sample (time 0) were
collected to determine background tracer enrichment. In Chapter 4, a second Teflon catheter
was inserted into the opposite antecubital vein to trace adipose-tissue derived NEFA. This was
achieved by infusing [2,2-D;]palmitate (0.04 pmol/kg/min) complexed to human albumin (Fig.
2.1). The infusion was allowed to equilibrate in the plasma NEFA pool for 45 min before
collecting baseline (time 0) samples; as such, a -45 min plasma sample was collected to

determine background [2,2-D>]palmitate enrichment.
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2.1 Overview of stable-isotope approaches to study in vivo human lipid metabolism. Abbreviations:
30HB, 3-hydroxybutyrate; chylo, chylomicron; DNL, de novo lipogenesis; FA, fatty acid; NEFA, non-
esterified fatty acid; TG, triglyceride; VLDL, very-low density lipoprotein.

After collecting the baseline samples, all participants were fed a mixed test meal
containing 44g carbohydrate, 42g fat and 9.7g protein which was provided as 40g rice crispies,
200g skimmed milk, and a tracer-containing drink. The drink was made up fresh by combining
40g olive oil, 2.4g cocoa powder, 1.2g Xylitol, 0.4g emulsifier (Myverol 18-04k), 35.48¢g
water, and 200mg [U'*C]FA tracer; all chemical reagents used throughout this thesis are listed
in Appendix 1. In Chapter 3, [U'*C]palmitate or [U'*C]linoleate was added to the drink,
whereas in Chapter 4, only [U'3C]palmitate was added to the drink. The [U'*C]FA tracer in the
meal enables dietary FA tracing (Fig. 2.1). FA composition of the test meal was measured by

gas chromatography (GC) (section 2.5) and found to be ~32% palmitate (16:0), 35% oleate
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(18:1n-9), 27% linoleate (18:2n-6), 5% stearate (18:0) and 1% trace FA. After consuming the
meal, blood and breath samples were collected at 30, 60, 90, 120, 180, 240, 300, and 360 min
to measure tracer enrichment in plasma lipid pools, expired breath CO2, and in Chapter 3,
hepatic CO; (section 3.2.7). Breath samples were collected in EXETAINER® tubes (LabcoLtd,
High Wycombe, UK). Blood samples were collected in heparinised tubes (Sarstedt, Leicester,
UK), with plasma isolated by centrifugation at 3000g for 10min at 4°C and stored at —20°C

until analysis.

2.2.1 Indirect Calorimetry

Indirect calorimetry was performed to determine fasting and postprandial whole-body
VCO, production, VO2 consumption, respiratory quotient (RQ), and resting energy
expenditure (REE). For 10 minutes, participants freely respired into an airtight face mask
(Cranlea Human Performance Limited, UK) attached to a calibrated indirect calorimeter
(Metalyzer 3BR2, Cortex Biophysik). Results were recorded in Ssec intervals in Metasoft

(v7.9.1, Cortex Biophysik).

2.2.2 Heavy Water Dosing

To assess fasting and postprandial hepatic DNL and fasting gluconeogenesis in Chapter
4, the incorporation of heavy water (D,0O)—derived deuterium (D) into VLDL-palmitate and
fasting plasma glucose were measured (section 2.6.1 and 2.6.3, and 4.2.10, respectively).
Participants were provided with D>O to consume 10-12 hours prior to postprandial study visits
to achieve 0.4% enrichment of the body water pool (4g/kg body water) with DO (70). The
total D20 dose, which was split into two doses to be consumed 2h apart to reduce the chance
of participants experience side effects, was determined as follows:

Men: Volume of Heavy Water (mL) = Body Weight (kg) = 0.7 * 4

Women: Volume of Heavy Water (mL) = Body Weight (kg) * 0.65 * 4
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A lower constant was used to calculate total body water content in women (256). After
consuming the first DO dose and until the end of the postprandial study visit, participants were
asked to drink 0.4% D>O as required to minimise dilution of plasma D->O. Plasma D>O
enrichment was measured by isotope-ration mass spectrometry (IRMS) for each postprandial
study visit and in a plasma sample taken at screening to determine each individual participant’s

background D>O enrichment (section 2.6.3).

2.3 Analytical Methods

2.3.1 Triglyceride-Rich Lipoprotein Isolation

Following each postprandial study day, plasma chylomicron- (Svedberg flotation rate
(Sr) >400) and VLDL-rich fractions (Sr20-400) were separated from samples at 0, 120, 180,
240, 300 and 360min by sequential flotation using density gradient ultracentrifugation (257).
In tubes containing 6uL ethylenediaminetetraacetic acid (EDTA; 0.5 mol/L, pH 7.4), 3uL
phenylmethylsulphonyl fluoride (PMSF; 10 mmol/L in propan-2-ol) and 15uL Trasylol
(10,000 KIE/mL), 3mL plasma was added and gently inverted to mix. This was supplemented
with 1.5mL NaBr (d1.42kg/L) to increase plasma density to d1.10kg/L. 4mL density-adjusted
plasma was added to polyvinyl-alcohol (PVA)-coated Beckman Ultra-Clear centrifuge tubes
(14 x 95mm) before sequentially adding 3mL NaCl (d1.063kg/L), 3mL NaCl (d.1.02kg/L), and
2.8mL NaCl (d1.002kg/L) drop wise to the PV A-coated centrifuge tubes to create a three-layer
NaCl density gradient on the plasma. To isolate and collect the S¢>400 fraction, samples
underwent ultracentrifugation in a SW40Ti swinging bucket rotor at 40000rpm and 15°C for
32min (Optima L-70 Ultracentrifuge, Beckman Instruments, Palo Alto, CA) and the top 0.5-
ImL was aspirated into pre-weighted tubes. To isolate and collect the Sf20-400 fraction, tubes
were topped up with 0.5-ImL NaCl (d1.006 kg/L) and further centrifuged for 16.5h at

40000rpm and 15°C. The top 0.5-1mL was aspirated into pre-weighted tubes.
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2.3.2 Biochemistry Analysis

In plasma, cell media, or isolated lipoproteins samples, glucose, NEFA, TG, glycerol,
total and high-density lipoprotein (HDL) cholesterol, 30HB, total apolipoprotein-B (ApoB),
and lactate were measured on a semi-automatic analyser (iLab 480 clinical chemistry,
Warrington, UK). Prior to running samples, the analyser was calibrated using in-house
optimised protocols based on the manufacturer’s instructions and validated with commercially
available pre-determined quality controls and in-house aliquots of pooled plasma samples from
previous studies. The analyser measures metabolite concentrations by spectrophotometry. In
the analyser, the respective reagent for each analyte undergoes a reaction with the sample to
produce a colorimetric product. The magnitude of colour change is measured at the appropriate

wavelength and compared with a standard curve to determine the metabolite concentration.

2.3.3  Enzyme-linked immunosorbent assays (ELISAs)

Plasma insulin and C-peptide concentrations were quantified by enzyme-linked
immunosorbent assays (Mercodia AB, Uppsala, Sweden) specific to each protein. Both assays
are solid phase two-site enzyme immunoassays based on the direct sandwich technique. In the
assays, insulin or C-peptide bind to anti-insulin or anti-C-peptide antibodies attached to the
microplate wells and peroxidase-conjugated anti-insulin or anti-C-peptide antibodies in
solution. Following washing steps, the unbound antigen and unbound enzyme-labelled
antibody are removed, 3,3’,5,5’-tetramethylbenzidine (TMB) is added, and a peroxidase-
catalysed reaction occurs. The amount of product formed is directly proportional to the amount
of peroxidase-catalysed antibody present, which is directly proportional to the amount of
insulin or C-peptide in the sample. Finally, acid is added to quench the reaction and form a
colorimetric endpoint that is read spectrophotometrically at 450nm (SPECTROstar Omega,

BMG Labtech, Germany).
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2.4 Lipid Extraction

To determine the FA composition and isotopic enrichment of individual plasma lipid
pools, total lipids were extracted using the Folch method (258) and specific lipid fractions (TG,
NEFA, and/or PL) were separated by solid-phase extraction (SPE) and methylated to form FA-
methyl esters (FAMESs) (259, 260). Internal standards of a known concentration (glycerol
triheptadecanoate (15:0) and/or heptadecanoic acid (17:0)) were added so FA concentrations
could be calculated. FA composition (umol/100 umol total FAs) was determined by GC, while
tracer enrichment was determined by GC-mass spectrometry (GC-MS) or GC-C-IRMS as

appropriate.

2.4.1 Total Lipid Extraction

Into a glass wvial, 500uL plasma, the internal standard aliquot, 5SmL
chloroform:methanol (2:1; v/v), and 1mL of 1M NaCL were added and vortexed. Samples were
centrifuged (Beckman Instruments, Palo Alto, CA) at 800g for Smin at 15°C to separate the
aqueous top phase and organic lipid-containing bottom phase. The aqueous phase was aspirated
and discarded while the organic phase was completely dried under nitrogen at 50°C in a water
bath evaporator (Zymark TurboVap LV Evaporator, Marshall Scientific, New Hampshire,

USA).

2.4.2  Separation of Lipid Fractions Using Solid-Phase Extraction

Individual lipid fractions were separated by normal phase SPE using ISOLUTE SPE
columns containing aminopropyl silica. In this purification, the sample is dissolved in a
relatively non-polar organic solvent (liquid phase) and passed over the relatively polar
aminopropyl silica (polar phase). Higher polarity lipids bind to aminopropyl silica and are
retained within the column while lower polar lipids do not bind and pass through the column

where they can be collected for further analysis. Silica-bound lipids in the column can be eluted
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with a solvent of a different polarity to disrupt the lipid-silica interactions. Appropriate solvents
for the liquid phase and elution steps depend on polarities of the specific lipids being isolated.

To isolate NEFA and PL fractions from TG and CE fractions, columns were prewashed
twice with acetone and twice with chloroform and the dried total lipid sample was reconstituted
in ImL chloroform. Samples were added to the column under gravity, then washed twice with
chloroform under vacuum. As NEFA and PL are more polar, they are retained within columns
while the less polar TG and CE passed through the columns and were collected for further
analysis. NEFA were eluted by washing twice with 2% acetic acid in diethyl ether (v/v). PL
were eluted by washing twice with chloroform: methanol (3:2; v/v). All collected fractions
were dried completely under nitrogen at 50°C in a water bath evaporator (Zymark TurboVap
LV Evaporator, Marshall Scientific, New Hampshire, USA).

To separate TG and CE fractions from each other, fresh columns were prewashed four
times with hexane and the dried CE-TG fraction reconstituted in 1mL hexane. Samples were
added to the column under gravity, then washed twice with hexane under vacuum. TG are more
polar and retained within columns compared with CE which pass through. TG were eluted by
washing twice with hexane: chloroform: ethyl acetate (100:5:5; v/v/v) and dried completely

under nitrogen at 50°C in a water bath evaporator.

2.4.3  Fatty Acid Methyl-Ester Synthesis

FAMESs were synthesised from isolated lipid fractions to reduce lipid polarity, liberate
individual FAs from TG and PL, and lower FA boiling points for GC analysis. FAMEs were
synthesised from TG and NEFA fractions by incubating samples for 1h at 80°C with 400uL
butylated hydroxytoluene (BHT):toluene (1:10; w/v) and 800uL 1.5% H>SO4:methanol (v/v).
FAMEs were synthesised from the PL fraction by incubating samples for 2h at 80°C with
400uL BHT:toluene (10mg BHT/100mL toluene) and 800uL 6% H>SOs:methanol (v/v).

Following methylation, the reaction was quenched with 2mL neutralising solution (125mM
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KHCOs3 and 125mM K>COs in water). To extract FAMEs, 2mL cyclohexane was added,
samples were vortexed and centrifuged at 800g for Smin at 15°C to separate the organic FAME-
containing top phase and aqueous bottom phase. The organic phase was dried under nitrogen
at 50°C in a water bath evaporator and lipid fractions were reconstituted in chloroform with an

external standard of known concentration (methyl tricosonate, 23:0).

2.5 Gas Chromatography

GC is a technique for separating and analysing vaporisable compounds based on the
time it takes for a molecule to pass through a column. The sample is injected into an inert
carrier gas (mobile phase) and carried through a column containing a polar molecule (stationary
phase). As the column is gradually heated, molecules in the sample vaporise according to their
boiling point, move from the stationary to mobile phase, and are carried to a detector for
analysis. Samples were resolved using an Agilent 7890 GC (Agilent Technologies, Stockport,
UK) on a 30m x 1.00pm x 0.530mm DB-WAX column (Agilent J&W GC Columns, 125-
7032) with helium flowing at 2.0mL/min as the carrier gas. To separate FAMESs, the oven
temperature was increased at 20°C per minute from 60°C to 200°C and held for 12min,
increased at 2°C per minute to 220°C and held for 2min, and increased at 1°C per min to 230°C
and held for 25min. FA peaks from a sample were identified by comparing the retention time
of sample FAMEs to a commercially available standard of 31 FAMESs, a representative
chromatogram is shown in Fig. 2.2. FA concentration was determined by standardising the
sample FA peak area to the peak area of the internal standard with a known concentration. Peak
areas for all FA in a sample were added up, excluding the internal and external standards, and

each FA species was expressed as a percent of the total FA area (molar percent; mol%).
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Figure 2.2 Representative gas-chromatography (GC) chromatogram. A plasma triglyceride sample collected from a participant was analysed by GC to determine
the sample’s fatty acid (FA) composition. Peaks corresponding to specific FA are labelled with the FA above the peak. The area under the curve for each FA-peak
corresponds to the concentration of that specific FA in plasma-triglyceride.
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2.6 Isotope Enrichment

Stable-isotope enrichment was measured in breath and plasma samples by GC-MS or
GC-C-IRMS. In a GC-MS, the GC component separates compounds in a sample based on their
retention time to provide purified molecules into the MS component. In the MS, the molecule
is bombarded with electrons to ionise and break it into fragments with characteristic and
reproducible mass-to-charge (m/z) ratios. These positively charged fragments are accelerated
through a magnetic field, where depending on their mass, they defect and collide with a
negatively charged detector that records the relative abundance of collisions and reports a mass
spectrum (261). Selective ion monitoring was performed to detect palmitate-derived ions with
a m/z of 270 (M+0), the unlabelled parent ion, 271 (M+1), to detect DNL-derived palmitate,
272 (M+2), to detect adipose-tissue derived palmitate, and 286 (M+16), to detect diet derived
palmitate; a representative chromatogram is shown in Fig 2.2. Selective ion monitoring was
performed to detect glucose-derived ions with a m/z of 319 (M+0), the unlabelled parent ion,
and 320 (M+1), fasting gluconeogenesis-derived glucose. A tracer-tracee ratio (TTR) was

calculated by dividing the tracer peak area by the parent ion peak area (e.g. 271/270).
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Figure 2.3. Representative gas-chromatography mass-spectrometry (GCMS) chromatogram. A
plasma triglyceride sample collected from a participant which was fed [U'3C]palmitate in a test meal, infused
with [2,2-D;]palmitate-complexed to BSA, and provided D,O to label DNL-derived [D:]palmitate was
analysed by GC-MS. From top to bottom, the chromatograms show the abundance of palmitate ions in the
sample with a m/z of 270 (M+0), the unlabelled parent ion, 271 (M+1), the DNL-derived palmitate, 272
(M+2), the adipose-tissue derived FA, and 286 (M+16), the diet derived palmitate.

A GC-C-IRMS requires compounds of interest to be converted into CO2, N>, or H» gas for
detecting '*C, °N, and ?H. Following separation by GC, a compound of interest is combusted
into these low-molecular weight gases then analysed by IRMS. Results are reported as an
isotope ratio of 3C/'?C, '’N/!*N, or 2H/'H ratios for each peak; however, no '"N-containing
tracers were used in this thesis. Each sample’s isotope ratio is normalised to an internationally
recognised standard (Vienna-PeeDee belemnite standard (VPDB) for '3C/!?C, or Vienna
standard mean ocean water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) for
2H/'H); ratios are expressed as a delta value (8'*C%o) and represent the difference in isotope
enrichment between sample and standard. The §!3C%g was then converted to a TTR as follows

(262, 263):
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813(:0/00

TTR (°C/1*C) = (500

+1) = 00112372 = 17/,

2.6.1 Isotope Enrichment in Plasma Lipid Pools

In Chapter 3, [U"C]palmitate and [U'*C]linoleate enrichment in plasma and
lipoprotein fractions was determined by GC-C-IRMS (Delta Plus XP GC-IRMS; Thermo
Electron, Bremen, Germany). FAMEs were separated in a 25m x 0.30pm x 0.32 mm CP-FFAP
CB column (Variant Ltd, Oxford, UK) with constant 1.2mL/min flow of helium. The sample
was injected using a splitless injection mode with the injector temperature of 250°C. The initial
oven temperature was held at 80°C for 1min, increased by 25°C per min to 200°C, held for
15min, increased by 25°C per min to 250°C, then held for 7.6 min. Next, FAMEs underwent
combustion at 940°C in the presence of Pt/CuO/NiO catalysts to form *CO, for IRMS analysis
(92). In Chapter 4, [U!*C]palmitate, [2,2-D:]palmitate, and [D»]palmitate enrichment in plasma
and lipoprotein fractions were determined by GC-MS using a 6890N GC and 5973N MS
(Agilent Technologies, Stockport, UK) (264). FAMEs were resolved in a 30m x 0.25um % 0.32
mm RTX-5 column (10224, Restek Thames, UK) with helium as the carrier gas. Samples were
injecting using splitless mode with the injector temperature at 250°C. The initial oven
temperature was held at 50°C for Imin, increased by 25°C per min to 200°C, increased by 10°C
per min to 230°C, then held for 10 min. Dwell time was 100ms. The natural abundance of 1*C
in all lipid fractions measured was accounted for by subtracting the TTR of the fasting sample
(0), obtained before participants consumed the test meal, from each postprandial sample TTR.
The natural abundance of [D;]palmitate and [2,2-D;]palmitate in lipoproteins was accounted
for by subtracting the TTR of in-house unlabelled lipoprotein samples. The natural abundance
of [2,2-Dz]palmitate in plasma NEFA was accounted for by subtracting the TTR of the —45
sample, obtained before starting the [2,2-Ds]palmitate infusion, from each plasma NEFA

sample. Sample FA retention times were confirmed by comparing to a known standard

79



Chapter 2: Methods

included on each run. The FA-TTRs were multiplied by the corresponding palmitate or
linoleate concentrations in chylomicrons, VLDL, plasma TG, and NEFA to give plasma and

lipoprotein tracer concentrations.

2.6.2 Isotope Enrichment in Expired Breath

Following [U'3C]fatty acid consumption, '*C enrichment in expired CO, was measured
by GC-C-IRMS, a representative chromatogram is shown in Fig. 2.3. Samples were delivered
to the machine using a splitless injection mode, with a 40uL injection volume, and 110°C
injector temperature (262). CO, was separated from other gases in an 25m x 10um x 0.32 mm
PoraPLOT Q column (CP7551, Agilent Technologies, Stockport UK) with a constant
1.2mL/min flow of helium, the carrier gas. Oven temperature was kept constant at 35°C for a
total run time of 10min before IRMS analysis. TTRs were calculated from 3'3C%q (section
2.6), and the fasting sample TTR was subtracted from each postprandial sample to account for
the natural abundance of *C in expired CO>. Whole-body meal-derived FA oxidation was

calculated by multiplying CO> production (VCO,, mmol/min) by 3CO»/'>CO, TTR.
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Figure 2.4 Representative gas-chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) chromatogram. A breath sample
collected from a participant fed [U'*CJpalmitate in a test meal was analysed by GC-C-IRMS. In the bottom chromatogram, the peak at 327.50s corresponds
to COy, and the corresponding peak in the top chromatogram displays the '*C/'2C ratio in expired CO».

81



Chapter 2: Methods

2.6.3 Plasma Heavy Water Enrichment & DNL-Derived Palmitate

Plasma D»O enrichment was measured by IRMS (Finnigan GasBench II Thermo Fisher
Scientific, Paisley, UK) in plasma collected at screening to determine individual background
D>0 enrichment, and on each study day at 0, 180, 240, and 360min. Prior to analysis, 300uL.
screening plasma or 10uL study day plasma were diluted with 200pL or 490uL deionised water
in duplicate, respectively. SMOW standards of increasing D>O concentration were prepared.
A platinum catalyst was added to each sample before flushing for Smin with 2% hydrogen in
helium and leaving to equilibrate for a minimum of 5h. After which, a sample of gas was
injected into the IRMS, and the *H/'H ratio measured ten times against the internal IRMS
VSMOW value (265). To determine plasma D>O enrichment in each sample, the last nine
2H/'H vs. SMOW measurements were averaged and SLAP corrected (266 ), then normalised
to the VSMOW standards included on each run, the dilution factor, and the individual
background plasma D>O enrichment. Prior to each run, an H3 factor test was performed to
correct for the contribution of H3* species to 2H detection in the ion source at increasing Ha
pressures (267).

The percent newly synthesised palmitate in VLDL (i.e. DNL-derived palmitate) was

determined using (70):

% Newly Synthesised Palmitate

_ Background Corrected 271/270 TTR in VLDL — TG

* 100
2H/'H Plasma Water * 22

Where, the observed enrichment, (TTR of VLDL-TG palmitate (section 2.6.1)) is
divided by the maximum possible enrichment, plasma D>O enrichment multiplied by 22, as 22

hydrogens on palmitate could be labelled during DNL.
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2.7 Calculations

Fasting insulin resistance was approximated using the homeostatic model assessment for

insulin resistance (HOMA-IR (268)):

fasting plasma insulin (mU/L) * fasting plasma glucose (mmol/L)

HOMA — IR = 775

When participants did not consume heavy water so DNL could not be determined using
stable-isotope tracers, fasting DNL was assessed by calculating the lipogenic index in the
fasting plasma-TG fraction (68):

Palmitate (16:0) Concentration

Li ic Index =
tPoseIC INaex = 1 eoleate (18:2n — 6) Concentration

Stearoyl-CoA desaturase (SCD) activity was approximated by calculating the desaturation

index in the fasting plasma-TG fraction (269).

Palmitoleate (16: 1n — 7) Concentration

SCD Index =
naex Palmitate (16:0) Concentration

Fasting and postprandial net whole-body fat and carbohydrate oxidation rates were
calculated from VO (L/min) and VCO; (L/min) measured by calorimetry, and n, which
represents urinary nitrogen, a marker of protein oxidation, was assumed to be 0.2 g/min based
on studies used to derive these equations (270):

Fat Oxidation = 1.67 * V¢, — 1.67 %V, — 1.92 xn

Carbohydrate Oxidation = 4.55 * Vo, — 3.21 %V, — 2.87*n

Areas under the curve (AUCs) were calculated by the trapezoid method and were
divided by the relevant time period to produce time-averaged values to provide an overview of

the total postprandial excursion of a metabolite of interest.
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2.8 Statistical Analysis

Data was analysed using Graphpad Prism (V10.9.1) Software for Mac (San Diego,
California USA), SPSS (V30.0.0), or R (V4.5.0) on RStudio (V2024.09.1+394). The Grubb’s
test was used to check for outliers, which were removed if present. Data distribution was
checked using the Shapiro—Wilk normality test and analysed using the appropriate parametric
or non-parametric test. Comparisons between two groups of continuous data were assess using
a t-test, comparisons between more than two groups were made using a one- or two-way
ANOVA, as appropriate, followed by a Tukey’s post-hoc test to determine which groups
differed. Where the same sample or individual was compared, a paired or repeated-measures

test was used. Statistical significance was set at p<0.05.
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Chapter 3: Dietary FA Handling Following an Acute High-Carbohydrate Diet

The findings presented in this chapter have been published as Srnic N, Dearlove D,
Johnson E, MacLeod C, Krupa A, McGonnell A, Frazer-Morris C, O'Rourke P, Parry S,
Hodson L. Greater oxidation of dietary linoleate compared with palmitate in humans following
an acute high-carbohydrate diet. Clin Nutr. 2024 Oct;43(10):2305-2315. doi:
10.1016/5.cInu.2024.08.028. 2024 Aug 24. The following were completed by others: the
recruitment and sample collection for 10 of 20 participants were completed by Dr. Sion Parry
and Dr. David Dearlove, the lipid extractions for 10 plasma samples were complete by Paige
O’Rourke. The remaining participant recruitment, sample collection, processing and analysis,

and data analysis was completed by me.

3.1 Introduction

MASLD is associated with obesity and starts with excessive IHTG accumulation (271),
a risk factor for CVD and T2D. Accumulating evidence suggests dietary fat composition,
independent of total dietary fat content and BMI influences IHTG accumulation (10, 11, 79).
Most dietary intervention studies have reported greater IHTG accumulation in participants
consuming SFA— compared with PUFA— or free—sugar enriched diet, despite comparable
changes in body weight (10, 11, 61, 79, 192). Based on these observations, it is suggested that
dietary PUFA are preferentially partitioned into oxidation pathways compared with dietary
SFA (10). Supporting this, Parry et al. reported greater whole-body oxidation of dietary
linoleate (PUFA) compared with dietary palmitate (SFA) in individuals consuming their
habitual diet (92). While this may, in part, explain why consuming PUFA— rather than SFA—
enriched diets are associated with lower IHTG content (10, 11, 79), it remains unclear if this
preferential partitioning of dietary FA is maintained across different metabolic states.

Compared with individuals with normal IHTG content, those with elevated IHTG

content may have altered hepatic fat metabolism, such as increased hepatic DNL, which
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promotes FA esterification and may influence FA oxidation (60). After consuming an acute
high-carbohydrate diet, hepatic DNL is consistently upregulated and markers of FA oxidation
downregulated in humans (65, 67-69). However, in patients with MASLD (60, 272), where
hepatic DNL may be chronically upregulated, FA oxidation findings are inconsistent (69, 87,
89). While differences in methodology used to assess FA oxidation or the duration an
individual has had IHTG accumulation may explain this discrepancy, the dietary fat
composition of an individual’s habitual diet may also impact FA oxidation findings. It is
currently unknown how alterations in hepatic metabolic state, such as an increase in hepatic
DNL, may influence the oxidation of different dietary FA. Therefore, the aim of this study was
to acutely upregulate hepatic DNL by having participants free from diagnosed metabolic
disease consume a 3-day high-carbohydrate diet, in order to shift the metabolic state of the
liver, and measure the preferential partitioning of dietary palmitate (SFA) or linoleate (PUFA)

into oxidation pathways.

3.2 Materials and Methods

3.2.1 Participants

Male and female participants were recruited according to criteria in Table 3.1 and

section 2.1.

Table 3.1. Participant Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria
Willing and able to give informed consent Unwilling or unable to give informed consent
Male and female participants aged 18-50 Consumption of alcohol greater than, for

males, 3-4 units of alcohol per day or 21-28
units of alcohol per week and, for females,
greater than 2-3 units of alcohol per day or
14-21 units of alcohol per week
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BMI >18.5 kg/m? and <35.0 kg/m* Gained or lost >5% body weight in the last 3
months

Free from diagnosed metabolic disease History of an eating disorder

Not following a weight-loss diet Inability to consume the high-carbohydrate
diet

Not taking medications and/or supplements Pregnant or suspected pregnant or nursing

known to affect lipid and/or glucose metabolism

Not actively smoking (within last 3 mon.) or Participant has changed dose of a medication

consuming other nicotine containing products within the last three months

Plasma haemoglobin above 120g/L Unable to undergo and/or tolerate cannulation

History of bleeding disorders

3.2.2 Experimental Design

This was a randomised, crossover, double-blind study where each participant
completed a fasting, baseline visit followed by two identical postprandial study days. A
minimum of 14-days separated postprandial study days (Fig. 3.1). Prior to each postprandial
study day, participants consumed a 3-day isocaloric high-carbohydrate diet (~75% TE
carbohydrate, ~10% TE protein, ~15% TE fat) with all food provided. A representative
example of the food provided for a single day of the three-day diet for an individual with a
daily caloric expenditure between 2000-2250 kcal is listed in Table 3.2. The daily caloric
requirement was calculated according to the Mifflin-St Jeor equation, and the quantity of food
listed in Table 3.2 tailored to meet individual energy requirements (273). The fat composition
of the 3-day isocaloric high-carbohydrate low-fat diet was ~4% TE from SFA, ~5% TE from
MUFA, and ~2% TE from PUFA, and determined using Nutritics software (Nutritics Research

Edition v6.02).
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3-Day 3-Day
High-Carb. Diet High-Carb. Diet
o Q —A— —A—
il ‘ '
\ J
| v
2-Week Washout
N =20 Baseline
Visit Postprandial Postprandial
Study Day Study Day
+ +
[U*3C]-FA Tracer [U*3C]-FA Tracer
(SFA or PUFA randomly given) (SFA or PUFA randomly given)

Figure. 3.1 Overview of Study Design.

Table 3.2. Representative One-Day Meal Plan of the High-Carbohydrate Diet

Amount Carb
Meal/Food (2) kcal (2) Protein (g) Fat (2)
Breakfast
Milk skimmed 150 53 6.9 53 0.45
Coco pops 50 189 42 3.15 0.95
Snack 1
Apple juice (fresh) 250 80 19.3 0.15 0.25
Tesco summer fruit cereal bars 19 52 10.5 0.87 0.8
Lunch
Tesco cheese and tomato pasta (pre- 300
packaged) 531 76 18.6 16.8
Banana ~100 86 20 1.2 0.1
Snack 2
Wine gums 120 390 91 5.8 0.24
Cola 330 141 353 0 0
Dinner
Tesco Italian vegetable lasagne (ready 450
meal) 396 52 14.9 14.4
Low fat yoghurt 100 79 13.1 4.2 1.1
Peaches canned in syrup 410 233 56 2.1 0
Total (kcal/g) 2230 422.1 56.27 35.09
%TE 75.7 10.1 14.2

Abbreviations: kcal, kilocalories; Carb, carbohydrate; %TE, percent total energy.
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On the two experimental postprandial study days, participants were fed, in random
order, a standardised mixed test meal that was identical except for the addition of 200mg
[U3C]palmitate or [U'3C]linoleate, to trace whole-body FA oxidation (52). The order in which
[U3C]palmitate or [U'*C]linoleate were administered in the meal was random and determined
by a researcher not involved in the study. Participants and researchers were blinded to isotope

order until analysis.

3.2.3 Baseline Fasting Visit

Participants arrived at the OCDEM CRU after an ~10h overnight fast where a fasting

venous blood sample was collected, and plasma isolated and stored (section 2.2).

3.2.4 Postprandial Study Days

After consuming the isocaloric 3-day high carbohydrate diet, participants arrived at the
OCDEM CRU after an ~10h overnight fast for a postprandial study day (section 2.2). After
consuming the tracer containing meal, blood and breath samples were collected at 30, 60, 90,
120, 180, 240, 300 and 360 min to measure *C enrichment in plasma lipid pools, expired breath
COgz, and hepatic COz (Fig. 3.2, section 3.2.7). Indirect calorimetry was performed at 0, 120,

and 360 min (section 2.2.1, Fig. 3.2).

Meal w.
[U13C]-FA Tracer

Overnight
Fast
Vi
/ 1 1 | I I |
-10h Fast 30 60 90 120 180 240 300 360 min
Plasma&-Breath % % % ok * * * % *
Sampling:
Indirect Calorimetry: % % %

Figure. 3.2. Overview of Postprandial Study Day Protocol.
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3.2.5 Analytical methods

Plasma glucose, NEFA, TG, glycerol, total and high-density lipoprotein (HDL)
cholesterol, 30HB, ApoB, and lactate were measured (section 2.3.2). Plasma insulin levels
were quantified (section 2.3.3) and plasma chylomicron- and VLDL-rich fraction were isolated

(section 2.3.1).

3.2.6 FA Composition and Isotopic Enrichment in Plasma Lipid Pools

To determine the FA composition and isotopic enrichment of individual plasma lipid
pools, TG extracted from plasma lipid and lipoproteins, and NEFA extracted from plasma
lipids, were used to synthesise FAMEs (section 2.4). FA composition was determined by GC
(section 2.5) and [U'3C]palmitate and [U'3C]linoleate enrichment in plasma and lipoproteins
pools was determined by GC-C-IRMS and used to calculate palmitate or linoleate

concentrations (sections 2.6 and 2.6.1).

3.2.7 Isotopic Enrichment in Fatty Acid Oxidation Markers

Whole-body and hepatic dietary FA oxidation was determined by analysing '*C
enrichment in breath and hepatic CO; samples, these were then used to calculate peripheral FA
oxidation by subtracting hepatic from whole-body fat oxidation (227). Whole-body meal-
derived FA oxidation was determined by GC-C-IRMS (section 2.6.2).

As the liver is the predominant source of urea in humans and CO; derived from hepatic
FA oxidation is used in urea synthesis (274), complete intrahepatic dietary FA oxidation was
approximated using the method by Kloppenburg et. al (275). To liberate CO from urea, S00pL
of plasma was mixed with 1.5mL of deionised water, 25uL of 1M phosphoric acid, and 125uL.
of pentan-1-ol. Following a 30 min incubation at 37°C, ImL of working urease solution (100pL
stock urease solution (3000 U/mL urease (Sigma-Aldrich U4002-100KU) dissolved in 500uL

deionised water and 500uL glycerol, and 9.9mL EDTA) was added to each sample. Following
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a further 15 min incubation at 37°C, 750uL of 1M phosphoric acid was added to each sample
and mixed for 30 min. Urea-derived CO> was transferred to EXETAINER® tubes (LabcoLtd,
High Wycombe, UK) and 3C enrichment was measured by GC-C-IRMS to calculate urea-
derived '*CO»/'2CO, TTRs (section 2.6.2). Hepatic CO> production was approximated by
multiplying postprandial splanchnic respiratory quotients derived from a porcine model (due
to limited in vivo human values) by the participant’s body weight on the respective postprandial
study visit (276). This was used to calculate postprandial hepatic '3CO2 production by

multiplying the hepatic VCO; by urea-derived *CO»/'>CO; TTR.

3.2.8 Calculations

HOMA-IR, lipogenic index, desaturation index, and fasting and postprandial net
whole-body fat and carbohydrate oxidation rates, and time-averaged AUC were calculated

(section 2.7).

3.2.9 Power Calculation

A two-sided power calculation was performed in SPSS (V30.0.0) based on the findings
by Parry et al. reporting the time-averaged AUC for '*C appearance in expired CO, was 1.82
+ 0.66pumol/min (mean + SD) following consumption of [U'3C]palmitate compared with 3.09
+ 2.19 umol/min following consumption of [U'3C]linoleate in individuals consuming their
habitual diet (92). Following the three-day high-carbohydrate diet, to detect a similar difference
in 13C appearance in expired CO; after consumption of [U'*C]palmitate or [U'3C]linoleate

(power=0.80, a=0.05), 21 individuals would be required to achieve an effect size of 0.65.

3.2.10 Statistical Analysis

All data was analysed using Graphpad Prism (V10.9.1) Software for Mac (San Diego,
California USA). Data distribution was checked using the Shapiro—Wilk normality test and

analysed using the appropriate parametric or non-parametric test. Anthropometric measures,
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fasting plasma biochemistry, and plasma FA composition, presented as mean + SD if
parametric or median (IQR) if non-parametric, were compared using a one-way repeated—
measures analysis of variance (ANOVA)) with Tukey’s post—hoc test or Friedman test with
Dunn's multiple comparison post-hoc test as appropriate. Indirect calorimetry, presented as
median (IQR), and time series plasma biochemistry and tracer data, presented as mean + SD,
was analysed first using a 2-way repeated measures ANOVA, and further with Tukey’s post-
hoc test if a tracer*time interaction effect was observed. In cases where data points were
missing (representing 0.3% of all data points), they were either interpolated if the missing point
was part of a postprandial data set where the data point before and after the missing data point
were successfully measured (ie. time point 0 and 360 were not interpolated) and the rate of
change of the data was linear (nadirs, peaks, and inflection points were not interpolated), or
otherwise analysed with a mixed effects model with Bonferroni’s post—hoc test. In cases where
the data point from an assay or analytic machine was below the limit of detection for an assay,
the lowest limit of detection was used in place. AUC and tracer recovery data, presented as
mean + SD, was analysed using a paired t-test or Wilcoxon matched-pairs test signed rank test.

Statistical significance was set at p<0.05.

3.3 Results

3.3.1 Participant Characteristics

Twenty individuals (n=11 female) aged 26 (21-41) years (median (IQR)) free from
diagnosed metabolic disease participated in the study and participant characteristics for all
study visits are shown in Table 3.3. Over the course of the study, BMI, waist-hip ratio, or

HOMA-IR did not change (Table 3.3).
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Table 3.3. Participant Characteristics, Fasting Plasma Biochemistry, and Substrate Oxidation Rates.

Baseline SFA-Tracer PUFA-Tracer
Sex (M/F) 9/11 - -
Age (years) 26 (21 —41) - -
BMI (kg/m?) 24.1+£2.6 240+2.6 23.9+2.6
Waist-Hip Ratio 0.79 £0.07 0.79 £ 0.06 0.79 £ 0.06
Fasting Plasma Biochemistry
Glucose (mmol/L) 4.7(4.6-5.1) 49(4.5-54) 48(4.5-52)
Insulin (mU/L) 4.7(2.8-174) 49 (4.1-172) 453.7-64)
HOMA-IR 0.92 (0.58 — 1.44) 1.12 (0.80 — 1.35) 0.94 (0.80 - 1.35)
NEFA (umol/L) 462 (307 — 649) 367 (337 — 466) 343 (266 — 528)
TG (mmol/L) 0.66 (0.52 - 1.09) 0.9 (0.71 — 1.18)° 0.87 (0.73 — 1.08)

30HB (umol/L)

Lactate (mmol/L)

Total Cholesterol (mmol/L)
HDL-Cholesterol (mmol/L)
Non-HDL Cholesterol (mmol/L)
ApoB (mmol/L)

Plasma Fatty Acid Composition
Lipogenic Index (16:0/18:2)
Desaturation Index (16:1/16:0)

Net Carbohydrate Oxidation Rates

Fasting (g/min)

120 min (g/min)

360 min (g/min)

Net Fat Oxidation Rates
Fasting (g/min)

120 min (g/min)

360 min (g/min)

42 (31 -111)
0.61 (0.47 — 0.92)
3.8(3.58-4.37)
138+ 0.37
2.44 (2.24 - 3.09)
0.62 (0.54 —0.76)

0.78 (0.56 — 1.16)
0.14 (0.10-0.19)

35 (24— 42)
0.73 (0.62 — 0.84)"
3.73 (3.36 - 4.38)
1.36 = 0.46
2.47 (1.96 — 2.80)
0.6 (0.49 — 0.64)

1.30 (1.03 - 1.65)"
0.19 (0.16 — 0.22)"

0.15 (0.13 — 0.24)
0.17 (0.15 — 0.22)
0.16 (0.09 — 0.21)"

0.03 (0.00 — 0.06)
0.04 (0.02 — 0.05)

0.05 (0.04 — 0.07) "

35 (27 - 44)
0.71 (0.61 — 0.82)"
3.72 (3.34 - 4.28)
132+ 0.50
2.48 (2.22 - 2.86)
0.6 (0.52 - 0.67)

1.23 (0.99 - 1.61)"
0.18 (0.13 — 0.23)"

0.17 (0.13 - 0.22)
0.20 (0.18 — 0.21)
0.11 (0.09 - 0.16)'"

0.02 (0.01 - 0.05)
0.03 (0.02 -0.05)

0.04 (0.03 — 0.08)

Parametric data presented as mean + SD, non-parametric data presented as median (IQR). Abbreviations: SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid;
BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance; NEFA, non-esterified fatty acid; TG, triglyceride; 30HB, 3-hydroxybutyrate;
HDL, high-density lipoprotein; ApoB, apolipoprotein B. *p<0.05, **p<0.01, *** p<0.001 compared with baseline visit; * p<0.01 compared with fasting, ** p<0.001;

¥p<0.05, T p<0.01 compared with 120 min.
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3.3.2  Plasma Biochemistry

Compared with the baseline visit, the 3-day isocaloric high-carbohydrate diet increased
fasting plasma TG, although this was only significant (p<0.05) on the SFA—tracer study day
(Table 3.3). Fasting plasma lactate levels increased (p<0.01) after consumption of the high-
carbohydrate diet on both study days when compared with baseline values but did not differ
between the respective SFA— and PUFA—tracer study days (Table 3.3). There were no
differences in fasting plasma glucose, insulin, NEFA, 30HB, total cholesterol, HDL-
cholesterol, non-HDL cholesterol, and ApoB concentrations between baseline and the SFA—
and PUFA—tracer study days (Table 3.3).

The lipogenic index (ratio of 16:0/18:2n-6) in plasma TG was used as a marker of
hepatic DNL (68) and the desaturation index (16:1n-7/16:0) as a marker of stearoyl-CoA
desaturase activity (277). The fasting lipogenic index increased by ~65% (p<0.05) and the
desaturation index increased by ~25% (p<0.05) on the both postprandial SFA— and PUFA—
tracer study days compared with baseline (Table 3.3), suggesting consumption of the high-
carbohydrate diet upregulated hepatic DNL and palmitate desaturation by SCD. Further, the
lipogenic index was elevated to a similar extent on both study days suggesting a similar and
reproducible elevation in hepatic DNL (Table 3.3).

On both postprandial study days, plasma glucose increased after consuming the test
meal, peaking at 30mins before returning to fasting levels (p<0.001 effect of time, Fig. 3.3A).
Although no tracer*time interaction was observed (p=0.30) and the [U!*C]palmitate and
[UBC]linoleate tracer was consumed in random order, the pattern of response differed between
the postprandial study days with a greater excursion observed on the [U'*C]palmitate compared
with [U3C]linoleate study day (p<0.01 effect of tracer; Fig. 3.3A). There was a trend for a
tracer*time interaction effect for plasma insulin (p=0.06), and no tracer*time interaction effects

for plasma TG (p=0.79), NEFA (p=0.78), 30HB (p=0.44), or lactate (p=0.69) over the course
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of the postprandial period (Fig. 3.3B-F). During the postprandial study days, plasma insulin,
TG, NEFA, 30HB, and lactate all changed with time (all p<0.001, effect of time; Fig. 3.3B-F)
and each metabolite followed a similar profile on both study days following consumption of
the mixed test meal. The postprandial insulin and lactate excursions followed the postprandial
glucose excursion, peaking at 30-60min and returning to baseline by ~180min (Fig. 3.3B,
3.3F), with the lactate profile likely reflecting glycolysis of dietary carbohydrate (42). Plasma-
TG gradually increased over time following consumption of the mixed test meal, peaking at
~240 min (Fig. 3.3C), which coincided with peak chylomicronemia (Fig. 3.5A). Following
consumption of the mixed test meal, plasma NEFA and 30HB decreased from fasting, with
the nadir occurring at ~90min, before increasing over the remainder of the study day (Fig. 3.3D,
E). To determine if the order in which the tracers were administered influenced the metabolic
response to a mixed test meal, postprandial plasma glucose, insulin, NEFA, TG, 30HB, and
lactate responses on the first study day were compared with the second study day and no order

effect was observed (Fig. 3.4A-F)
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Figure 3.3 Plasma concentrations of (A) glucose, (B) insulin, (C) triglyceride (TG), (D) non-esterified
fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), and (F) lactate after consuming a 3-day high
carbohydrate diet followed by a standardised mixed test meal containing either [U'*C]palmitate ([U'*C]16:0)
or [UC]linoleate ([U'*C]18:2n-6). Plasma samples were collected every 30-60min for 6h. Data: mean +
SD, n=20. Analysed by a two—way repeated—measures ANOVA (A-D, F) or mixed effects model (E).
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Figure 3.4 Plasma concentrations of (A) glucose, (B) insulin, (C) triglyceride (TG), (D) non-esterified
fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), and (F) lactate on the first or second visit after
consuming a 3-day high carbohydrate diet followed by a standardised mixed test meal. Plasma samples were
collected every 30-60min for 6h. Data: mean + SD, n=20. Analysed by a two—way repeated—measures
ANOVA (A-D, F) or mixed effects model (E).
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3.3.3 Net Substrate Oxidation Rates

Net fat and carbohydrate oxidation were similar on both postprandial study days (Table
3.3). Net carbohydrate oxidation rates were increased at 120 min following consumption of the
meal before decreasing at 360min (SFA, p<0.05; PUFA, p<0.01; Table 3.3). In contrast,
following test meal consumption, net fat oxidation rates increased over the postprandial period
from fasting to 360 min (SFA, p<0.001; PUFA, p<0.01) and from 120 min to 360 min (SFA,

p=0.06; PUFA, p<0.05; Table 3.3).

3.3.4 Lipoproteins FA Composition

Plasma chylomicron-TG concentrations increased following test meal consumption
(»<0.001 effect of time), peaking at ~240 mins (Fig. 3.5A), with no difference in time-averaged
AUC chylomicron-TG between the respective tracer study days (Fig. 3.5B). There was minimal
change in postprandial VLDL-TG concentrations (Fig. 3.5C) and no difference in VLDL-TG
concentrations between the respective tracer study days (Fig. 3.5D). As an identical test meal
was given on each study day, chylomicron-TG FA composition at peak chylomicronemia was
measured and showed a similar FA composition on both study days, 33% palmitate, 19%

linoleate, 43% oleate, and 5% stearate (Fig. 3.5E), which was reflective of the test meal.
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Figure 3.5. Postprandial TG-rich lipoprotein concentration and composition (A) plasma chylomicron-
TG concentration, (B) time-averaged AUC chylomicron-TG, (C) plasma VLDL-TG concentration, (D) time-
averaged AUC VLDL-TG, (E) chylomicron-TG fatty acid composition at peak chylomicronemia (t=240
minutes), after consumption of a 3-day high carbohydrate diet followed by a standardised mixed test meal
containing either [U*C]palmitate ([U'3C]16:0) or [U'*C]linoleate ([U'3C]18:2n-6. Plasma samples were
collected every 30-60min for 6h. Analysed by a two—way repeated—measures ANOVA with Tukey’s post—
hoc test (A, C), Wilcoxon test (B), or paired t-test (D). Abbreviations: TG, triglyceride; VLDL, very-low
density lipoprotein; AUC, area under the curve. Data: mean £+ SD, n=20.
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3.3.5 Tracer Incorporation into Plasma Lipid Fractions

Over the course of each study day, the appearance of *C from [U!*C]palmitate and
[UBC]linoleate increased in chylomicron-TG (p<0.001 effect of time; Fig. 3.6A). While there
was no tracer*time interaction (p=0.18), the appearance of '*C in chylomicron-TG was
significantly greater following the consumption of [U!*C]palmitate (p<0.05 effect of tracer;
Fig. 3.6A). The appearance of °C increased over time in the plasma NEFA pool following
consumption of both tracers (p<0.001 effect of time; Fig. 3.6B). However, there was a greater
increase following [U'*C]palmitate compared with [U'3C]linoleate consumption (p<0.001
effect of tracer; Fig. 3.6B) and there was a tracer*time interaction effect (»<0.001) as there was
a greater 1°C appearance in plasma NEFA at 30min and 180-360min following [U'*C]palmitate
consumption (Fig. 3.6B). While the appearance of 1*C in VLDL-TG increased over both study
days (p<0.001 effect of time; Fig. 3.6C), it was not different between tracers and there was no
tracer*time interaction (p=0.17; Fig. 3.6C). The appearance of '*C into total plasma-TG
increased during each study day (p<0.001 effect of time; Fig. 3.6D) and was greater following
consumption of [U!*C]palmitate compared with [U'3C]linoleate (p<0.001 effect of tracer; Fig.
3.6D). A greater '3C appearance into total plasma-TG from 60-360min following
[U3C]palmitate compared with [U'*C]linoleate consumption (tracer*time interaction effect,
p<0.001; Fig. 3.6D) was observed. After consuming [U'3C]palmitate, time-averaged AUC for
3C appearance in chylomicron-TG, plasma-NEFA, and plasma-TG were ~78%, ~116%, and

~123% greater, respectively, compared with [U3C]linoleate (all p<0.05, Fig. 3.6E-G).
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Figure 3.6. Postprandial [U*C]-tracer incorporation into (A) chylomicron-TG, (B) plasma NEFA, (C)
VLDL-TG, and (D) plasma-TG, and time-averaged AUC of [U'*C]-tracer incorporation into (E)
chylomicron-TG, (F) plasma-TG, and (G) plasma NEFA after consumption of a 3-day high-carbohydrate
diet followed by a standardised test meal containing either [U'*C]palmitate ([U'3C]16:0) or [U'*C]linoleate
([U'3C]18:2n-6). Plasma samples were collected every 30-60min for 6h. Analysed by a two—way repeated—
measures ANOV A with Tukey’s post—hoc test (A-D). Time-averaged AUC was calculated by the trapezoidal
method and divided by the relevant time period, and data was analysed using a paired t-test (E-G).
Abbreviations: TG, triglyceride; NEFA, non-esterified fatty acid; VLDL, very-low density lipoprotein;
AUC, area under the curve. Data presented as mean = SD, n=20. *p <0.05, **p<0.01, ***p<0.001 compared
with alternative tracer study visit.
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3.3.6  Whole-body and Hepatic FA Oxidation

To determine whole-body FA oxidation, '*C appearance (from the labelled dietary—FA)
into expired CO> was measured. The appearance of 1*C in expired CO: increased following
consumption of the tracer-containing meal over the course of the postprandial study period
(p<0.001 effect of time; Fig. 3.7A), and was greater following consumption of [U'3C]linoleate
compared with [U3C]palmitate (p<0.01 effect of tracer; Fig. 3.7A). There was a tracer*time
interaction effect (p<0.05) demonstrating greater '*C appearance in expired breath from 30-
300min following [U'*C]linoleate compared with [U'3C]palmitate consumption (Fig. 3.7A).
Time-averaged AUC showed a ~46% increase in '3CO, production following [U'3C]linoleate
compared with [U3C]palmitate consumption (p<0.01; Fig. 3.7B). Finally, the percent of '3C
recovered as expired '*CO, following [U'*C]linoleate consumption compared with
[U3C]palmitate was higher (5.08 + 0.45% vs. 3.73 + 0.43%, respectively; p<0.01; Fig. 3.7C).

13C appearance in CO; liberated from plasma urea (227, 274, 276) was measured as a
marker of complete intrahepatic FA oxidation. The appearnace of '*CO; in plasma urea
increased during the postprandial study day (p<0.001 effect of time, Fig. 3.7D) and increased
to a greater extent following consumption of [U'*C]linoleate compared with [U'*C]palmitate
(p<0.05 effect of tracer; Fig. 3.7D). By subtracting hepatic '*CO, from whole-body '*CO»,
peripheral FA oxidation was estimated and '*C appearance increased during the postprandial
period (p<0.001 effect of time; Fig. 3.7E) and was greater following consumption of

[U3C]linoleate compared with [U'3C]palmitate (p<0.01 main effect of tracer, Fig. 3.7E).
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Figure 3.7. Markers of postprandial fatty acid oxidation in (A) expired '*CO», (B) time-averaged area
under the curve (AUC) for expired whole-body *CO», (C) the recovery of the dietary tracer at the end of the
6-h postprandial period, (D) postprandial hepatic '*CO», and (E) postprandial peripheral *CO, after
consumption of a 3-day high-carbohydrate diet followed by a standardised test meal containing either
[U'3C]palmitate ([U'*C]16:0) or [U*C]linoleate ([U*C]18:2n-6). Samples were collected every 30-60min
for 6h. Analysed by a two—way repeated—measures ANOVA with Tukey’s post-hoc test (A, D, E) or
Wilcoxon test (B, C). Time-averaged AUC was calculated by the trapezoidal method and divided by the
relevant time period. Data presented as mean = SD, n=20, *p<0.05, **p<0.01, ***p<0.001 compared with
alternative tracer study visit.

As Parry ef al. observed a sexual dimorphism in the partitioning of *C-labelled dietary
FA (92), I wanted to determine if these differences were maintained when hepatic DNL was
upregulated. The cohort was split by sex and time-averaged AUC for '*C appearance in
expired, hepatic, and peripheral CO, was compared for each person following consumption of
[UBC]palmitate or [U'*C]linoleate. There was significantly (p<0.05) greater '*C appearance in
expired CO> and peripheral CO> following [U'3C]linoleate consumption compared with
[UBC]palmitate consumption after the 3-day isocaloric high-carbohydrate diet in females,

whereas for males, there was a trend for a greater 1*C appearance in expired CO: (p=0.07) and
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peripheral CO> (p=0.06) following [U!3C]linoleate consumption compared with
[U3C]palmitate consumption (Fig. 3.8 A-B). For hepatic CO», a trend (p=0.08) was observed
for greater 13C appearance in females following [U'3C]linoleate consumption compared with

[U3C]palmitate consumption, but there was no difference in males (p=0.31; Fig. 3.8C).
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Figure 3.8. Time-averaged area under the curve (AUC) of (A) expired *CO,, (B) peripheral 1*CO,
and (C) hepatic '*CO; comparing male (shaded bars) and female (white bars) participants after
consumption of a 3-day high-carbohydrate diet followed by a standardised test meal containing either
[U3C]palmitate ([U'3C]16:0) or [U'*C]linoleate ([U'*C]18:2n-6). Samples were collected every 30-60min
for 6h. Data presented as mean = SD, n=9 males, n=11 females. Time-averaged AUC was calculated by the
trapezoidal method and divided by the relevant time period, and data was analysed using a paired t-test. *
p<0.05 compared within sex between alternative tracer visit.

3.4 Discussion

A proposed mechanism for the divergent effects of dietary SFA and PUFA on IHTG
accumulation is that they are preferentially partitioned into different intracellular pathways (92,
194). While Parry et al. previously reported greater whole-body oxidation of dietary linoleate
(PUFA) compared with dietary palmitate (SFA) (92), it remains unclear if this preferential
partitioning is maintained when the metabolic state of the liver is shifted from oxidation toward
esterification. Therefore, hepatic DNL was acutely upregulated to investigate if hepatic
metabolic state influences the partitioning of dietary SFA (palmitate) and PUFA (linoleate) in

healthy participants. By consuming a high-carbohydrate (75% TE) diet for 3-days, the
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lipogenic and SCD indices in plasma-TG notably increased, in agreement with others (65).
Despite this intrahepatic metabolic shift, there was greater appearance of '*C in markers of
whole-body and hepatic FA oxidation following [U3C]linoleate compared with
[UBC]palmitate consumption, and greater appearance of '*C in plasma lipid pools following
[UBC]palmitate compared with [U'*C]linoleate consumption. Taken together, the data suggest
that dietary PUFA, compared with SFA, remain preferentially partitioned into oxidation
pathways in disease-free adults when the metabolic state of the liver is shifted away from

oxidation.

3.4.1 Intrahepatic FA Partitioning

Previous human studies have shown the degree of FA saturation influences postprandial
dietary FA oxidation (92, 278, 279). Although consuming an acute high-carbohydrate diet
suppresses total dietary FA oxidation in humans (67, 280), the appearance of '*C into expired
CO; and urea-derived CO> was greater following consumption of [U'*C]linoleate compared
with [UBC]palmitate. CPT1, which catalyses the rate-determining step of mitochondrial FA
oxidation and is expressed in hepatic and non-hepatic tissues, has a higher binding affinity and
transport rate for PUFA compared with SFA (198). Thus, there may be greater mitochondrial
uptake of PUFA, which would lead to greater B-oxidation and '3C appearance from
[UBC]linoleate into expired CO; and urea. These findings suggest dietary fat composition may
influence FA oxidation findings. As dietary fat composition is often not reported in studies,
differences in composition may explain, in part, some of the inconsistent observations for FA

oxidation in humans, when DNL is upregulated (69, 87, 89).

3.4.2 Other Factors Modulating FA Oxidation

Dietary FA oxidation findings may be also influenced by an individual’s metabolic state

(e.g. fed vs. fasted, presence of metabolic disease, etc.), intestinal absorption, transport in
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circulation, and across cellular membranes (52, 194, 281, 282); however, it remains unclear
how dietary fat composition interacts with these processes to modulate FA oxidation. Although
greater appearance of 1*C-labelled FA in circulating chylomicron-TG and NEFA was observed
following consumption of [U!3C]palmitate compared with [U'*C]linoleate, this could not be
explained by greater plasma chylomicron-TG and NEFA concentrations on the SFA-tracer
study day. Nelson et al. (283) observed in young, lean, individuals that the spillover of
palmitate into the plasma NEFA pool is strongly positively correlated with plasma NEFA
concentrations, whereas spillover of linoleate is inversely correlated with total plasma NEFA
concentrations. Given total circulating NEFA concentrations were similar between study days,
it is plausible the differences in *C-labelled FA appearance in chylomicron-TG and NEFA
may be due to greater spillover of palmitate compared with linoleate, and linoleate being
partitioned into other lipid pools, such as PL and CE synthesis (269), thus lowering the
appearance of the linoleate tracer into the plasma NEFA pool. Additionally, Piche et al.
observed the incorporation of 3C-palmitate into the plasma NEFA pool is greater in females
compared with males (284); thus, these findings may be influenced by the slightly higher
number of females than males in the study.

As most fasting and postprandial biochemical parameters did not differ between
postprandial study days, differences in the partitioning of *C-labelled FA into oxidation
pathways and lipid pools are unlikely to be explained by differences in an individual’s
metabolic state. Hodson et. a/ found, when co-ingested, a similar appearance of dietary
[U3C]palmitate and [U'*C]linoleate into chylomicron-TG, and a higher incorporation of
[U3C]linoleate compared with [U!*C]palmitate in plasma PL and CE (269). While
[UBC]linoleate may have been preferentially partitioned into these lipid pools, !*C enrichment
was not measured in these lipid fractions in this study. Regardless, this would not explain the

differences in the '*C appearance in expired CO,. Despite the greater appearance of '*C-
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labelled FA in chylomicron-TG and NEFA following consumption of [U!3*C]palmitate
compared with [U!*C]linoleate, suggesting a greater flux of SFA to the liver as TG-rich
remnants and NEFA, greater '3C appearance was observed in hepatic 3CO, following
consumption of [U3C]linoleate compared with [U'*C]palmitate. These observations support
an intrahepatocellular mechanism that preferentially partitions PUFA, compared with SFA,

into oxidation pathways.

3.4.3 Hepatic TG Secretion

Despite differences in '*C appearance in CO; following consumption of the '3C-labelled
FAs, and the potentially greater flux of dietary SFA compared with PUFA to the liver,
significant differences in '’C-labelled FA appearance in VLDL-TG were not observed
following consumption of the tracer containing meals. While there were similar VLDL-TG
concentrations on the respective postprandial study days, differences between study days in
VLDL-TG secretion and clearance rates cannot be excluded; although it is unlikely as the same
test meal was given. Instead, as this study was powered to detect differences in '*C appearance
in expired CO,, it may be underpowered to detect differences in '*C-labelled FA appearance in

VLDL-TG.

3.4.4 Plasma Glucose

Despite participants consuming an identical 3-day high-carbohydrate diet and mixed
test meal on both study days, postprandial glucose excursions were greater following the meal
containing [U'3C]palmitate compared with [U!*C]linoleate, with no difference in the
postprandial insulin response and no order effect between study days. Menstrual cycle stage
has previously been shown to influence plasma glucose concentrations in premenopausal
females (285). As we did not match the postprandial days for stage in the menstrual cycle in

female participants and nearly all female participants were premenopausal, it is plausible this,
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in part, explains the small, but statistically significant, increase in postprandial plasma glucose.
Further, differences in menstrual cycle stage may have impacted other metabolic findings, such

as the desaturase index.

3.4.5 Limitations

This study is not without limitations. To upregulate hepatic DNL, participants
consumed a 3-day high-carbohydrate diet, thus, it is plausible that in situations where hepatic
DNL is constitutively upregulated (e.g. individuals with MASLD (60, 272)) observations may
differ to what are reported here. It would be of interest to study such cohorts where DNL has
been upregulated for longer periods. Our participants were younger and had BMIs that were
typically lower than most adults at risk of CMD thus limiting the generalisability of our
observations. Although participants were asked to maintain their habitual diet and lifestyle
habits during the 2-week washout period, habitual diet was not controlled for and it is possible
participants altered their diet. If participants increased dietary palmitate consumption, this may
have influenced FA oxidation findings (286, 287); however, as the '*C-FA tracers were given
in random order, this would have influenced the oxidation findings of both palmitate and
linoleate equally. Inclusion of individuals with moderate alcohol intake (14-21 units per week)
may have influenced the findings, however, as this study was a crossover design, it would
affect both linoleate and palmitate findings equally. Although limited differences in FA
partitioning between sexes were observed, this study is likely underpowered to fully
characterise these effects. Given males have a higher propensity for liver fat accumulation
(288), it would be of interest to explore this further under conditions where lean mass could be
accounted for and male and female participants could be matched for age and BMI. Within the
liver, palmitate and linoleate can be elongated and desaturated to form stearate and
arachidonate, respectively, which may, in part, explain some of the differences observed

between [U'*C]palmitate and [U'*C]linoleate appearance in plasma lipid pools. However, *C
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enrichment as stearate and arachidonate in plasma-TG and NEFA was undetectable which may
be due to the limited time frame of the postprandial period in this study and the lipid fractions
assessed. It would be of interest to explore these processes further in other lipid fractions, like
plasma PL, which have a higher abundance of stearate and arachidonate, compared with
plasma-TG and NEFA (13). It cannot be excluded the FA composition of the diet influenced,
in part, the lipogenic and/or desaturase indices. However, given the low amount of dietary fat
consumed over the 3-days prior to the study day and dietary palmitoleate is very limited (277),

it is unlikely they had a large influence on these findings.

3.4.6 Conclusions

This study shows that following a dietary-induced upregulation of hepatic DNL, the
preferential partitioning of dietary PUFA towards oxidation pathways and dietary SFA towards
esterification pathways is maintained following consumption of a mixed-test meal. These
findings help clarify how hepatic metabolic state interacts with dietary fat composition to
influence the potential postprandial disposal of dietary fat from the liver, and in the long-term,

effect IHTG accumulation.
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The following aspects of this chapter were completed by others: recruitment and sample
collection for 3 of 28 participants by Dr. Sidon Parry, mathematical modelling of insulin kinetics
by Dr. Kieran Smith, acquisition of MRI/S data by trained radiographers at the Oxford Centre
for Clinical Magnetic Resonance Research (OCMR), and the code to analyse spectroscopy data
was created by Associate Prof. Ladislav Valkovic, Associate Prof. Chris Rodgers, and Dr.
Ferenc Mozes. All remaining participant recruitment, sample collection, processing and

analysis, and data analysis was completed by me.

4.1 Introduction

Increased IHTG content is a characteristic feature of MASLD and is associated with
insulin resistance, a proatherogenic lipoprotein profile, and increased CVD risk (215, 271).
Despite similar weight gain, overfeeding a SFA-, compared with PUFA- or sugar-enriched
diet, increases IHTG accumulation to a greater extent, suggesting that dietary macronutrient
composition may influence IHTG accumulation independent of changes in body weight (79).
It is proposed dietary SFAs, compared with PUFAs, lead to divergent effects on IHTG
accumulation due to differences in intrahepatic and systemic metabolism. It has been
suggested, and I have shown in Chapter 3, that PUFAs preferentially enter oxidation pathways
compared with SFAs, which may increase hepatic FA disposal; thus, consumption of a PUFA-
enriched diet could decrease IHTG content, (92, 194, 289). In contrast, consumption of a SFA-
enriched diet may increase adipose tissue lipolysis (79) and reduce systemic insulin sensitivity
(192) which may increase IHTG content. However, most studies investigating the effects of
dietary FA composition on IHTG accumulation have been conducted using hypercaloric diets,
therefore, it is challenging to disentangle the effects of dietary FA composition from increased
caloric intake and weight gain on IHTG content (10, 11, 79). Further, findings from studies

which investigated the effects of dietary FA composition on IHTG content under isocaloric
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conditions are inconsistent, with some studies reporting SFA-enriched diets increase IHTG
content (61, 187, 192), and others showing no effect (77, 189); this may be due to differences
in participant characteristics, the duration of experimental diet, or the amount of SFA
consumed during different interventions. Further, no previous studies have directly compared
how the FA composition of an isocaloric HFD impacts CMD risk in the absence of weight
change. Therefore, the aim of this study was to compare the effects of two isocaloric HFDs -
one enriched in SFA, and the other enriched in PUFA - on IHTG content, hepatic and whole-
body fasting and postprandial metabolism, and cardiac metabolism and function in males and

females free from diagnosed metabolic disease.

4.2 Materials and Methods

4.2.1 Participants

Male and female participants were recruited according to criteria in Table 4.1 and

section 2.1. This trial was registered at clinicaltrials.gov NCT05962190.

Table 4.1. Participant Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria
Willing and able to give informed consent Unwilling or unable to give informed consent
Male and female participants aged 30-65 Consumption of alcohol greater than, for

males, 3-4 units of alcohol per day or 21-28
units of alcohol per week and, for females,
greater than 2-3 units of alcohol per day or 14-
21 units of alcohol per week

BMI >18.5 kg/m? and <35.0 kg/m* Gained or lost >5% body weight in the last 3
months
Free from diagnosed metabolic disease History of an eating disorder or any other

psychological condition that may affect the
participants ability to adhere to study
intervention/experimental diets

Not following a weight-loss diet Inability to modify diet to consume a high-fat
diet

113



Chapter 4: Dietary FA Composition Modulates Human Metabolic Health: An RCT

Not taking medications and/or supplements known | Pregnant, suspected pregnant, or nursing
to affect liver and/or adipose tissue metabolism

Not actively smoking (within last 3 mon.) or Participant has changed dose of a medication
consuming other nicotine containing products within the last three months

Plasma haemoglobin above 120g/L for females or | Unable to undergo and/or tolerate cannulation
135g/L for males

History of bleeding disorders

Standard contraindication(s) for magnetic
resonance scan

Donated or lost >250 mL of blood in the
previous two months

History of albumin and/or egg allergy

Current anticoagulant treatment

4.2.2 Experimental Design

This was a randomised parallel-design, clinical trial where each participant completed
an isocaloric dietary intervention under free-living conditions lasting up to 24 days. Following
screening and providing consent to participate in the study, participants were randomised to
one of two dietary interventions: i) a HFD enriched with SFA, or ii) a HFD enriched with
PUFA. Prior to starting the dietary intervention, participants consumed a 7-day standardisation
diet based on the UK Eatwell plate. During the standardisation diet and each week during the
dietary intervention, participants completed 3-day diet diaries (two weekdays and one weekend
day). Before starting (i.e. baseline) and after completing the dietary intervention (i.e. post-
HFD), participants underwent a magnetic resonance imaging and spectroscopy (MRI/S) scan
and postprandial study day with stable-isotope tracers (Fig. 4.1). The primary outcome was to
investigate if the dietary FA composition of a HFD influenced IHTG accumulation. The
secondary outcomes were to characterise if the dietary FA composition of a HFD impacted
fasting and postprandial plasma biochemistry, systemic lipid metabolic pathways using stable-

isotope tracers, postprandial plasma insulin kinetics, and cardiac metabolism and function. I
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also investigated if there is a sexual dimorphism in fasting and postprandial metabolism

following consumption of a SFA- or PUFA-enriched HFD.

Baseline Post-HFD
Randomisation to Imaging Visit + Imaging Visit +
Dietary Intervention Study Day Study Day

Saturated FA (SFA)-Enriched Isocaloric High Fat

o O 1
m m 1 7-day 1 Diet
/l]} m — Standardisation
Diet
Dgy Polyunsaturated FA (PUFA)—Enriched Isocaloric Up to

High Fat Diet Day 24

Figure 4.1. Overview of Experimental Design.

4.2.3 Experimental Diet

As there are no universally accepted definitions for HFDs, I used previous
classifications (173, 174), with the target macronutrient composition for both SFA- and PUFA-
enriched HFD being 50-60%TE from fat, 25-35%TE from carbohydrate, and 15%TE from
protein. The target FA composition of the SFA- and PUFA-enriched HFD was determined in
collaboration with Prof. Jennifer Carter based on the amount of SFA and PUFA typically
consumed by UK adults in highest quintile of the UK Biobank. To reflect real-world intakes
of dietary SFA and PUFA, participants consuming the SFA-enriched or PUFA-enriched HFD
were advised to consume >15%TE from SFA or >10%TE from PUFA, respectively. To
achieve these targets, participants randomised to consume the SFA-enriched HFD were advised
to increase consumption of meat and meat products from land animals, dairy products (i.e.
butter, cream, and hard cheeses), food items containing coconut, fast-food items, and were
provided with some snacks (>70% dark chocolate, savoury biscuits, and cheese). Participants
randomised to consume the PUFA-enriched HFD were advised to increase consumption of oily
fish, nuts, seeds, sunflower and hemp seed oil, and were provided with some snacks (nuts, diet
bars, and crisps fried in sunflower oil). Further, participants following both diets were advised
to reduce consumption of carbohydrates (bread, rice, and pasta) to ensure the diet was

isocaloric and minimise changes in bodyweight. Diet diaries were analysed with Nutritics
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software (Nutritics Research Edition v6.02). The change in FA composition of fasting plasma-
TG, measured by GC, was used as a biomarker of dietary FA intake. Participants were asked
to maintain their habitual physical activity levels, alcohol intake, and bodyweight throughout
the standardisation diet and dietary intervention, and each week, a member of the research team
contacted each participant to support adherence. An intervention lasting up to 24 days is based
on previous work showing this diet duration balances participant compliance with maximising

change in metabolic parameters (290, 291).

4.2.4 Postprandial Study Days

At baseline and after consuming a HFD for up to 24 days, participants arrived at the
OCDEM CRU for a postprandial study day after consuming D>0O the night before (section 2.2,
2.2.2). On the study day, the [2,2-D>]palmitate infusion was started and allowed to equilibrate
before consuming the [U'*C]palmitate containing meal, after which, repeated blood and breath
samples were collected for 6h (Fig. 4.2). Indirect calorimetry was performed at 0 and 120min
(section 2.2.1, Fig. 4.2). At the end of each postprandial study day, a dual energy x-ray
absorptiometry (DEXA) scan (GE (Lunar iDXA, General Electric, Chesire, United Kingdom)
was performed by a trained research nurse and analysed with Encore software (version 11.0;

GE. Medical Systems, Madison, WI, USA) to measure body composition and visceral adipose

tissue.
Meal with
Start [>2D,]16:0  [U'3C]16:0
Tracer Infusion Tracer
DEXA
D,O0 Scan
Consumed l
| // |
| /4 I 1T 1T 11 1 1 I 1
—-10h Overnight -45 0 30 60 90 120 180 240 300 360 min
Fast
Plasma Sampling * * * * % % * * * *
Breath Sampling ¥ x x  * % * * * *
Calorimetry * *

Figure 4.2. Overview of Postprandial Study Day Protocol.
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4.2.5 MRI/S Scans

At baseline and after consuming a HFD, participants underwent an MRI/S scan at
OCMR. Prior to each scan, participants fasted for at least 6h. All scans were performed using
a 3-Tesla MR scanner (PRISMA, Siemens Healthineers, Erlangen, Germany) with participants
in the supine position and at an end-expiration breath-hold. An electrocardiogram (ECG)-
trigger at end-diastole for MRS scans and retrospective ECG-gating during cine acquisitions

for MRI scans was used to reduce respiration and cardiac activity motion artefacts.

4.2.5.1 Proton (1H)-MRS

IHTG and myocardial TG content were measured by 'H-MRS. Following acquisition
of anatomical images, water-suppressed and non-water-suppressed stimulated echo acquisition
mode (STEAM) measurements quantified IHTG content in a single voxel (20 x 20 x 20 mm?)
in the posterior left liver lobe and myocardial TG content in the mid-interventricular septum
(voxel: 22 x 18 x 32 mm?) (Fig. 4.3A-B) (292). Voxel position in the liver was recorded during
each participant’s baseline scan to match during post-HFD scans. Water-suppressed hepatic
spectra were acquired over 3 breath holds with 6 acquisitions each, water-suppressed cardiac
spectra were acquired over 5 breath holds with 6 acquisitions each. Three water-unsuppressed
spectra were obtained within one breath hold after the respective cardiac and hepatic water-
suppressed acquisitions and used as internal references during analysis. Sequence parameters
for the hepatic 'H-MRS were as follows: echo time 10 ms, retention time 760 ms, mixing time
7 ms, and repetition time at least 2,000 ms for water-suppressed scans and at least 4,000 ms for
non—water-suppressed scans. Sequence parameters for the cardiac 'H-MRS were as follows:
echo time 40 ms, retention time 610 ms and repetition time at least 2,000 ms for water-
suppressed scans and at least 4,000 ms for non—water-suppressed scans. Spectra were analysed
using in-house script in Matlab (v. R2022b, The MathWorks Inc., USA) and the Advanced

Method for Accurate, Robust, and Efficient Spectral tracking (AMARES) in the OXSA toolbox

117



Chapter 4: Dietary FA Composition Modulates Human Metabolic Health: An RCT

(293). IHTG and myocardial TG content were calculated as the percent lipid peak relative to

water peak (Fig. 4.3C).
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Figure 4.3. Representative H-MR spectroscopy images. (A) Voxel position in the posterior left lobe of
the liver during hepatic H-MRS. (B) Voxel position in the mid-interventricular septum during cardiac H-
MRS. (C) Representative H-MR spectra with the lipid peak represented by the light green peak and the
suppressed water peak represented by the dark green peak.

4.2.5.2 31-Phosphorus-MRS

Myocardial PCr/ATP was measured by 3'P-MRS using a surface '"H/3'P flex coil (Rapid
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Biomedical, Rimpar, Germany) and slice-selective depth-resolved surface-coil spectroscopy
(DRESS) sequence. After obtaining planning images, positions of phenylphosphonic acid
(PPA) fiducial and cod-liver oil phantoms were located, and coil loading was measured by ten
free induction decay inversion recovery curves with an increasing inversion delay (50-
1500ms). The voxel (200 x 200 x 20mm?®) was placed over the myocardial interventricular
septum and angled parallel to the coil. Saturation bands were placed over skeletal muscle in
the chest wall and liver to reduce signal contamination from non-cardiac tissues. An optimising
radiofrequency pulse, centred at 250Hz relative to PCr, was used to ensure uniform excitation
(294). Spectra analysis was performed with in-house script in Matlab (v. R2022b, The
MathWorks Inc., USA) using AMARES in the OXSA toolbox and prior knowledge of the
expected myocardial phosphorus spectra (Fig 4.4) (293, 294). PCt/ATP results with a

coefficient of variation greater than 30% were excluded.
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Figure 4.4. Representative myocardial *'P spectrum. Black line indicates raw acquired spectral data with
peaks of phosphorus-containing metabolites as labelled, red line represents AMARES spectral fitting.

4.2.5.3 Cardiac Volumes & Function by 1H-MRI

Cardiac volumes, mass, and function were measured using a 30-channel surface coil
(Siemens Healthineers, Erlangen, Germany) with the following steady state free precession
(SSFP) cine imaging parameters: slice thickness 7 mm, echo time 1.64 ms, retention time 54.60
ms, flip-angle 62°, and field of view 420 mm. After acquiring planning images, horizontal long
axis (HLA), vertical long axis (VLA), and LV short-axis (SA) stack images were obtained (Fig.

4.5).
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Figure 4.5. Representative cardiac H-MR images in the (A) horizontal long axis (B) locations of short
axis images, (C) short axis, and (D) vertical long axis.

Analysis was performed using cvi42 v6.0.2 (Circle Cardiovascular Imaging Inc,
Calgary, Alberta, Canada), where LV endocardial and epicardial borders in the SA stack, HLA,
and VLA images, right ventricular (RV) endocardial borders in the SA stack, and left atrial
endocardial borders in the HLA and VLA images were manually contoured (Fig 4.6). Scans
were de-identified to blind the researcher during analysis. SV, EF, cardiac output (CO), LV
myocardial mass, and LV mass-to-volume ratio were calculated as described (295). Peak
diastolic filling rate was calculated by subtracting EDV between each phase, normalising to
peak EDV, and dividing by repetition time (296). Global longitudinal and radial strain were

measured in cvi42 using post-processing feature tracking.
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Figure. 4.6. Representative manual contours of the left and right ventricular endocardial and
epicardial borders at (A) end diastole and (B) end systole

4.2.5.4 Aortic Distensibility

Aortic distensibility (AD) was measured using axial SSFP cine sequences (thickness 8
mm) acquired at the ascending and proximal descending aorta, and 12cm below the slice at the
distal descending abdominal aorta (297). Brachial systolic and diastolic blood pressure was
recorded during these acquisitions with a vicorder (Smart Medical Ltd., Cheltenham, UK), and
used to determine aortic systolic and diastolic blood pressures by pulse-wave analysis.
Maximal and minimal aortic areas at the ascending, proximal descending, and distal
descending aorta were determined using a semi-automated Matlab code and used to calculate

AD at all three locations (297, 298):

Max Aortic Area — Min Aortic Area ]
= ; - =+ Aortic pulse pressure x 1000
Min Aortic Area

4.2.6 Echocardiography

Transthoracic echocardiography was performed to assess diastolic cardiac function at
OCMR after the MRI/S scan using a GE Vivid I system (GE, Boston, USA). Participants were
positioned in the left lateral decubitus position and an apical 4-chamber view of the heart was

obtained (Fig. 4.7A). Pulse wave doppler was used to measure peak trans-mitral early (E-wave)
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and late diastolic flow (A-wave), and the flow deceleration time and slope from peak E-wave
to the end of E-wave (Fig. 4.7B). Tissue doppler imaging (TDI) at the mitral annulus was
performed to measure septal and lateral e’. These measurements were used to calculate E/A

and E/e’.

A-wave
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Figure. 4.7. Representative images of a (A) 4-chamber view of the heart and (B) trans-mitral flow.

4.2.7 Analytical methods

Plasma glucose, NEFA, TG, glycerol, total and HDL cholesterol, 30HB, ApoB, and
lactate were measured (section 2.3.2). Plasma insulin and C-peptide levels were quantified

(section 2.3.3) and plasma chylomicron- and VLDL-rich fraction were isolated (section 2.3.1).

4.2.8 FA Composition and Isotopic Enrichment in Plasma Lipid Pools

The FA composition of plasma-TG, chylomicron-TG, VLDL-TG, and plasma NEFA
were determined by GC (section 2.4, 2.5). [U'3C]palmitate and [2,2-D;]palmitate enrichment
in plasma TG, NEFA, chylomicron-TG, and VLDL-TG and [D:]palmitate enrichment in
VLDL-TG were determined by GC-MS and used to calculate palmitate tracer concentrations

and percent of newly synthesised palmitate in VLDL-TG (section 2.6, 2.6.1, 2.6.3).

4.2.9 Isotopic Enrichment in Fatty Acid Oxidation Markers

Whole-body meal-derived FA oxidation was determined by measuring '3C appearance

in expired CO2 by GC-C-IRMS (section 2.6.2).
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4.2.10 Isotopic Enrichment in Fasting Plasma Glucose

Glucose was extracted from plasma by mixing plasma with ethanol, drying to
completion, and adding 2% (w/v) methylhydroxylamine hydrochloride in pyridine. Samples
were heated at 90°C for 2h and cooled, before adding excess BSTFA+1% TCMS, heating for
a further 15min at 120°C, and drying to completion (299). Samples were reconstituted in
decane and tracer enrichment measured by GC-MS (section 2.6). The proportion of fasting
glucose derived from hepatic gluconeogenesis (fractional gluconeogenesis) was calculated
using the “average” method where all hydrogens in glucose are assumed to have an equal
chance of becoming labelled during gluconeogenesis (299, 300). Therefore, fractional hepatic
gluconeogenesis was calculated by dividing the molar-percent enrichment of the glucose-
derivative by the number of possible labelling sites and plasma D>O enrichment (300). Fasting
plasma glucose (FPG) derived from gluconeogenesis was determined by multiplying FPG by
fractional gluconeogenesis. The difference between FPG derived from hepatic

gluconeogenesis and total FPG was assumed to be from hepatic glycogenolysis.

4.2.11 Modelling Postprandial Insulin Kinetics

Deconvolution of plasma C-peptide concentrations, using population derived
approximations of C-peptide kinetics, were used to mathematically model postprandial pre-
hepatic insulin secretion rates (ISR) from fasting to 240min after consuming of a test meal
(301). Postprandial insulin concentrations (I) were smoothed by cubic spline fitting and the
derivative of insulin over time (0I(t)/0t) was calculated from the smoothed data in 5min
intervals (MATLAB version R2022b, MathWorks Inc., USA). Insulin extraction and
postprandial insulin clearance rates (ICR (t)) over a period (¢) were calculated using a single
pool model (302):

: . dI(t)
Insulin Extraction (t) = ISR(t) — (T xV)
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Insulin Extraction (t)

ICR(t) = 10

where V, the distribution volume for insulin, is estimated as 141 mL/kg (303).

4.2.12 Calculations

HOMA-IR and fasting and postprandial net whole-body fat and carbohydrate oxidation
rates were calculated (section 2.7).

Whole-body R, NEFA was calculated as (304):

Infusion Rate
Background Corrected Plasma NEFA 272/270 TTR

R, NEFA =

4.2.13 Power Calculation

Luukkonen et al. (79) reported a ~50% greater increase in IHTG with SFA, compared
with unsaturated FA, overfeeding. Pooling results from previous studies, the average IHTG
content of our study cohorts is 3.6£1.8% (n=63 males and females, aged 45+6y, BMI 28+3
kg/m? (mean + SD)). Therefore, to detect a 40% difference in IHTG between the SFA and
PUFA-enriched HFD diets (power=0.80, a=0.05) 22 individuals would be required. To allow
for a 15% drop-out rate and have an equal number of males and females in either group, 28
individuals were recruited. The work was planned with advice from an experienced statistician

(Ruth Coleman, DTU OCDEM).

4.2.14 Statistical Analysis

All data was analysed using SPSS (V30.0.0) for Mac and figures created using
Graphpad Prism (V10.9.1) Software for Mac (San Diego, California USA). Non-time series
data is presented as mean + SD if parametric or median (IQR) if non-parametric. Between
group comparisons in baseline anthropometry, body composition, fasting plasma biochemistry,

and changes in plasma-TG and VLDL-TG FA composition were made using an unpaired t-test
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or Mann-Whitney test, as appropriate. A Fisher’s exact test was used to compare data reported
as counts. A paired t-test or Wilcoxon test was used to compare within group changes in
macronutrient consumption during the dietary intervention, cardiac parameters, and sex
differences in body composition and fasting plasma biochemistry in response to the dietary
intervention. A two-way analysis of covariance (ANCOVA), where baseline and post-HFD
values were matched by participant, and baseline values for each parameter were used as a
covariate in the analysis of that parameter, was performed to compare the effect of dietary FA
composition on IHTG accumulation, body composition, fasting plasma biochemistry, hepatic
glucose production, blood pressures, and aortic distensibility before and after the dietary
intervention. A Sidak’s post—hoc test was performed if a significant (p<0.05) interaction effect
was observed. Within diet comparisons of time-series plasma biochemistry, insulin kinetics,
and tracer data, presented as mean + SD if parametric or geometric mean + 95% confidence
interval if non-parametric, was analysed using a mixed-effects model with baseline and post-
HFD values matched by participant. Between diet comparisons of time-series plasma
biochemistry, insulin kinetics, and tracer data, presented as mean + SD if parametric or median
+ IQR if nonparametric, were made by subtracting the baseline value from the post-HFD value
at each time point for each participant, and analysing the change from baseline to post-HFD

between diets with a mixed-effects model. Statistical significance was set at p<0.05.

4.3 Results

4.3.1 Trial Conduct

Following screening, 31 participants were randomised to consume a SFA- or PUFA-
enriched HFD (Fig. 4.8). One participant was withdrawn from the SFA-enriched HFD group
as they started a glucagon-like peptide-1 (GLP-1) receptor agonist in between the screening

visit and experimental HFD, one participant in the PUFA-enriched HFD group withdrew from
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the study as they were unable to tolerate an MRI scan, and one participant who completed the
PUFA-enriched HFD was not included in the analysis as their reported alcohol intake on the

food diaries exceeded the acceptable amount in Table 4.1 (Fig. 4.8).

Positive Response from Reapproaching
Oxford BioBank
n=43

Screened
n=36
Excluded at Screening

Unable to modify diet for intervention (n=2)
Did not meet inclusion criteria (n=3)

Randomised
n=31

SFA-Enriched HFD PUFA-Enriched HFD
n=15 n=16
Withdrawn from study for Withdrew due to inability to
starting new medication (n=1) tolerate MRI (n=1)
Completed Study Completed Study
n=14 n=15

Removed from analysis due to
— lack of compliance with diet
(n=1)

Analysed Analysed
n=14 n=14

Figure 4.8. CONSORT Diagram.

4.3.2 Baseline Participant Characteristics & Plasma Biochemistry

Baseline anthropometry, four common single nucleotide polymorphisms (SNPs)
associated with increased IHTG content, and fasting plasma biochemistry for the 28
participants included in analysis are shown in Table 4.2. Fourteen participants (n=7 female),
aged 54 (50 — 57) years (median (IQR)), with a BMI of 28.0+4.3 kg/m? (mean + SD) were
analysed in the SFA-enriched HFD group, and 14 participants (n=7 female), aged 55 (50 — 59)
years, with a BMI of 26.8+4.6 kg/m? were analysed in the PUFA-enriched HFD group. There
were no baseline differences in age, BMI, body weight, fat mass, lean mass, waist-hip ratio,
visceral fat, liver fat, or HOMA-IR between groups (Table 4.2). No differences in the

proportion of individuals with SNPs at rs738409, rs641738, rs58542926, and rs1260326,
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corresponding to mutations in PNPLA3, membrane-bound O-acyltransferase domain-
containing protein 7 (MBOAT7), glucokinase regulatory protein (GCKR), and transmembrane
6 superfamily 2 (TM6SF?2), respectively (82, 83, 305, 306), were observed between groups
(Table 4.2). Baseline fasting plasma glucose, insulin, C-peptide, NEFA, 30HB, TG, total-,

HDL-, and non-HDL cholesterol, and apoB100 were similar between groups (Table 4.2).

Table 4.2. Baseline Participant Characteristics & Fasting Plasma Biochemistry

SFA-Enriched Diet PUFA-Enriched Diet p-value

Sex (M/F) 777 7/7 -
Age (years) 54 (50-57) 55 (50 -59) 0.85
BMI (kg/m?) 28.0 £4.3 26.8+4.6 0.48
Body Weight (kg) 826173 82.0+15.6 0.93
Body Fat Mass (kg) 24.4 (20.9 - 38.9) 27.6 (17.8—-33.2) 0.40
Body Lean Mass (kg) 499+9.9 529+11.6 0.46
Waist-Hip Ratio 0.89+0.11 0.90+0.10 0.92
Visceral Fat (g) 867 (309 — 1803) 700 (220 — 1844) 0.60
IHTG Content (%) 3.722-17.1) 2.8(1.8-9.1) 0.81
HOMA-IR 1.14 (0.85-1.94) 1.33 (0.68 —2.07) 0.59
Genotype * (n=number)

PNPLA3 (CC/CG/GG) 8/3/1 6/5/0 0.52
MBOAT7 (CC/CT/TT) 3/5/4 1/7/3 0.64
TM6SF2 (CC/CT/TT) 12/0/0 8/3/0 0.09
GCKR (CC/CT/TT) 6/6/0 6/3/2 0.29
Fasting Plasma Biochemistry

Glucose (mmol/L) 5.6+0.7 55+0.5 0.69
Insulin (mU/L) 4.6(3.3-9.8) 522.7-8.1) 0.95
C-peptide (pmol/L) * 564 (463 —780) 581 (360 —987) 0.81
NEFA (umol/L) 646 £ 172 520 +£201 0.08
30HB (umol/L) 87 (36 —159) 69 (27 -110) 0.26
Triglyceride (mmol/L) 0.78 (0.67 — 1.20) 0.84 (0.53 - 1.64) 0.70
Total Cholesterol (mmol/L) 4.48 +0.87 4,78 £1.02 0.26
HDL-Cholesterol (mmol/L) 1.34 +0.43 1.40£0.42 0.71
Non-HDL Cholesterol (mmol/L) 3.15+£0.78 3.38+£0.96 0.48
Apolipoprotein B100 (mmol/L) 0.76 £0.20 0.83£0.30 0.48

Parametric data presented as mean + SD, non-parametric data presented as median (IQR). Abbreviations:
30HB, 3-hydroxybutyrate; BMI, body mass index; F, female; GCKR, glucokinase regulatory protein; HDL,
high-density lipoprotein, HOMA-IR, homeostatic model assessment of insulin resistance; M, male;

MBOAT?7, membrane-bound O-acyltransferase domain-containing protein 7, NEFA, non-esterified fatty
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acid; PNPLA3, patatin-like phospholipase domain-containing protein 3; PUFA, polyunsaturated fatty acid;
SFA, saturated fatty acid; TM6SF2, transmembrane 6 superfamily 2; p-value represents output from
unpaired student’s t-test if data parametric, from Mann-Whitney test if data non-parametric, or from Fisher’s
exact test if data reported as counts, comparing values at baseline between groups. n=14 SFA, n=14 unless
otherwise indicated. *n=13 SFA, n=13 PUFA, “n=12 SFA, n=11 PUFA.

Baseline postprandial plasma biochemistry was similar between groups with no
group*time interaction effect for glucose (p=0.40), insulin (p=0.41), TG (p=0.71), NEFA
(p=0.86), 30HB (p=0.37), chylomicron-TG (p=0.76), and VLDL-TG (p=0.77) excursions,
each metabolite changed with time (all p<0.01, effect of time; Fig. 4.9A-G) and followed a
similar profile in both groups after consuming the mixed test meal. Plasma glucose and insulin
increased following consumption of the test meal, peaking at 30-60mins before returning to
fasting levels at ~180min (Fig. 4.9A-B). There was a trend for a greater postprandial plasma
glucose excursion in the group randomised to consume a SFA-enriched HFD compared with a
PUFA-enriched HFD (p=0.07, effect of group, Fig. 4.9A). After consuming the mixed test
meal, plasma NEFA and 30HB decreased from fasting, reaching a nadir at ~90min, before
increasing for the remainder of the study day (Fig. 4.9D-E). Plasma-TG, chylomicron-TG, and
VLDL-TG all increased following consumption of the mixed test meal, peaking at ~240-
300min in both groups (Fig. 4.9C, F, G). Baseline fasting VLDL-TG FA composition was
~42% oleate (18:1n-9), ~25% palmitate (16:0), ~17% linoleate (18:2n-6), ~4% palmitoleate

(16:n-7), and ~2.5% stearate (18:0) in both groups (Fig. 4.9H).

128



Chapter 4: Dietary FA Composition Modulates Human Metabolic Health: An RCT

Iest'MeaI Test Meal
G_roup p=0.07 0 Group p=0.51
: Time p<0:001 Time p<0.001
8 - ;[ Group x Time p=0.40 Group x Time p=0.41
-
\,

Glucose (mmol/L)
o ~
1 1
ot
\/
7/
Vv
/
Insulin (mU/L)
B [=2]
o o
1 1
p—A
d—

i
SN ] \
s T - ____%—______é i N \\\l\
i 204 if T\ ~
4 i T\‘\ N
: 35 ‘°~£=---£---E
3 T T 171 T T T 1 0 T T 11 T T T 1
0 306090120 180 240 300 360 0 306090120 180 240 300 360
C Test Meal Time (min) Test Meal Time (min)
1 1200
: Group p=0.11
_ Time p<0.001
= 2.04 1000~ Group x Time p=0.86 L
©° P
£ = 8004 T P
£ 154 g L
g e 3 6004 4 -
S -0-"7 ~Ba = I /
g 1.0 . - S P \ i
) bpe o oBeN F
s 054 Group p=0.47 2004 T \g\é%,aa
: Time p<0.001 s
: Group x Time p=0.71
0.0 T T 1 71 T T T 1 0 T 1 1 T T T 1
0 306090120 180 240 300 360 0 306090120 180 240 300 360
Time (min) Time (min)
E Test Meal F 800 IeSt Meal
600 G 019 Group p=0.68
T."’“P ‘5 001 ) Time p<0.01
Gl:ro‘:ppx T;me p=0.37 % Group x Time p=0.76
' 600
=) 400 E’
E 7
td
: S
/7 4
% v § 4’: -—-0o\
O 2004 £ - RN
O T O 200 P AN
> e N
~$ 2 £ 2=
e 7 5 L
0 T 1T 171 T T T 1 0 T T T T T T 1
0 306090120 180 240 300 360 0 60 120 180 240 300 360

Time (min) Time (min)

G 1500 '_I'est Meal H

SFA PUFA

)
g 10009 7 B 16:0
s - BN = 18:1
2 ez tr T ™ = 18:2
a s 77 T 1 18:0
s 1 043 Il 16:1

Gr =0.

Tir?ll;ppzo.m [ Other

0 Group x Time p=0.77

0 306090120 180 240 300 360
Time (min)

Figure 4.9. Baseline plasma concentrations of (A) glucose, (B) insulin, (C) triglyceride (TG), (D) non-
esterified fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), (F) chylomicron-TG, and (G) very-low density
lipoprotein (VLDL)-TG following consumption a standardised mixed test meal, and (H) fasting VLDL-TG
FA composition. Plasma samples were collected at fasting and every (A-E) 30-60min or (F-G) 60min from
2h for 6h and analysed by a mixed-effects model matching each participant pre- to post-high fat diet (HFD).
Data presented as (A, D) mean = SD, (B, C, E-G) geometric mean + 95% confidence interval, or (H) mean;
n=14 SFA; n=14 PUFA,; red indicates baseline values pre-SFA-enriched HFD; blue indicates baseline values
pre-PUFA-enriched HFD.
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4.3.3 Dietary Intervention

During the 7-day standardisation diet (i.e. baseline) prior to the experimental diet, the
group randomised to consume a SFA-enriched HFD had greater self-reported intake of
carbohydrates (%TE) than the group randomised to consume a PUFA-enriched HFD (Table
4.3). Otherwise, there were no differences in baseline self-reported dietary intake between
groups (Table 4.3). In both groups, median HFD duration was 21 days, with a range of 13-24
days (Table 4.3). One participant in the PUFA-enriched HFD group and two participants in the
SFA-enriched HFD group consumed the diet for 13 days due to restrictions during the COVID-
19 pandemic. Self-reported TE intake did not change during either HFD (Table 4.3).
Participants consuming a SFA-enriched HFD reported to consume 51.0 (48.2 — 52.6) %TE
from total fat and 24.0 (22.5 — 27.8) %TE from SFA during the dietary intervention, this was
greater than the self-reported consumption of 35.9 (33.0 — 39.0) %TE from total fat and 12.1
(10.4 — 13.9) %TE from SFA at baseline (all p<0.001; Table 4.3). Self-reported consumption
of carbohydrates in participants consuming the SFA-enriched HFD decreased to 32.4 (29.9 —
35.4) %TE from 45.4 (43.6 — 48.2) %TE at baseline (p<0.001; Table 4.3). During a SFA-
enriched HFD, compared with baseline, there was a trend for participants to report consuming
less omega-3 and omega-6 PUFAs (p=0.09) and no difference in self-reported MUFA, PUFA,
or protein consumption (Table 4.3). Participants consuming a PUFA-enriched HFD reported
consuming 51.9 (48.6 — 56.6) %TE from total fat, 16.0 (13.0 — 20.5) %TE from total PUFA,
2.6 (1.5 -3.2) %TE from omega-3 PUFA, and 11.8 (8.8 — 16.1) %TE from omega-6 PUFAs
during the dietary intervention; all of which were greater than at baseline where participants
reported consuming 38.1 (34.4 — 42.2) %TE from total fat, 3.4 (2.6 — 5.5) %TE from total
PUFA, 0.5 (0.2 — 1.0) %TE from omega-3 PUFA, and 2.3 (0.5 — 3.1) %TE from omega-6
PUFAs (all p<0.001; Table 4.3). Self-reported consumption of carbohydrates and SFA in

participants consuming a PUFA-enriched HFD decreased to 30.4 (26.9 — 35.3) %TE and 9.5
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(9.1 = 11.1) %TE during the dietary intervention from 41.1 (37.4 —44.1) %TE and 12.9 (11.8
— 13.7) %TE at baseline, respectively (all p<0.001; Table 4.3). There was a trend for
participants to report consuming more MUFAs (p=0.09) and less protein (p=0.07) during a

PUFA-enriched HFD compared with baseline (Table 4.3).
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Table 4.3. Dietary Intervention

SFA-Enriched HFD

PUFA—Enriched HFD

Comparison
. Effect of . Effect of "gfs ’:li; ‘e"
Baseline HFD Diet Baseline HFD Diet
(p-value) (p-valuey | (Pvelue)
Diet Duration (days) - 21 (13-24)* - - 21 (13-24)* - )
Energy (kcal) 2116 + 460 2312+ 627 0.10 2149 = 534 22814516 0.34 0.80
Carbohydrates (%TE) 454 (43.6-48.2)  32.4(29.9-35.4) <0.001 41.1 (37.4 - 44.1) 30.4 (26.9 — 35.3) <0.001 0.007
Fat (%TE) 359(33.0-39.0)  51.0 (482 -52.6) <0.001 38.1 (34.4 - 42.2) 51.9 (48.6 — 56.6) <0.001 0.35
SFA (%TE) 12.1 (104 -13.9)  24.0 (22.5-27.8) <0.001 12.9 (11.8 - 13.7) 9.5(9.1 - 11.1) <0.001 0.60
MUFA (%TE) 9.0 (6.4 - 13.2) 10.0 (7.0 - 13.9) 0.17 8.0 (5.8 11.1) 10.7 (9.7 - 11.6) 0.091 0.32
PUFA (%TE) 44(24-5.5) 32(1.9-4.1) 0.12 3.4(2.6-5.5) 16.0 (13.0 - 20.5) <0.001 0.63
g/flTeEg;‘S PUFA 0.4 (0.1 —1.1) 0.2 (0.2 -0.3) 0.091 0.5 (0.2 — 1.0) 2.6(1.5-32) <0.001 0.62
821;5?'6 PUFA 22 (14-42) 13(0.9-1.8) 0.094 23(0.5-3.1) 11.8 (8.8 16.1) <0.001 0.51
Protein (%TE) 15.7+3.1 152425 0.63 16.7+2.8 153+2.3 0.072 0.38

Parametric data presented as mean + SD, non-parametric data as median (IQR), or as median (range) where indicated with ®. Abbreviations: HFD, high-fat diet; kcal,
kilocalories; MUFA, monounsaturated fatty acid; ®, omega; PUFA, polyunsaturated fatty acid; %TE, percent total energy; SFA, saturated fatty acid; effect of diet p-
value represents output from within group comparisons made using student’s paired t-test if data parametric or Wilcoxon test if data non-parametric, comparison of
diets at baseline p-value represents output from between group comparison made using student’s unpaired t-test if data parametric or Mann-Whitney test if data non-
parametric; n=14 for each diet.
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4.3.4 Biomarkers of Dietary FA Intake

The change in fasting plasma-TG FA composition was analysed as an objective
biomarker of dietary FA intake. There was a relative increase in palmitate (16:0) and decrease
in linoleate (18:2n-6) in plasma-TG after consuming a SFA-enriched HFD compared with
baseline (both p<0.05, Fig. 4.10A). In contrast, there was a relative increase in linoleate (18:2n-
6; p<0.001), and decrease in oleate (18:1n-9; p<0.05), palmitoleate (16:1n-7; p<0.05),
palmitate (16:0; p<0.001), and myristate (14:0; p<0.01) in fasting plasma-TG after consuming
a PUFA-enriched HFD compared with baseline (Fig. 4.10A). Compared with consuming a
PUFA-enriched HFD, consuming a SFA-enriched, increased the proportion of stearate
(»<0.05), palmitoleate (p<0.01), palmitate (p<0.001), and myristate (p<0.05) in fasting plasma-
TG, while consuming a PUFA-enriched HFD, compared with SFA-enriched HFD, increased

the proportion of linoleate (»<0.001) in fasting plasma-TG (Fig. 4.10A).
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Figure 4.10 The change from baseline to post-high fat diet (HFD) in fasting plasma-triglyceride (TG)
fatty acid composition after consuming a SFA- (red) or PUFA- (blue) enriched HFD. Within group analysis
performed with a paired t-test; between group analysis performed with an unpaired t-test. Data presented as
mean = SD, (A) n=13 SFA; n=14 PUFA; (B) n=11 SFA; n=13 PUFA. * p<0.05, ** p<0.01, *** p<0.001
comparing the change from baseline to post-HFD within group, § p<0.05, §§ p<0.01, §§§ p<0.001
comparing the change from baseline to post-HFD between groups.
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4.3.5 Dietary FA Composition Modulates Liver Fat Content Independent of Body Weight

Post-HFD body weight was within 1kg of baseline body weight in nearly every
participant, confirming the dietary intervention was weight neutral (Fig. 4.11A). Similarly,
there was no change in BMI, body fat mass, body lean mass, and visceral fat after either HFD
compared with baseline (Table 4.4). Despite no change in body weight or body composition,
dietary fat composition led to divergent effects on IHTG accumulation with a significant
diet*time interaction effect (p<0.05; Fig. 4.11B). Compared with baseline, consuming a
PUFA-enriched HFD reduced IHTG content by 19% (p<0.05), while consuming a SFA-
enriched HFD tended to increase IHTG content by 17% (p=0.09; Fig. 4.11B). At the end of the
dietary intervention, relative and absolute IHTG content was lower in the group which
consumed a PUFA-enriched HFD compared with the group which consumed a SFA-enriched

HFD (p<0.05; Fig. 4.11B and p<0.01; Fig. 4.11C).
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Figure 4.11. Dietary fat composition induces divergent effects on intrahepatic triglyceride (IHTG)
content independent of changes in body weight. (A) Body weight and (B) IHTG content were measured
before (empty circles) and after (filled circles) consuming a SFA-enriched (red) or PUFA-enriched (blue)
HFD. (C) The absolute change in IHTG content after consuming a SFA-enriched (red) or PUFA-enriched
(blue) HFD. Abbreviations: HFD, high fat diet; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid.
Between group p-value represents output from 2-way ANCOVA where baseline and post-HFD values were
matched by participant, and baseline values for each parameter were used as a covariate in the analysis of
that parameter; if a significant interaction effect was present (diet*time p<0.05), a Sidak post-hoc test was
performed with significance set at p<0.05 (A-B) data presented as individual points; (C) data presented as
median + IQR; n=14 SFA; n=14 PUFA; * p<0.05 comparing the change from baseline to post-HFD within
group, § p<0.05, §§ p<0.01 indicates comparison between groups.
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Table 4.4. Effects of Dietary Fat Composition on Body Composition, Fasting Plasma Biochemistry, & Substrate Oxidation Rates

SFA-Enriched HFD PUFA-Enriched HFD
. Within . Within Béf;z;”
Baseline Post-HFD Group Baseline Post-HFD Group
p-value p-value | P ~value
Body Composition
BMI (kg/m?) 28.0+4.3 28.1+4.3 - 26.8+4.6 26.7+4.5 - 0.26
Body Fat Mass (kg) 24.4 (20.9-38.9) 23.6 (20.5 -38.6) - 27.6(17.8-33.2) 273 (17.9-32.1) - 0.90
Body Lean Mass (kg) 499+99 50.1+£9.9 - 529+11.6 53.0+11.7 - 0.78
Visceral Fat (g) 867 (309 — 1803) 883 (301 —1922) - 700 (220 — 1844) 706 (232 —1742) - 0.87
Fasting Plasma Biochemistry
Glucose (mmol/L) 5.7(5.3-6.0) 5.5(5.3-5.8) - 55(5.2-59) 54(5.1-5.7) - 0.87
Insulin (mU/L) 4.6 (3.3-9.8) 53(34-11.1) 0.067 52((2.7-8.1) 4.8(2.9-17.0) 0.30 0.046
C-peptide (pmol/L) 564 (463 —780) 686 (580 — 764) - 581 (360 —987) 727 (393 - 975) - 0.66
HOMA-IR 1.14 (0.85-1.94) 1.44 (0.85-2.74) - 1.33(0.68—-2.07)  1.19(0.68 —1.73) - 0.09
NEFA (umol/L) 646 + 172 503 +£291 <0.001 520 +201 515+232 0.90 0.01
30HB (umol/L) 87 (36 - 159) 87 (37-162) - 69 (27 -110) 73 (41 - 122) - 0.26
Triglyceride (mmol/L) 0.78 (0.67 - 1.20) 0.84 (0.59 - 1.45) - 0.84 (0.53-1.64) 0.76 (0.52-1.11) - 0.09
Total Cholesterol (mmol/L) 4.48 +£0.87 4.83 +£0.69 0.018 478+ 1.12 4.33+0.97 0.002 <0.001
HDL-Cholesterol (mmol/L) 1.34+£0.43 1.49 £0.45 0.006 1.40 +0.49 1.39+0.32 0.94 0.038
Non-HDL Cholesterol (mmol/L) 3.15+£0.78 3.34 +£0.69 0.14 3.38+0.98 2.94+0.93 <0.001 <0.001
ApoB (mmol/L) 0.76 £ 0.20 0.81 £0.20 0.16 0.83£0.34 0.75+0.24 0.009 0.006
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Net Carbohydrate Oxidation Rates
Fasting (g/min)* 0.11 +£0.06 0.12 +£0.06 - 0.12+0.07 0.13+0.07 - 0.85
120 min (g/min)* 0.16 £0.06 0.16 £0.08 - 0.16 £ 0.06 0.17£0.07 - 0.86

Net Fat Oxidation Rates

Fasting (g/min)* 0.088 £0.012 0.082 £ 0.025 - 0.088 + 0.026 0.092 £ 0.035 - 0.40

120 min (g/min)* 0.076 £0.012 0.080 + 0.028 - 0.083 + 0.025 0.092 £0.042 - 0.63

Parametric data presented as mean £ SD, non-parametric data presented as median (IQR). Abbreviations: 30HB, 3-hydroxybutyrate; BMI, body mass index; HDL,
high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; NEFA, non-esterified fatty acid; PUFA, polyunsaturated fatty acid; SFA,
saturated fatty acid; between group p-value represents output from 2-way ANCOVA where baseline and post-HFD values were matched by participant, and baseline
values for each parameter were used as a covariate in the analysis of that parameter; if a significant interaction effect was present (between group p<0.05), within group
comparisons were made using a Sidak post-hoc test with significance set at p<0.05. n=14 SFA, n=14 PUFA unless otherwise indicated; “n=13 SFA, n=14 PUFA.
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4.3.6 Fasting Plasma Biochemistry

Compared with baseline, consuming a SFA- or PUFA-enriched HFD led to divergent
effects on fasting plasma biochemistry, with diet*time interaction effects for fasting plasma
insulin (p<0.05), NEFA (p<0.01), total cholesterol (»<0.001), HDL-cholesterol (»<0.05), non-
HDL cholesterol (p<0.001), and apoB (p<0.01; Table 4.4). Consuming a PUFA-enriched HFD
reduced fasting total cholesterol (p<0.01), non-HDL cholesterol (p<0.001), and apolipoprotein
B (p<0.01), while consuming a SFA-enriched HFD increased fasting total cholesterol (»<0.05)
and HDL-cholesterol (p<0.01), reduced fasting NEFA (p<0.001), and showed a trend to
increase fasting plasma insulin (p=0.06; Table 4.4). There was a trend for dietary fat
composition to differentially modulate fasting plasma TG (p=0.09) and HOMA-IR (p=0.09),
and no effect of dietary fat composition on fasting plasma glucose, C-peptide, and 30HB

(Table 4.4).

4.3.7 Net Substrate Oxidation Rates

Indirect calorimetry was measured on each study day at fasting and 120min following
consumption of the mixed test meal and used to calculate net substrate oxidation rates. Net
carbohydrate and fat oxidation rates at fasting and 120min after consuming a SFA- and PUFA-

enriched HFD were similar to baseline (Table 4.4).

4.3.8 Postprandial Plasma Biochemistry

On the postprandial study day before and after consuming a SFA-enriched HFD,
plasma glucose, insulin, TG, NEFA, 30HB, and chylomicron-TG, all changed with time after
consuming the mixed test meal (all p<0.05, effect of time; Fig. 4.12A-F,). There was a trend
for a diet*time interaction effect for postprandial plasma glucose (p=0.09; Fig. 4.12A) and no
diet*time interaction effect for postprandial plasma insulin (Fig. 4.12B). On the baseline study

day, plasma glucose and insulin increased after consuming the test meal, peaked at 60min, and
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returned to fasting levels by ~180-240mins (Fig. 4.12A-B). On the study day after consuming
a SFA-enriched HFD, plasma glucose and insulin increased after consuming the test meal, with
a biphasic excursion peaking at ~30min and ~120min, before returning to fasting levels by
~180-240mins (Fig. 4.12A-B). There was a diet*time interaction effect for postprandial plasma
NEFA (p<0.05; Fig. 4.12D), where, at fasting (»<0.01), 180min (p=0.08), 240min (p<0.05),
and 300min (p<0.01) after consuming the test meal, plasma NEFA concentrations were lower
after consuming a SFA-enriched HFD compared with baseline, and at 90min after consuming
the test meal, plasma NEFA concentrations were greater, after consuming a SFA-enriched HFD
compared with baseline (p<0.05; Fig. 4.12D). Overall, there was a lower postprandial plasma
NEFA excursion after the consuming a SFA-enriched HFD compared with baseline (p<0.01,
effect of diet, Fig. 4.12D). Plasma-TG, 30HB, and chylomicron-TG displayed similar
postprandial excursions following test meal consumption at baseline and after a SFA-enriched
HFD (Fig. 4.12C, E, F).

On the study day before and after consuming a PUFA-enriched HFD, plasma glucose,
insulin, TG, NEFA, 30HB, and chylomicron-TG all changed with time, following a similar
excursion after a PUFA-enriched HFD compared with baseline (all p<0.05, effect of time; Fig.
4.13A-F). Plasma glucose and insulin increased following consumption of the test meal,
peaking at 30-60mins before returning to fasting levels at ~180min (Fig. 4.13A-B). Plasma
NEFA and 30HB decreased after consuming the mixed test meal, with the nadir occurring at
~90min, before increasing for the remainder of the study day (Fig. 4.13D, E). Plasma-TG and
chylomicron-TG increased following consumption of the mixed test meal, peaking at ~240-
300min (Fig. 4.13C, F).

To assess the between-diet effects of a SFA- compared with PUFA-enriched HFD on
time series data, such as postprandial plasma biochemistry, the baseline value was subtracted

from the post-HFD value at each time point for each participant and the change from baseline
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to post-HFD was compared between diets. The change in plasma glucose from baseline to post-
HFD differed between diets (p<0.05 diet*time; Fig. 4.14A), where at 60 min after consuming
the mixed test meal, consumption of a SFA-enriched HFD led to a decreased postprandial
glucose excursion, while consumption of a PUFA-enriched HFD led to an increased
postprandial glucose excursion compared with the respective baselines (Fig. 4.14A). There was
a diet*time interaction effect for the change in plasma TG from baseline to post-HFD (p<0.05
diet*time; Fig. 4.14C); at fasting (p<0.05) and 60min (p=0.06), 90min (p<0.05), and 120min
(p=0.08) after consuming the mixed test meal, consumption of a SFA-enriched HFD led to a
greater postprandial TG excursion while consumption of a PUFA-enriched HFD led to a lower
postprandial TG excursion compared with the respective baselines (Fig. 4.14C). There was no
diet*time interaction effect for the change from baseline to post-HFD in plasma insulin
(p=0.23), NEFA (p=0.21), 30HB (p=0.50), and chylomicron-TG (p=0.19) (Fig. 4.14B, D-F).
For the postprandial NEFA excursion, the change from baseline to post-HFD varied with time

over the postprandial period (p<0.05, effect of time; Fig. 4.14D).
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Figure 4.12. Plasma concentrations of (A) glucose, (B) insulin, (C) triglyceride (TG), (D) non-esterified
fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), and (F) chylomicron-TG following consumption a
standardised mixed test meal before and after consuming a SFA-enriched HFD. Plasma samples were
collected at fasting and every (A-E) 30-60min or (F) 60min from 120min for 6h and analysed by a mixed-
effects model matching each participant pre- to post-HFD. Abbreviations: HFD, high fat diet; SFA, saturated
fatty acid. Data presented as (A, D) mean = SD, (B, C, E, F) geometric mean + 95% confidence interval;
n=14 SFA; n=14 PUFA; empty points (©) with hashed lines indicate baseline study visit, filled points (*)
with solid lines indicate post-SFA-enriched HFD visit. * p<0.05, ** p<0.01 comparing the post-HFD value
to the respective baseline value within group.
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Figure 4.13. Plasma concentrations of (A) glucose, (B) insulin, (C) triglyceride (TG), (D) non-esterified
fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), and (F) chylomicron-TG following consumption a
standardised mixed test meal before and after consuming a PUFA-enriched HFD. Plasma samples were
collected at fasting and every (A-E) 30-60min or (F) 60min from 120min for 6h, and analysed by a mixed-
effects model matching each participant pre- to post-HFD. Abbreviations: HFD, high fat diet; PUFA,
polyunsaturated fatty acid. Data presented as (A, D) mean + SD, (B, C, E, F) geometric mean £+ 95%
confidence interval; n=14 SFA; n=14 PUFA; empty points (o) with hashed lines indicate baseline study
visit, filled points (*) with solid lines indicate post-SFA-enriched HFD visit.
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Figure 4.14. Change from baseline to post-HFD of plasma (A) glucose, (B) insulin, (C) triglyceride
(TG), (D) non-esterified fatty acid (NEFA), (E) 3-hydroxybutyrate (30HB), and (F) chylomicron-TG
following consumption a standardised mixed test meal after following a SFA-enriched (red) or PUFA-
enriched HFD (blue). The change from baseline to post-HFD was calculated for each participant at each
time point, and the change from baseline between diets analysed by a mixed-effects model. Abbreviations:
HFD, high fat diet; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid. Data presented as (A, D)
mean £+ SD or (B, C, E, F) median = IQR; n=14 SFA; n=14 PUFA; § p<0.05 comparing the change from
baseline to post-HFD between groups.
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4.3.9 Fasting Hepatic Glucose Production

To explore if dietary FA composition modulates the relative contribution of hepatic
gluconeogenesis and glycogenolysis to fasting plasma glucose, the proportion of newly
synthesised glucose in fasting plasma glucose was measured before and after consumption of
a SFA- or PUFA-enriched HFD. Dietary FA composition tended to induce divergent effects
on markers of fasting gluconeogenesis with notable inter-person changes. There were trends
for a diet*pre-/post-HFD interaction effect for fractional gluconeogenesis (p=0.07) and
absolute amount of glucose derived from gluconeogenesis (p=0.06) (Fig. 4.15A-B) where
consuming a SFA-enriched HFD may increase, while consuming a PUFA-enriched HFD may
decrease, fractional gluconeogenesis and the amount of glucose derived from gluconeogenesis
compared with baseline (Fig. 4.15A-B). There was no diet*pre-/post-HFD interaction for the
effect of dietary FA composition on the absolute amount of glucose derived from hepatic

glycogenolysis (Fig. 4.15C).
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Figure 4.15. (A) Percent of fasting glucose synthesised from gluconeogenesis, and the concentration of
fasting plasma glucose derived from (B) gluconeogenesis and (C) glycogenolysis before (empty bars)
and after (filled bars) consuming a SFA-enriched HFD (red) or PUFA-enriched HFD (blue). Parameters
were analysed by a 2-way ANCOVA with baseline-values as covariates and matching each participant pre-
to post-HFD as appropriate. Abbreviations: HFD, high fat diet; SFA, saturated fatty acid; PUFA,
polyunsaturated fatty acid. Data presented as (A-C) mean + SD; n=11 SFA; n=9 PUFA.
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4.3.10 Postprandial Insulin Kinetics

Following consumption of the mixed test meal, pre-hepatic ISR increased on each study
day, peaking at ~30-60mins, before returning to fasting levels at ~240min (p<0.001 effect of
time; Fig. 4.16A-B). Compared with the baseline study day, postprandial ISR was greater after
consuming a PUFA-enriched HFD (p<0.05 effect of diet; Fig. 4.16B) and tended to be greater
after consuming a SFA-enriched HFD (p=0.07 effect of diet; Fig. 4.16A). No diet*time
interaction effect was observed for ISR after consuming either HFD compared with the
respective baseline study day (Fig. 4.16A-B). However, the change in ISR from baseline to
post-HFD differed between diets, where consuming a PUFA-enriched HFD induced a greater
increase in ISR compared with consuming a SFA-enriched HFD (p<0.05, diet*time; Fig.
4.16C). On each study day, ICR sharply decreased after consuming the mixed test meal,
reaching a nadir at ~30min, before gradually returning to fasting levels at ~240min (p<0.001
effect of time; Fig. 4.16D-E). Consuming a SFA- or PUFA-enriched HFD increased
postprandial ICR compared with the baseline study visit (both p<0.05 effect of diet; Fig. 4.16D-
E), and there was a trend for a diet*time interaction effect for ICR after consuming a SFA-
enriched HFD (p=0.08, diet*time; Fig. 4.16D) and PUFA-enriched HFD (p=0.06, diet*time;
Fig. 4.16E). The change in ICR from baseline to post-HFD did not differ between diets (p=0.56,
diet*time; Fig. 4.16F), but did vary with time over the postprandial period (»p<0.05 effect of
time; Fig. 4.16F). Hepatic insulin extraction following a similar postprandial profile to ISR
(both p<0.001 effect of time; Fig. 4.16G-H) and was greater after consuming both SFA- and
PUFA-enriched HFD compared with the respective baseline study day (both p<0.05 effect of
diet; Fig. 4.16G-H). However, there was no diet*time interaction effect for hepatic insulin
extraction after consuming either HFD (Fig. 4.16G-H), and the change in insulin extraction
from baseline to post-HFD did not differ between diets (p=0.30 diet*time; Fig. 4.16I). This

data suggests that dietary FA composition induces divergent effects on ISR, with the
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consumption of a PUFA-enriched HFD leading to a greater postprandial ISR compared with

the consumption of a SFA-enriched HFD.
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Figure 4.16. Postprandial plasma insulin kinetics. Following consumption of a standardised mixed test
meal before and after consuming a (A, D, G) SFA- or (B, E, H) PUFA-enriched HFD, plasma insulin and
C-peptide were measured at fasting and every 30-60min for 4h to mathematically model (A-B) pre-hepatic
plasma insulin secretion rate, (D-E) insulin clearance rate, and (G-H) insulin extraction. (C, F, I) The change
from baseline to post-HFD of (C) pre-hepatic plasma insulin secretion rate, (F) insulin clearance rate, and
(I) insulin extraction after consuming a SFA- or PUFA-enriched HFD. Parameters were analysed by a mixed-
effects model matching each participant pre- to post-HFD as appropriate. Abbreviations: HFD, high fat diet;
SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid. Data presented as (A-B, D-E, G-H) geometric
mean + 95% confidence interval; (C, F, I) mean + SD; n=13 SFA; n=13 PUFA; empty points (0) with hashed
lines indicate baseline study visit, filled points (¢) with solid lines indicate post-HFD visit, red indicates SFA-
enriched HFD; blue indicates PUFA-enriched HFD.

4.3.11 Plasma VLDL-TG

Over the course of each study day, VLDL-TG, indicated by the Sf 20-400 fraction,
increased in the PUFA-enriched HFD group (p<0.05 effect of time; Fig. 4.17B) and trended to

increase in the SFA-enriched HFD group (p=0.059 effect of time; Fig. 4.17A), peaking ~240-
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300min after consuming the mixed test meal. The change in plasma VLDL-TG from baseline
to post-HFD tended to vary with time over the postprandial period (p=0.053, effect of time;
Fig. 4.17C). No diet*time interaction effect was observed for the postprandial plasma VLDL-
TG profile within either diet (Fig. 4.17A-B), and the change in VLDL-TG from baseline to
post-HFD did not differ between diets (p=0.75; Fig. 4.17C). Average fasting VLDL-TG
particle size did not change after consuming either SFA- or PUFA-enriched HFD compared
with baseline or between diets (Fig. 4.17D). The change in FA composition of fasting VLDL-
TG was measured as a biomarker of intrahepatic TG FA composition. There was a relative
increase in palmitate (16:0; p<0.01) and stearate (18:0; p<0.05) and decrease in linoleate
(18:2n-6, p<0.01) in VLDL-TG after consuming a SFA-enriched HFD compared with baseline
(Fig. 4.17E). In contrast, there was a relative increase in linoleate (18:2n-6; p<0.01), and
decrease in palmitoleate (16:1n-7; p<0.01), palmitate (16:0; p<0.01), and myristate (14:0;
2<0.05) in fasting VLDL-TG after consuming a PUFA-enriched HFD compared with baseline
(Fig. 4.17E). Compared with a PUFA-enriched HFD, consuming a SFA-enriched HFD,
increased the proportion of palmitoleate (p<0.01), palmitate (»<0.001), and myristate (»<0.05)
in fasting VLDL-TG, while consuming a PUFA-enriched HFD, compared with SFA-enriched
HFD, increased the proportion of linoleate (p<0.001) in fasting VLDL-TG (Fig. 4.17E).
VLDL-TG FA composition was ~40% oleate (18:11-9), ~28% palmitate (16:0), ~14% linoleate
(18:2n-6), ~4% palmitoleate (16:n-7), and ~3% stearate (18:0) after consuming a SFA-enriched
HFD, and was ~40% oleate (18:1n-9), ~22% palmitate (16:0), ~22% linoleate (18:2n-6), ~3%
palmitoleate (16:n-7), and ~2.5% stearate (18:0) after consuming a PUFA-enriched HFD (Fig.

4.17F).

146



Chapter 4: Dietary FA Composition Modulates Human Metabolic Health: An RCT

A 1500 75t Meal - Baseline -e- Post-HFD B 1500?“3%?:: :(()};GBaseline -e- Post-HFD
i Diet p=0.79 i Detp=b.
i Time p=0.059 ; Time p<0.05
{ Time x Diet p=0.16 - ; Time x Diet p=0.40
g d =
° . S 1000+
2 1000 2
Z 2 e
2 N I -~
| =
S =
01— T T T T T 1 01— T T T T T 1
0 60 120 180 240 300 360 0O 60 120 180 240 300 360
C Time (min) D Time (min)
_ - SFA -= PUFA
) 10007 rest 8000 - .
=° Meal R
g 500 ¥ o
z? o 6000- S »
|_|T [P O S rrererss AU utier- N EUURIRN SO S
3 B 4000 |/ 5
z -500 -] SQ- . o1
£ o o
© 1000 Diet p=0.14 2000 |° o
S Time p=0.053 o
o Time x Diet p=0.75 ° I
-1500 1 1 1 1 1 1 1 0 T T
0 60 120 180 240 300 360 SFA PUFA
Time (min)
E F
: SFA PUFA
C18:2 §§§*+ ™
C18:1 R
C18:0 * 3.0%
C16:1 §§
C16:0 *% §§8
C14:0 §
C18:2
C18:1
C18:0
C16:1 *k
C16:0 *k
C14:0 T |
1 1 I 1 1
-8 -4 0 4 8

Pre vs. Post HFD Change in Fasting
VLDL-TG Fatty Acid Composition (mol%)

Figure 4.17. VLDL-TG Profile. (A-B) Postprandial plasma VLDL-TG concentrations following
consumption of a standardised mixed test meal, before and after consuming a (A) SFA- or (B) PUFA-
enriched HFD. (C) The change from baseline to post-HFD of plasma VLDL-TG after consuming a SFA- or
PUFA-enriched HFD. (D) Average VLDL-TG particle size in fasting VLDL. (E) The change from baseline
to post-HFD of fasting VLDL-TG FA composition and (F) fasting VLDL-TG FA composition after
consuming a SFA- (left) or PUFA- (right) enriched HFD. Plasma samples were collected at fasting and every
60min from 2-6h and analysed by a (A-C, E) mixed-effects model or (D) 2-way ANCOVA with baseline
values as covariates, matching each participant pre- to post-HFD as appropriate. Abbreviations: SFA,
saturated fatty acid; PUFA, polyunsaturated fatty acid; VLDL-TG, very low-density lipoprotein triglyceride.
Data presented as (A-B) geometric mean = 95% confidence interval, (C-E) mean £+ SD, (F) mean; n=14
SFA; n=14 PUFA; empty points (0)/bars with hashed lines indicate baseline study visit, filled points (*)/bars
with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD; blue indicates PUFA-enriched

HFD.
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4.3.12 Tracer Incorporation into Plasma-TG

Stable isotope tracer methodologies were used to investigate if changes in hepatic and
systemic lipid metabolism may contribute to the divergence in IHTG accumululation following
consumption of a SFA- compared with PUFA-enriched HFD. Before a study day, participants
consumed D70 to label endogenously synthesised FAs. During the study day, participants were
infused with [2,2-D]palmitate and consumed [U'*C]palmitate to label adipose-tissue derived
and dietary FA, respecitvely. Appearance of labelled FAs into different plasma lipid pools and
expired CO; was quantified to characterise how dietary FA compostion may impact hepatic
FA delivery and secretion, intrahepatic FA synthesis, and whole-body dietary FA oxidation.

Dietary FA composition may influence hepatic delivery of dietary and adipose-tissue
derived FA, therefore, appearance of [U!3C]palmitate in plasma-TG, chylomicron-TG and
plasma NEFA and [2,2-D;]palmitate in plasma-TG and NEFA were measured, and R, NEFA
was calculated. Over the course of each study day, appearance of [U'*C]palmitate and [2,2-
D:]palmitate in plasma-TG increased (all p<0.001 effect of time; Fig. 4.18A-D). While there
was no diet*time interaction for the appearance of [U'*C]palmitate and [2,2-D:]palmitate in
plasma-TG after consuming a SFA- or PUFA-enriched HFD (Fig. 4.18 A-D), there was a trend
for a lower appearance of [2,2-Ds]palmitate in plasma-TG after consuming a PUFA-enriched
HFD (p=0.056 effect of diet; Fig. 4.18D). There was a trend for the change from baseline to
post-HFD in the appearance of [U'3*C]palmitate in plasma-TG to differ between diets (p=0.06
diet*time; Fig. 4.18E) and no diet*time interaction effect for change in appearance of [2,2-

D:]palmitate in plasma-TG from baseline to post-HFD (Fig. 4.18F).
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Figure 4.18. Postprandial incorporation of (A, C) [U3C|palmitate and (B, D) [2,2-D;|palmitate into
plasma-triglyceride (TG) following consumption a standardised mixed test meal containing
[U'3C]palmitate and intravenous [2,2-D;]palmitate infusion before and after consuming a (A-B) SFA- or (C-
D) PUFA-enriched HFD. (E-F) The change from baseline to post-HFD of (E) [U'3*C]palmitate or (F) [2,2-
D;]palmitate in plasma-TG after consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected
at fasting and every 30-60min for 6h and analysed by a mixed-effects model matching each participant pre-
to post-HFD as appropriate. Abbreviations: 16:0, palmitate; HFD, high fat diet; SFA, saturated fatty acid,
PUFA, polyunsaturated fatty acid. Data presented as mean + SD; (A, C, E) n=14 SFA; n=14 PUFA; (B, D,
F)n=13 SFA; n=11 PUFA; empty points (o)/bars with hashed lines indicate baseline study visit, filled points
(¢)/bars with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD; blue indicates PUFA-
enriched HFD.
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4.3.13 Dietary-FA Tracer Incorporation into Chylomicron-TG

[U3C]palmitate appearance in chylomicron-TG increased during the study day in
participants which consumed a PUFA-enriched HFD (p<0.05 effect of time; Fig. 4.19B) and
tended to increase over the course the study day in participants which consumed a SFA-
enriched HFD (p=0.07 effect of time; Fig. 4.19A). There was no diet*time interaction for the
appearance of [U'*C]palmitate in chylomicron-TG after consuming a SFA- or PUFA-enriched
HFD (Fig. 4.19A-B), but there was a trend for the change from baseline to post-HFD of
[UBC]palmitate in chylomicron-TG to differ between diets (p=0.08; Fig. 4.19C).
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Figure 4.19. Postprandial incorporation of [U*C]palmitate into chylomicron-TG following
consumption a standardised mixed test meal containing [U'*C]palmitate before and after consuming a (A)
SFA- or (B) PUFA-enriched HFD. (C) The change from baseline to post-HFD of [U'*C]palmitate in
chylomicron-TG after consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected at fasting
and every 60min from 2-6h and analysed by a mixed-effects model matching each participant pre- to post-
HFD. Abbreviations: 16:0, palmitate; chylo, chylomicron; HFD, high fat diet; SFA, saturated fatty acid;
PUFA, polyunsaturated fatty acid; TG, triglyceride. Data presented as (A-B) geometric mean + 95%
confidence interval; (C) mean = SD; n=14 SFA; n=14 PUFA; empty points (0) with hashed lines indicate
baseline study visit, filled points (¢) with solid lines indicate post-HFD visit, red indicates SFA-enriched
HFD; blue indicates PUFA-enriched HFD.
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4.3.14 Dietary-FA Tracer Incorporation into Plasma NEFA

The appearance of [U3C]palmitate in plasma NEFA increased over the course of each
study day (p<0.0001 effect of time; Fig. 4.20A-B). In participants who consumed a SFA-
enriched HFD, there was a diet*time interaction effect for the appearance of [U'3C]palmitate
in plasma NEFA (p<0.05; Fig. 4.20A), where compared with baseline, consuming a SFA-
enriched HFD led to a greater appearance of *C in plasma NEFA at 60min (p=0.07), 90min
(p<0.01), and 120min (p=0.05), and lower appearance of '3C in plasma NEFA at 240min
(»=0.08) and 300min (p<0.05) after consuming the mixed test meal (Fig. 4.20A). There was
no diet*time interaction effect for the appearance of [U!*C]palmitate in plasma NEFA after
consuming a PUFA-enriched HFD (Fig. 4.20B). Time-averaged AUC for '3C appearance in
plasma-NEFA did not change from baseline to post-HFD or between diets (Fig. 4.20C). The
change from baseline to post-HFD of [U!3C]palmitate in plasma NEFA differed between diets
(»<0.05 diet*time interaction; Fig. 4.20D). At 60min (p=0.05) and 90min (p<0.05) after
consuming the mixed test meal, a SFA-, compared with PUFA-enriched HFD, led to a greater
appearance of [U!*C]palmitate in plasma NEFA (Fig. 4.20D). At 300min post-test meal, a
SFA-enriched HFD tended to decrease and a PUFA-enriched tended to increase
[UBC]palmitate appearance in plasma NEFA compared with the respective baseline (p=0.06;

Fig. 4.20D).
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Figure 4.20. Postprandial appearance of [U*C]palmitate in plasma NEFA following consumption a
standardised mixed test meal containing [U'*C]palmitate before and after consuming a (A) SFA- or (B)
PUFA-enriched HFD. (C) Time-averaged AUC of [U*C]palmitate in plasma NEFA. (D) Change from
baseline to post-HFD of [U'*C]palmitate in plasma NEFA after consuming a SFA- or PUFA-enriched HFD.
Plasma samples were collected at every 30-60min for 6h and analysed by a mixed-effects model matching
each participant pre- to post-HFD. Abbreviations: 16:0, palmitate; HFD, high fat diet; NEFA, non-esterified
fatty acid; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid. Data presented as mean + SD, n=14
SFA; n=14 PUFA; empty points (0)/bars with hashed lines indicate baseline study visit, filled points (*)/bars
with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD; blue indicates PUFA-enriched
HFD; * p<0.05, ** p<0.01 comparing the post-HFD value to the respective baseline within group; § p<0.05
comparing the change from baseline to post-HFD between groups.

4.3.15 Ry NEFA & Incorporation of Adipose-Tissue Derived FA Tracer into Plasma NEFA

Over the course of each study day, R. NEFA, a marker of adipose-tissue lipolysis,
varied with time and followed the postprandial plasma NEFA profile (both p<0.0001 effect of
time; Fig. 4.21A-B). There was no diet*time interaction effect for R, NEFA after consuming a
SFA- or PUFA-enriched HFD compared with the respective baseline study day (Fig. 4.21A-
B). However, consuming a SFA-enriched HFD reduced postprandial R, NEFA (p<0.05 effect

of diet; Fig. 4.21A), and consuming a PUFA-enriched HFD tended to reduce postprandial Ra
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NEFA (p=0.08 effect of diet; Fig. 4.21B) compared with each respective baseline. As the

change within either diet from baseline to post-HFD was similar, there was no difference in Ra

NEFA between diets (Fig. 4.21C).
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Figure 4.21. Postprandial R, NEFA following consumption a standardised mixed test meal and
intravenous [2,2-D;]palmitate infusion before and after consuming a (A) SFA- or (B) PUFA-enriched HFD.
(C) Change from baseline to post-HFD of R, NEFA after consuming a SFA- or PUFA-enriched HFD. Plasma
samples were collected every 30-60min for 6h and analysed by a mixed-effects model matching each
participant pre- to post-HFD. Abbreviations: 16:0, palmitate; HFD, high fat diet; NEFA, non-esterified fatty
acid; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; R,, rate of appearance. Data presented as
mean = SD, n=13 SFA; n=11 PUFA; empty points (©) with hashed lines indicate baseline study visit, filled
points (*) with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD; blue indicates PUFA-

enriched HFD.

The appearance of [2,2-D>]palmitate in the plasma NEFA pool, a marker of adipose-
tissue derived FA, also followed the postprandial plasma NEFA profile (both p<0.0001 effect
of time; Fig. 4.22A-B). There was no diet*time interaction effect for [2,2-D>]palmitate in
plasma NEFA after consuming a SFA- or PUFA-enriched HFD compared with the baseline

study day (Fig. 4.22A-B), and the change of [2,2-D;]palmitate in plasma NEFA from baseline
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to post-HFD did not differ between diets (p=0.15; Fig. 4.22C). Despite the trend for consuming
a PUFA-enriched HFD to reduce adipose tissue lipolysis, consuming a PUFA-enriched HFD
increased the appearance of [2,2-D;]palmitate in plasma NEFA compared with baseline
(p<0.05 effect of diet; Fig. 4.22B). Further, consuming a PUFA-enriched, compared with SFA-
enriched HFD, increased the appearance of [2,2-D>[palmitate in plasma NEFA (p<0.05 effect

of diet; Fig. 4.22C).
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Figure 4.22. Postprandial appearance of [2,2-D;]palmitate in plasma NEFA following consumption a
standardised mixed test meal and intravenous [2,2-D]palmitate infusion before and after consuming a (A)
SFA- or (B) PUFA-enriched HFD. (C) The change from baseline to post-HFD of [2,2-D;]palmitate in plasma
NEFA after consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected every 30-60min for
6h and analysed by a mixed-effects model matching each participant pre- to post-HFD. Abbreviations: 16:0,
palmitate; HFD, high fat diet; NEFA, non-esterified fatty acid; SFA, saturated fatty acid; PUFA,
polyunsaturated fatty acid. Data presented as mean + SD, n=13 SFA; n=11 PUFA; empty points (o) with
hashed lines indicate baseline study visit, filled points () with solid lines indicate post-HFD visit, red
indicates SFA-enriched HFD; blue indicates PUFA-enriched HFD.
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4.3.16 Appearance of Dietary & Adipose-Tissue Derived FA Tracer into VLDL-TG

Appearance of [U3C]palmitate and [2,2-D]palmitate in VLDL-TG was measured
before and after consuming a SFA- or PUFA-enriched HFD to determined if differences in
intrahepatic partitioning of dietary and adipose tissue-derived FA into VLDL-TG secretion
pathways may contribute to the divergent effects of dietary FA composition on IHTG
accumulation. Appearance of [U'*C]palmitate in VLDL-TG increased over the course of each
study day (p<0.0001 effect of time; Fig. 4.23A-B), was not different after consuming a SFA-
or PUFA-enriched HFD compared with baseline (Fig. 4.23A-B), and did not differ between

diets (Fig. 4.23C).
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Figure 4.23. Postprandial incorporation of [U*C]palmitate into VLDL-TG following consumption a
standardised mixed test meal containing [U'*C]palmitate before and after consuming a (A) SFA- or (B)
PUFA-enriched HFD. (C) The change from baseline to post-HFD of [U'*C]palmitate in VLDL-TG after
consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected at fasting and every 60min from
2-6h and analysed by a mixed-effects model matching each participant pre- to post-HFD. Abbreviations:
16:0, palmitate; HFD, high fat diet; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; VLDL-TG,
very low-density lipoprotein triglyceride. Data presented as (A-B) geometric mean + 95% confidence
interval, (C) mean = SD; n=14 SFA; n=14 PUFA; empty points (0)/bars with hashed lines indicate baseline
study visit, filled points (¢)/bars with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD;
blue indicates PUFA-enriched HFD.
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[2,2-D:]palmitate appearance in VLDL-TG increased over the course of each study
day (p<0.0001 effect of time; Fig. 4.24A-B), following a similar postprandial profile after
consuming a SFA- or PUFA-enriched HFD compared with baseline (Fig. 4.24A-B). There was
no difference in the change from baseline to post-HFD of [2,2-D;]palmitate appearance in
VLDL-TG between diets (p=0.37 diet*time; Fig. 4.24C), but there was a trend for the change
of [2,2-Dz]palmitate in VLDL-TG to vary over time during the study day (p=0.055 effect of
time; Fig. 4.24C). These data suggest that, compared with baseline, consuming a SFA- or
PUFA-enriched HFD may not differentially impact the appearance of dietary and adipose-

tissue derived FA into VLDL-TG.
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Figure 4.24. Postprandial appearance of [2,2-D;]palmitate in plasma VLDL-TG following consumption
a standardised mixed test meal and intravenous [2,2-D»]palmitate infusion before and after consuming a (A)
SFA- or (B) PUFA-enriched HFD. (C) The change from baseline to post-HFD of [2,2-D;]palmitate in
VLDL-TG after consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected at fasting and
every 60min from 2-6h and analysed by a mixed-effects model matching each participant pre- to post-HFD.
Abbreviations: 16:0, palmitate; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; VLDL-TG,
very low-density lipoprotein triglyceride. Data presented as (A-B) geometric mean + 95% confidence
interval, (C) mean = SD; n=13 SFA; n=11 PUFA; empty points (0)/bars with hashed lines indicate baseline
study visit, filled points (¢)/bars with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD;
blue indicates PUFA-enriched HFD.

156



Chapter 4: Dietary FA Composition Modulates Human Metabolic Health: An RCT

4.3.17 Secretion of Endogenously Synthesised Palmitate in VLDL-TG

Increased flux through hepatic DNL may contribute to increased IHTG accumulation
(60), therefore, appearance of newly synthesised palmitate in fasting and postprandial VLDL-
TG was measured before and after consuming a SFA- or PUFA-enriched HFD. Although
consuming a HFD increased the percent of newly synthesised palmitate in fasting VLDL-TG
compared with baseline (p<0.05 effect of pre- to post-HFD; Fig. 4.25A), dietary FA
composition did not have a divergent effect on this pathway (p=0.56 diet*pre-/post-HFD; Fig.
4.25A). Appearance of newly synthesised palmitate in VLDL-TG varied throughout
postprandial period in participants which consumed a SFA-enriched HFD (p<0.05 effect of
time; Fig. 4.25B), but not in participants which consumed a PUFA-enriched HFD (p=0.13
effect of time; Fig. 4.25C). No differences in the percent of newly synthesised palmitate in
VLDL-TG were found after consuming a SFA- or PUFA-enriched HFD compared with
baseline (Fig. 4.25B-C); further, the change from baseline to post-HFD of newly synthesised
palmitate in VLDL-TG was similar between diets (Fig. 4.25D). This suggests the divergent
effects of consuming a SFA- compared with PUFA-enriched HFD on IHTG accumulation may

not be mediated through differential effects on hepatic DNL (Fig. 4.11B).
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Figure 4.25. Appearance of newly synthesised palmitate in (A) fasting and (B-D) postprandial VLDL-
TG following consumption of DO and a standardised mixed test before and after consuming a (B) SFA- or
(C) PUFA-enriched HFD. (D) The change from baseline to post-HFD of newly synthesised palmitate in
VLDL-TG after consuming a SFA- or PUFA-enriched HFD. Plasma samples were collected at fasting and
every 60min from 2-6h and analysed by a mixed-effects model matching each participant pre- to post-HFD.
Abbreviations: SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; VLDL-TG, very low-density
lipoprotein triglyceride. Data presented as (A) median + IQR, (B-C) geometric mean + 95% confidence
interval, (D) mean + SD; n=14 SFA; n=13 PUFA; empty points (0)/bars with hashed lines indicate baseline
study visit, filled points (¢)/bars with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD;
blue indicates PUFA-enriched HFD.

4.3.18 Whole-body FA Oxidation

Appearance of 1*C (from the labelled dietary—FA) into expired CO, was measured to
determine if differences in whole-body FA oxidation may explain the difference in IHTG
accumulation after consuming a SFA- compared with PUFA-enriched HFD. Over the course
of each study day, '*C appearance in expired CO> increased after consuming the test meal
containing [U*CJpalmitate (p<0.001 effect of time; Fig. 4.26A-B). Compared with the
respective baseline study day, !’C appearance in expired CO: tended to be lower after
consuming a SFA-enriched HFD (p=0.07 diet*time; Fig. 4.26A), and unchanged after

consuming a PUFA-enriched HFD (p=0.34 diet*time; Fig. 4.26B). There were no differences
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in the percent of *C recovered as expired *CO, following consumption of a mixed meal
containing [U'3C]palmitate (Fig. 4.26C). However, between diets, the change from baseline to
post-HFD of *C in expired CO» differed (p<0.001 diet*time interaction; Fig. 4.26D); at
300min (p=0.07) and 360min (p<0.05) following the test meal, consuming a PUFA-enriched
HFD increased '3C in expired CO, whereas consuming a SFA-enriched HFD decreased '°C in
expired CO; compared with the respective baseline (Fig. 4.26D). Taken together, these data
suggest that consuming a PUFA-enriched, compared with SFA-enriched HFD, may increase
FA disposal by increasing whole-body postprandial FA oxidation, and this increase in FA

oxidation may explain the observed reduction in IHTG content after consuming a PUFA-

enriched HFD.
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Figure 4.26. Markers of whole-body postprandial fatty acid oxidation in expired CO; following
consumption of a standardised mixed test meal containing [U'*C]palmitate before and after consuming a (A)
SFA- or (B) PUFA-enriched HFD. (C) The percent recovery of *C in expired CO; at the end of the 6-h
postprandial period. (D) The change from baseline to post-HFD of '*C in expired CO, after consuming a
SFA- or PUFA-enriched HFD. Breath samples were collected every 30-60min from fasting for 6h and
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analysed by a mixed-effects model with a Sidak post-hoc test, matching each participant pre- to post-HFD.
Abbreviations: HFD, high fat diet; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid. Data
presented as mean + SD; n=14 SFA; n=14 PUFA; empty points (0)/bars with hashed lines indicate baseline
study visit, filled points (¢)/bars with solid lines indicate post-HFD visit, red indicates SFA-enriched HFD,;
blue indicates PUFA-enriched HFD. § indicates p<0.05 comparing the change from baseline to post-HFD
between groups.

4.3.19 Sex Differences in Postprandial Metabolism

Pramfalk et al. (307) previously reported a sexual dimorphism in postprandial lipid
metabolism. Therefore, I wanted to explore if the change from baseline to post-HFD in fasting
and postprandial metabolism in males, compared with females, differed after consuming a
SFA- or PUFA-enriched HFD. In line with previous studies (307), males, compared with
females, had higher IHTG content, HOMA-IR, fasting plasma TG, total-cholesterol, and non-
HDL cholesterol, visceral fat, and lean mass at baseline. Each group was split by sex, with
baseline and post-HFD anthropometric, body composition, and fasting plasma biochemistry
listed in Table 4.5 and Table 4.6 for the groups which consumed a SFA- or PUFA-enriched
HFD, respectively.

Seven males aged 52+5 years with a BMI of 29.0+4.3 kg/m? and seven females aged
5446 years with a BMI of 26.94+4.5 kg/m? consumed a SFA-enriched HFD (Table 4.5). At
baseline, males had higher lean mass (p<0.001), visceral fat (p<0.01), fasting plasma insulin
(p<0.05), and a trend towards increased HOMA-IR (p=0.056; Table 4.5) compared with
females. Otherwise, there were no baseline differences in age, BMI, fat mass, liver fat, fasting
plasma glucose, NEFA, TG, total-, HDL- and non-HDL cholesterol, and apoB between males
and females randomised to consume a SFA-enriched HFD (Table 4.5). Consuming a SFA-
enriched HFD reduced fasting plasma NEFA in both males and females compared with
baseline (p<0.05; Table 4.5). In males, consuming a SFA-enriched HFD, compared with
baseline, increased liver fat, fasting plasma total-cholesterol and HDL-cholesterol (all p<0.05;
Table 4.5), and tended to increase fasting plasma non-HDL cholesterol (p=0.07), apoB

(»p=0.05), and insulin (p=0.09; Table 4.5). In females, there was a trend for consuming a SFA-
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enriched HFD to increase fasting plasma total-cholesterol (p=0.07), HDL-cholesterol (p=0.08),
and decrease visceral fat (p=0.09) compared with baseline (Table 4.5)

Seven males aged 51410 years with a BMI of 28.4+3.5 kg/m? and seven females aged
56+4 years with a BMI of 25.2+5.2 kg/m? consumed a PUFA-enriched HFD (Table 4.6). At
baseline, males, compared with females, had higher lean mass (p<0.001) and visceral fat
(»<0.05; Table 4.5). Otherwise, there were no baseline differences in age, BMI, fat mass, liver
fat, HOMA-IR, fasting plasma glucose, insulin, NEFA, TG, total-, HDL-, and non-HDL
cholesterol, and apoB between males and females randomised to consume a PUFA-enriched
HFD (Table 4.6). In males, consuming a PUFA-enriched HFD, compared with baseline,
reduced HOMA-IR, fasting plasma insulin, total- and non-HDL cholesterol, and apoB100 (all
p<0.05; Table 4.6). Consuming a PUFA-enriched HFD did not change body composition or

fasting plasma biochemistry in females compared with baseline (Table 4.6).
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Table 4.5 Anthropometry, Body Composition, & Fasting Plasma Biochemistry in Males and Females at Baseline and After Consuming an Isocaloric SFA-

Enriched HFD
Males Females
Comparison
Within Sex Within Sex Males to
Baseline Post-HFD Preb‘;;lf ost Baseline Post-HFD PreHv;lI)’ ost | F ;Z;‘Zl;’s, :t
(p-value) (p-value) (p-value)
Number 7 - - 7 - - -
Age (years) 52«5 - - 54+6 - - 0.50
BMI (kg/m?) 29.0+4.3 29.1+4.1 0.64 26.9+4.5 26.9+4.6 0.83 0.43
Body Fat Mass (kg) 30.5+12.2 30.3+12.0 0.46 28.7+£9.8 28.2+10.0 0.11 0.77
Body Lean Mass (kg) 58.2+6.7 582=+7.1 0.89 41.7+3.0 419+2.7 0.32 <0.001
Liver Fat (%) 6.8 (2.8—-8.2) 6.4(3.2-9.8) 0.046 2.2(1.5-4.2) 2.8(2.0-4.7) 0.16 0.12
Visceral Fat (g) 1927 £ 1082 1931 + 1054 0.89 502 + 381 468 + 346 0.09 0.006
HOMA-IR 23+1.6 2.8+2.1 0.15 1.0+0.3 1.0+0.3 0.51 0.056
Fasting Plasma Biochemistry
Glucose (mmol/L) 56=+09 5.8+0.6 0.61 56=x0.5 55+05 0.24 0.90
Insulin (mU/L) 8.7+4.9 10.5+£6.5 0.09 40+1.3 42+1.2 0.38 0.02
NEFA (umol/L) 592 +£ 160 416 +£239 0.03 699 + 178 590+ 173 0.04 0.26
Triglyceride (mmol/L) 1.14 £0.62 1.28 £0.59 0.31 0.71 £0.35 0.65+0.31 0.22 0.14
Total Cholesterol (mmol/L) 45+1.1 49+0.9 0.04 45+0.7 47+0.5 0.07 0.90
HDL-Cholesterol (mmol/L) 1.2+0.5 1.3+£0.5 0.02 1.5£03 1.7£0.3 0.08 0.10
Non-HDL Cholesterol (mmol/L) 34+0.8 3.7+£0.7 0.07 29+£0.7 3.0+ 0.6 0.40 0.31
Apolipoprotein B (mmol/L) 0.69 +0.39 0.77+0.40 0.05 0.72+0.15 0.71+0.14 0.92 0.87

Parametric data presented as mean + SD, non-parametric data presented as median (IQR). Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; HFD, high
fat diet; HOMA-IR, homeostatic model assessment of insulin resistance; NEFA, non-esterified fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid,;
comparison of males to females at baseline p-value represents output from unpaired student’s t-test if data parametric or from Mann-Whitney test if data non-parametric; within
group comparisons were made using a paired student’s t-test with significance set at p<0.05. n=7 males, n=7 females.
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Table 4.6. Anthropometry, Body Composition, & Fasting Plasma Biochemistry in Males and Females at Baseline and After Consuming an Isocaloric PUFA-

Enriched HFD
Males Females
Comparison
Within Sex Within Sex Males to
Baseline Post-HFD Preb‘;;lf ost Baseline Post-HFD PreHv;lI)’ ost | F ;Z;‘Zl;’s, :t
(p-value) (p-value) (p-value)
Number 7 - - 7 - - -
Age (years) 51+10 - - 56+4 - - 0.28
BMI (kg/m?) 28.4+3.5 28.3+3.6 0.51 252+52 25.1+5.0 0.65 0.20
Body Fat Mass (kg) 272+83 26.6 + 8.4 0.10 243 +8.9 242+2.2 0.36 0.55
Body Lean Mass (kg) 63.1£6.6 63.3+£6.3 0.33 42.8+2.5 42.7+2.7 0.67 <0.001
Liver Fat (%) 5.02.2-17.5) 45(125-8.8) 0.16 2.5(1.4-44) 23(14-4.1) 0.99 0.17
Visceral Fat (g) 1743 £ 1250 1681 + 1205 0.43 430 + 403 466 =437 0.29 0.02
HOMA-IR 1.8+14 14+1.3 0.02 1.2+0.7 14+0.8 0.27 0.35
Fasting Plasma Biochemistry
Glucose (mmol/L) 55+0.6 54+0.3 0.39 55+04 56+0.7 0.70 0.95
Insulin (mU/L) 74+59 58+5.6 0.02 49+2.7 55+£25 0.48 0.33
NEFA (umol/L) 466 + 223 416 £ 197 0.13 574 £ 176 613 £234 0.30 0.34
Triglyceride (mmol/L) 1.39 £0.99 1.04 +£0.91 0.12 0.89 + 0.60 0.80+0.38 0.41 0.28
Total Cholesterol (mmol/L) 51+13 44+£1.0 0.045 45+£0.7 43+1.0 0.22 0.34
HDL-Cholesterol (mmol/L) 1.3+04 1.3+0.3 0.80 1.5+0.5 1.5+0.3 0.99 0.66
Non-HDL Cholesterol (mmol/L) 3.7+ 1.1 3.1+1.0 0.02 3.1+0.7 28+1.0 0.21 0.22
Apolipoprotein B (mmol/L) 0.96 £0.35 0.80+0.28 0.05 0.71+£0.19 0.69+£0.18 0.70 0.12

Parametric data presented as mean + SD, non-parametric data presented as median (IQR). Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; HFD, high
fat diet; HOMA-IR, homeostatic model assessment of insulin resistance; NEFA, non-esterified fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid,;
comparison of males to females at baseline p-value represents output from unpaired student’s t-test if data parametric or from Mann-Whitney test if data non-parametric; within
group comparisons were made using a paired student’s t-test with significance set at p<0.05. n=7 males, n=7 females.
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As a sexual dimorphism in the partitioning of dietary SFA, compared with dietary
PUFA, into oxidation pathways was observed in Chapter 3, I compared if the change from
baseline to post-HFD of '*C appearance into expired CO> differed between males and females
after consuming a SFA- or PUFA-enriched HFD. After consuming a SFA-enriched HFD, the
change from baseline to post-HFD of *C in expired CO, differed between sexes (p<0.0001
diet*time; Fig. 4.27A). At 300min (p<0.05) and 360min (p<0.01) after consuming the test
meal, compared with their baseline study visit, there was a decreased appearance of 3C in
expired CO:z in females, but a minimal change in males (Fig. 4.27A). After consuming a PUFA-
enriched HFD, the change from baseline to post-HFD of '*C in expired CO, tended to differ
between sexes (p=0.055 diet*time; Fig. 4.27B), when compared with the respective baseline
study day, females had an increased appearance of 1*C in expired CO> and males had a minimal
change from baseline (Fig. 4.27B). These data suggest the observed changes in whole-body
dietary FA oxidation after consuming a SFA- or PUFA-enriched HFD are primarily driven by

changes in females.
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Figure 4.27. Change from baseline to post-HFD of '3C appearance in expired CO; in males and females
after consuming a (A) SFA-enriched or (B) PUFA-enriched HFD. Breath samples were collected every 30-
60min from fasting for 6h and analysed by a mixed-effects model with a Sidak post-hoc test, matching each
participant pre- to post-HFD. Abbreviations: HFD, high fat diet; SFA, saturated fatty acid; PUFA,
polyunsaturated fatty acid. Data presented as mean + SEM; n=7 males-SFA; n=7 females-SFA, n=7 males-
PUFA, n=7 females-PUFA; empty squares ([J) indicate females, filled points (¢) indicate males, red
indicates SFA-enriched HFD; blue indicates PUFA-enriched HFD; * p<0.05, ** p<0.01 indicate
comparisons between sexes.
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The change from baseline to post-HFD of postprandial plasma biochemistry and
incorporation of [U'*C]palmitate, [2,2-D:]palmitate, and newly synthesised palmitate into
plasma lipid pools after consuming a SFA- or PUFA-enriched HFD in males and females is
shown in Appendix 2. In brief, there were no differences in postprandial plasma biochemistry
and tracer incorporation into plasma lipid pools between males and females after consuming a
PUFA-enriched HFD (Fig. S2.2, S2.4). However, consuming a SFA-enriched HFD led to
greater postprandial plasma-TG, chylomicron-TG, and VLDL-TG excursions in males
compared with females (Fig. S2.1). This may explain the greater appearance of
[U3C]palmitate in plasma-TG, chylomicron-TG, and VLDL-TG and [2,2-D;]palmitate in
plasma-TG and VLDL-TG in males compared with females after consuming a SFA-enriched
HFD (Fig. S2.3). In contrast, females, compared with males, had a greater reduction in plasma
NEFA in the later postprandial period (240-300min) after consuming a SFA-enriched HFD,
which may explain the lower appearance of [U3C]palmitate in plasma NEFA in females
compared with males (Fig. S2.3). There were no differences between males and females in the
change from baseline to post-HFD of newly synthesised palmitate in VLDL-TG after either
HFD (Fig. S2.5). These findings support there may be sexual dimorphism in postprandial lipid
metabolism, where consuming a SFA-, but not PUFA-enriched HFD, may lead to divergent

postprandial responses in lipid metabolism between males and females.

4.3.20 Cardiac Metabolism & Function

Cardiac metabolism and function were assessed before and after consuming a SFA- or
PUFA-enriched HFD to investigate if dietary FA composition directly impacts the heart. As
the present study was not powered to investigate between group differences in cardiac
parameters, only within group comparisons from baseline to post-HFD were made. Compared

with baseline, consuming a PUFA-enriched HFD increased myocardial PCr/ATP (p<0.05),
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while consuming a SFA-enriched HFD did not change myocardial PCt/ATP (Fig. 4.28). This
suggests dietary FA composition may induce divergent effects on in vivo human cardiac

energetics independent of changes in body weight.
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Figure 4.28. Myocardial phosphocreatine (PCr) to adenosine triphosphate (ATP) ratio before and after
consuming a (red) SFA-enriched or (blue) PUFA-enriched HFD. Within group analysis performed by a
paired t-test matching each participant pre- to post-HFD. Abbreviations: SFA, saturated fatty acid; PUFA,
polyunsaturated fatty acid. Data presented as mean + SD; n=11 SFA; n=13 PUFA; empty points/bars indicate
baseline scan, filled points/bars indicate post-HFD scan; * indicates p<0.05 comparing change from baseline
to post-HFD within group.

At baseline, the group randomised to consume a SFA-enriched, compared with PUFA-
enriched HFD, had an increased deceleration slope (p<0.05; Table 4.7). Otherwise, there were
no differences in baseline LV geometry, systolic or diastolic function, RV geometry and

function, left atrial geometry and function, and myocardial TG content between groups (Table

4.7).
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Table 4.7. Baseline Cardiac Structure and Function.

SFA-Enriched Diet PUFA-Enriched Diet  p-value
LV Geometry
End Diastolic Volume (mL) 153 (124 -173) 153 (135 - 188) 0.52
End Systolic Volume (mL) 54+£18 63 £22 0.26
Stroke Volume (mL) 98 (81 —-111) 94 (84 - 113) 0.98
Myocardial Mass (g) 94 +£25 104 +31 0.36
Myocardial Mass Index (g/m?) 49+10 52+10 0.39
Mass-to-Volume ratio (g/mL) 0.63 £0.13 0.63 £0.10 0.99
LV Systolic Function
Ejection Fraction (%) 64 +7 63+£5 0.53
Heart Rate (beats/min)* 60 =10 59+13 0.96
Cardiac Output (L/min)*? 5.86 £1.26 6.14+£1.34 0.59
Cardiac Output Index (L/min/m?)? 2.95+0.61 3.06 £0.47 0.61
Global Longitudinal Strain (%) " -19.2+£25 -18.7+1.6 0.54
Global Radial Strain (%)* 349+72 32.8+4.6 0.39
LV Diastolic Function
Mitral E/A% 1.36 £0.36 1.32+041 0.94
Deceleration Time (ms)* 216 (189 —302) 232 (216 —351) 0.38
Deceleration Slope (m/s*)$ 3.25+0.94 2.45+0.68 0.041
Mitral E/e’ $ 7.50 +1.86 7.11+£2.51 0.67
Peak Diastolic Filling Rate (mL/s) 2.97+0.77 2.92+£0.90 0.90
RV Geometry & Function
End Diastolic Volume (mL) 151 £33 174 £ 63 0.24
End Systolic Volume (mL) 57+£21 68 £30 0.27
Stroke Volume (mL) 95 (79 -107) 96 (84 —112) 0.65
Ejection Fraction (%) 66 (58 =70) 64 (59 — 66) 0.55
Cardiac Output (L/min) 554+£1.13 5.96 £1.63 0.46
Cardiac Output Index (L/min/m?) 2.90 £ 0.63 3.08£0.47 0.42
LA Geometry & Function
Minimum Volume Index (mL/m?) 13.4 (10.2 -18.3) 11.2(7.5-17.7) 0.50
Maximum Volume Index (mL/m?) 39.8 (33.0-46.1) 37.7 (23.8 —45.6) 0.58
Ejection fraction (%) 65+7 66+ 9 0.84
Metabolic Parameters
Myocardial TG Content (%) * 1.5+04 1.2+0.3 0.55

Parametric data presented as mean + SD, non-parametric data presented as median (IQR). Abbreviations: E/A,
early to late ventricular filling velocity; E/e’, peak early inflow velocity to peak early annular tissue diastolic
velocity; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; p-value represents output from student’s
unpaired t-test if data parametric or Mann-Whitney test if data non-parametric comparing respective values at
baseline between groups. n=13 SFA, n=14 unless otherwise indicated. *n=13 SFA, n=13 PUFA; “n=12 SFA, n=13
PUFA; *n=10 SFA, n=11 PUFA; ®n=12 SFA, n=10 PUFA
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Compared with baseline, consuming a SFA-enriched HFD led to detrimental
subclinical changes in LV systolic and diastolic function, independent of changes in body
weight, as shown by increased deceleration time (p<0.05), and decreased global longitudinal
strain (p<0.01), global radial strain (p<0.01), and deceleration slope (p<0.01; Table 4.7). In
contrast, consuming a PUFA-enriched HFD, compared with baseline, reduced heart rate
(»<0.05), LV CO (p<0.05), and tended to reduce RV and left atrial EF (both p=0.09; Table
4.7). Otherwise, consuming a SFA- or PUFA-enriched HFD for up to 24 days did not change
LV geometry, RV and left atrial geometry and function, and myocardial TG content in

participants free-from diagnosed CMD (Table 4.7).
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Table 4.8. Effects of Dietary Fat Composition on Cardiac Structure and Function

SFA-Enriched Diet

PUFA-Enriched Diet

Baseline Post-HFD p-value Baseline Post-HFD p-value
LV Geometry
End Diastolic Volume (mL) 153 (124 -173) 153 (126 - 171) 0.77 153 (135-188) 154 (129 -177) 0.50
End Systolic Volume (mL) 56 (41 - 65) 54 (46 - 67) 0.64 58 (50 -175) 58 (44 - 69) 0.95
Stroke Volume (mL) 98 (81 —111) 89 (81-114) 0.84 94 (84 - 113) 100 (84 —112) 0.90
Myocardial Mass (g) 94 +7 96 +7 0.34 104 £8 107 £8 0.37
Myocardial Mass Index (g/m?) 49+3 50+3 0.32 52+3 54+3 0.13
Mass-to-Volume ratio (g/mL) 0.62 (0.53-0.71) 0.61 (0.57 - 0.69) 0.69 0.61 (0.54 -0.70) 0.64 (0.60—0.71) 0.32
LV Systolic Function
Ejection Fraction (%) 64+2 63+2 0.62 63+ 1 63+1 0.67
Heart Rate (beats/min)*® 60+3 58+2 0.49 59+4 54+3 0.04
Cardiac Output (L/min)*? 5.86 £0.35 5.54+0.46 0.42 6.14 £0.37 5.56£0.31 0.04
Cardiac Output Index (L/min/m?)* 2.95+0.17 2.85+£0.20 0.52 3.06+0.14 2.83+£0.11 0.12
Global Longitudinal Strain (%) " -19.2+0.7 -18.2+0.7 0.004 -18.7+0.4 -18.5+0.5 0.65
Global Radial Strain (%)* 349+2.1 31.3+£1.9 0.005 32.8+1.3 320+14 0.58
LV Diastolic Function
Mitral E/A$ 1.36£0.11 1.35+0.09 0.96 1.32+0.12 1.42 +£0.09 0.59
Deceleration Time (ms) * 216 (189 -302) 260 (237 -318) 0.01 232 (216 —351) 215 (172 -291) 0.12
Deceleration Slope (m/s*)$ 3.25+£0.31 2.42 +£0.23 0.001 2.45+0.21 2.89+0.18 0.06
Mitral E/e” $ 7.26 (6.08 —9.10) 7.06 (6.10 — 8.07) 0.43 6.77 (4.53 -9.57) 6.25(5.23-9.44) 0.73
Peak Diastolic Filling Rate (mL/s) 297+0.21 291+0.21 0.81 2.92+0.24 2.85+0.19 0.81
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RV Geometry & Function

End Diastolic Volume (mL) 146 (126 — 183) 151 (127 - 175) 0.83 156 (128 —204) 159 (140 — 190) 0.85
End Systolic Volume (mL) 50 (43 - 80) 57 (46 - 63) 0.50 61 (44 — 88) 61 (54 -80) 0.76
Stroke Volume (mL) 95 (79 -107) 88 (78 —112) 0.89 96 (84 —112) 101 (84 -114) 0.76
Ejection Fraction (%) 66 (58 —=70) 62 (59 - 65) 0.41 64 (59 - 66) 60 (57 — 66) 0.09
Cardiac Output (L/min) 5.54+£0.31 542 +041 0.67 5.96 £0.45 5.59 +£0.31 0.38
Cardiac Output Index (L/min/m?) 2.90+0.17 2.81+0.19 0.52 3.08£0.13 2.85+0.11 0.08

LA Geometry & Function

Minimum Volume Index (mL/m?) 13.4 (10.2-18.3) 12.8 (8.6 — 18.5) 0.60 11.2(7.5-17.7) 16.5 (11.4-20.7) 0.40
Maximum Volume Index (mL/m?) 39.8 (33.0-46.1) 40.5 (32.9 -46.8) 0.74 37.7 (23.8 —45.6) 49.4 (41.6 — 62.5) 0.30
Ejection fraction (%) 65+2 65+2 0.72 66 £3 61+1 0.09
Metabolic Parameters

Myocardial TG Content (%) ° 1.5+04 1.0+0.2 0.30 1.2+0.3 1.3+0.3 0.66

Parametric data presented as mean = SEM, non-parametric data presented as median (IQR). Abbreviations: E/A, early to late ventricular filling velocity; E/e’, peak early mitral
inflow velocity to peak early mitral annular tissue diastolic velocity; HFD, high-fat diet; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; TG, triglyceride; p-value
represent, if data is parametric, output from paired student’s t-test, or if non-parametric, output from Wilcoxon matched-pairs signed rank test comparing values post-HFD to
baseline within each group. n=13 SFA, n=14 unless otherwise indicated, *n=13 SFA, n=13 PUFA; *n=12 SFA, n=13 PUFA; n=10 SFA, n=11 PUFA, "n=12 SFA, n=11 PUFA.
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4.3.21 Blood Pressures & Aortic Distensibility

Blood pressures and AD responded differently following consumption of a SFA-,
compared with PUFA-enriched HFD. There were diet*time interactions for systolic blood
pressure (p<0.05), mean arterial pressure (p<0.05), and ascending AD (p<0.01; Fig. 4.29A, C-
D). When compared with baseline, consuming a PUFA-enriched HFD reduced systolic blood
pressure (p<0.001), mean arterial pressure (p<0.05), and ascending AD (p<0.05; Fig. 4.29A,
C-D). After consuming a SFA-enriched HFD, systolic blood pressure, mean arterial pressure,
and ascending AD were similar to baseline. Diastolic blood pressure, and proximal and distal

descending AD were similar to baseline after consuming either HFD (Fig. 4.29A-E).
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Figure 4.29. (A) Systolic, (B) diastolic, and (C) mean arterial blood pressure, and (D) ascending, (E)
proximal descending, and (F) distal descending aortic distensibility before and after consuming a (red)
SFA-enriched or (blue) PUFA-enriched HFD. Diet*time interaction p-value represents output from 2-way
ANCOVA baseline values for each parameter were used as a covariate in the analysis of that parameter with
pre- to post-HFD values matched by participant. If a significant interaction effect was present (diet*time
p<0.05), within group comparisons were made using a Sidak post-hoc test with * indicating a significant
(p<0.05) change from baseline to post-HFD within group. Abbreviations: SFA, saturated fatty acid; PUFA,
polyunsaturated fatty acid. Data presented as mean + SD; n=11 SFA; n=13 PUFA; empty points/bars indicate
baseline scan, filled points/bars indicate post-HFD scan.
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4.4 Discussion

To investigate if dietary FA composition impacts IHTG content, hepatic and systemic
metabolism, and cardiac metabolism and function, participants free-from diagnosed metabolic
disease underwent an MRI/S scan and postprandial study day with stable-isotope tracers before
and after consuming an isocaloric SFA- or PUFA-enriched HFD under free living conditions
for up to 24 days. Despite no change in body weight or body composition, consuming a PUFA-
enriched HFD reduced IHTG content while consuming a SFA-enriched HFD tended to increase
IHTG content. Further, consuming a PUFA-enriched HFD increased, while consuming a SFA-
enriched HFD decreased markers of whole-body dietary FA oxidation. These findings suggest
dietary FA composition induces divergent effects on whole-body FA oxidation, which may
lead to divergent effects on IHTG content. In the current study, dietary FA composition
impacted other CMD risk factors as consuming a PUFA-enriched HFD improved systolic and
mean arterial blood pressures, myocardial PCt/ATP, markers of cardiac function, and increased
ISR, while consuming a SFA-enriched diet adversely altered markers of cardiac function,
insulin resistance, fasting and postprandial lipids. Taken together, these findings suggest

dietary FA composition, independent of changes in body weight, impacts CMD risk.

4.4.1 Whole-Body FA Oxidation

Previous studies where participants consumed a SFA- or PUFA-enriched diet either did
not assess FA oxidation, or used indirect calorimetry or plasma biomarkers to do so; these
studies found minimal changes FA oxidation after consuming a PUFA-enriched, compared
with SFA-enriched diet (11, 79, 187). In the current study, FA oxidation was assessed by
measuring postprandial *C appearance (from a '3C-labelled dietary FA) in expired CO- and it
was observed that consuming a PUFA-enriched HFD increased, while consuming a SFA-

enriched HFD decreased '3C appearance in expired CO»; this suggests dietary FA composition
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leads to opposing effects on dietary FA oxidation. The findings in the current study agree with
other studies which measured FA oxidation using stable-isotope tracers and support an inverse
relationship between IHTG content and FA oxidation (227). As PUFAs activate PPARa to a
greater extent than SFAs, consuming a PUFA-enriched HFD may increase FA oxidation
capacity, which may explain the increased *C appearance in expired CO; after consuming a
PUFA-enriched HFD (308). In contrast, in vivo studies in humans have shown consuming a
single high-SFA, compared with high-PUFA, meal downregulates genes involved in oxidative
phosphorylation, therefore, consumption of a SFA-enriched HFD may reduce FA oxidation
capacity, which could explain the decreased !*C appearance in expired CO> (309). Further, if
consuming a SFA-enriched HFD delayed gastric emptying and/or absorption, this could delay
delivery of the *C-labelled FA to peripheral tissues and contribute to the observed decrease

13C appearance in expired COx.

4.4.2 Cardiac Metabolism, Function & Aortic Distensibility

Through utilisation of a radiotracer and PET imaging, Rosqvist ef al. demonstrated that
overconsuming SFA- and PUFA-enriched diets similarly increase myocardial palmitate
uptake, this suggests dietary FA composition may not differentially impact cardiac FA uptake
mechanisms (11). However, as SFAs and PUFAs appear to undergo differential intracellular
handling such that PUFAs, compared with SFAs, preferentially enter oxidation pathways and
upregulate FA oxidation genes, this may explain the increased myocardial PCr/ATP after
consuming a PUFA-enriched HFD (92, 194, 289, 308). The minimal change in myocardial
PCr/ATP after consuming a SFA-enriched HFD may result from the diet not influencing
myocardial PCt/ATP or the diet reducing absolute levels of myocardial PCr and ATP, which
would decrease myocardial energetic reserve but lead to a similar PCr/ATP ratio (113). In the
current study, baseline myocardial PCt/ATP was slightly lower than typically reported in

disease-free adults (310). Even though saturation bands were placed over the liver, the DRESS
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sequence acquires data in a large slice and likely captures some hepatic signal which may lower
the measured PCr/ATP values.

The reduction in systolic and mean arterial blood pressures, and ascending AD in
participants after consuming a PUFA-enriched HFD may be explained by the reduced LV CO
secondary to the reduced heart rate. As PUFAs inhibit calcium and sodium channels and
activate potassium channels, this may explain the reduced heart rate in participants which
consume a PUFA-enriched HFD (246, 247). After consuming a PUFA-enriched HFD, the
degree of reduction in systolic blood pressure was similar to that observed in patients starting
angiotensin converting enzyme inhibitors (311). The adverse subclinical changes in LV
systolic and diastolic function after consuming a SFA-enriched HFD agree with findings from
large animal studies that found when dogs and grizzly bears were fed a SFA-enriched,
compared with PUFA-enriched diet, they have impaired LV systolic and diastolic function
(239, 240). As consuming a PUFA-, but not SFA-enriched HFD, reduced systolic and mean
arterial blood pressures this may reduce cardiac afterload and may, in part, help explain the
observed divergent effects of dietary FA composition on cardiac function. Alternatively,
increased myocardial SFA content, in response to consuming a SFA-enriched HFD, may
impair cardiac energetics, inappropriately increase membrane phospholipid FA saturation,
and/or increase cardiac ceramide content, all of which are linked with impaired cardiac function
(79, 113, 244, 245, 312). Overall, the current work demonstrates, for the first time, that dietary

FA composition impacts cardiac function in humans in the absence of body weight changes.

4.4.3  Glucose Metabolism & Insulin Kinetics

Findings presented here agree with some reports that consuming a SFA-, compared
with PUFA-enriched diet increases markers of insulin resistance, and consuming a PUFA-,
compared with SFA-enriched diet improves markers of insulin sensitivity (10, 61, 79, 192, 309,

313-317). However, changes in insulin resistance from baseline to post-intervention were not
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as pronounced in this study as in previous studies, which may be due to participants in previous
studies gaining weight, which likely exacerbates insulin resistance development, or consuming
the experimental diet for longer (i.e. 6-10 weeks) (10, 61, 79, 192, 313). In the current study,
there was sexual dimorphism in the glycaemic response to consuming a SFA-enriched diet and
as some previous studies only investigated male participants (192, 309, 313, 314, 317), the
difference in findings for markers of insulin resistance between studies may, in part, be
explained by the inclusion of males and females in this study.

Dietary FA composition induced divergent effects on postprandial plasma glucose and
ISR, where consuming a SFA-enriched HFD, compared with baseline, led to a prolonged
postprandial glucose excursion, and consuming a PUFA-, compared with SFA-enriched HFD,
induced a greater increase in ISR. In part, this may be explained by the consumption of a SFA-
enriched HFD delaying gastric emptying and/or absorption, which would prolong glucose
absorption, or the consumption of a SFA-enriched HFD increasing pancreatic -cell SFA
content and impairing insulin secretion; both could blunt the increase in ISR (318). In this
study, consuming a SFA- or PUFA-enriched HFD did not lead to different effects on ICR and
insulin extraction. As insulin is secreted from pancreatic B-cells and cleared by the liver, this
suggests dietary FA composition may induce divergent effects on pancreatic B-cell function.
Consuming a PUFA-enriched, compared with SFA-enriched HFD, could modulate release of
incretins like gastric inhibitory peptide (GIP) and GLP1, hormones which promote glucose-
dependent insulin secretion (319). Further, PUFAs reduce the threshold for glucose-stimulated
insulin release by increasing calcium currents and reducing potassium currents in pancreatic [3-
cells (320-322). Taken together, this may explain the greater increase in ISR following an
identical mixed test meal in participants which consumed the PUFA-enriched, compared with

SFA-enriched HFD.
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4.4.4 Lipid Metabolism

Consuming a SFA-enriched, but not PUFA-enriched HFD, altered the postprandial
plasma NEFA profile, where during fasting and the later postprandial period, plasma NEFA
concentrations were lower compared with baseline, but during peak insulin concentrations,
reached a higher nadir. This postprandial plasma NEFA profile resembles the behaviour of
adipose tissue from obese individuals, where there is blunted FA release and uptake following
fasting and feeding compared with adipose tissue from lean individuals (80). Overfeeding
studies suggest increased adipose-tissue lipolysis may contribute to increased IHTG content in
response to consuming a SFA-enriched diet (79), however, adipose-tissue lipolysis was
decreased in this study after consuming a SFA-enriched HFD. As participants gained weight
during overfeeding studies but did not gain weight in the present study, this may, in part,
explain the discrepancy in these findings. Consuming a SFA-enriched HFD reduced tracer
appearance in chylomicron-derived spillover NEFA, which may be explained by the SFA-
enriched HFD delaying gastric emptying and/or absorption of the tracer-containing test meal
and therefore, the appearance of 3C in the plasma NEFA pool. Despite no change in
bodyweight, consuming a SFA-enriched, but not PUFA-enriched HFD may lead to detrimental
changes in adipose tissue function and lipid metabolism, and it could be speculated that if a
SFA-enriched HFD were consumed for longer, adipose tissue function may continue to change

towards this obese-adipose tissue phenotype with adverse consequence on metabolic health.

4.4.5 Hepatic DNL

Compared with disease-free, lean controls, increased hepatic DNL has been reported in
patients with MASLD and insulin resistance, and is often speculated to contribute to IHTG
accumulation (323). In the current study, dietary FA composition did not have divergent effects

on hepatic DNL despite leading to opposing effects on IHTG accumulation. This discrepancy
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in the contribution of DNL to IHTG accumulation may be explained by participants with
MASLD and IR having different intrahepatic metabolism than participants investigated in this
study, who do not have diagnosed MASLD and insulin resistance (94). Alternatively,
differences in participant’s dietary macronutrient consumption between studies may explain
the discrepancy in hepatic DNL findings. Broadly, two dietary patterns tend to be associated
with increased IHTG accumulation — one enriched with sugars and one enriched with SFAs —
(79, 324) and studies have shown that consuming a sugar-enriched, compared with SFA-
enriched diet increases hepatic DNL (79, 192). Further, overfeeding dietary SFAs, compared
with PUFAs, does not lead to divergent effects on hepatic DNL, which is in line with findings
in this study. Taken together, this suggests hepatic DNL may contribute to IHTG accumulation

in the context of a sugar-enriched, but not SFA- or PUFA-enriched diets.

4.4.6 Limitations

This study is not without limitations. Participants were advised to modify their habitual
diet to meet target SFA-, PUFA-, and total fat intakes. Compared with studies which provided
participants with specific snacks or all food, there may be increased inter-participant variability
in the amounts of SFA-, PUFA-, or fat consumed (10, 11, 313). While changes in plasma-TG
FA composition was used as a biomarker of dietary FA intake, changes in hepatic DNL, which
produce SFAs, but not PUFAs, could impact this biomarker. However, as each participant’s
plasma lipid FA composition changed appropriately, with a minimal change in body weight
from baseline, this indicates participants likely consumed the foods they reported to have
consumed. The dietary intervention lasted up to 24-days to balance participant compliance with
changes in metabolic parameters, however, it is unclear if my findings represent changes in
metabolic health that would continue to develop if the participants continued to consume the
diets or transient adaptations to the diet. During the standardisation diet and dietary

intervention, physical activity or alcohol intake were not controlled for, and I cannot exclude
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that a change in either or inclusion of individuals with moderate alcohol intake (14-21 units per
week) influenced IHTG content. During study days, palmitate was used to trace the handling
of dietary FAs, which may or may not reflect the handling of other FAs (92, 194, 289).
However, using the same dietary FA tracer for both groups allowed for between group
comparisons. In this study, individuals free-from diagnosed metabolic disease were
investigated, it is unclear to what extent findings may be generalised to patient populations (e.g

those with MASLD); it would be of interest to perform such studies.

4.4.7 Conclusion

Consuming a SFA-enriched, compared with a PUFA-enriched HFD for a relatively
short period altered IHTG accumulation, plasma lipids, blood pressures, insulin kinetics,
postprandial metabolism, and cardiac metabolism and function, independent of changes in
bodyweight. If either HFD were continued, it could be speculated that over time, the effects on
developing CVD, insulin resistance, MASLD, and/or T2D would be exacerbated. Further,
preliminary data in this chapter suggests there is a sexual dimorphism in how diet influences
CMD risk. This highlights that sex-specific dietary guidelines may be needed to appropriate

manage CMD risk.
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Fatty acid composition, independent of
quantity, induces divergent metabolic and
nonmetabolic responses in human
cardiomyocytes
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5.1 Introduction

Dietary fat quantity and composition influence CMD risk; while there is substantial
evidence linking dietary patterns enriched in total fat and SFA content with adverse changes in
soluble CMD risk factors, there are few studies investigating the effects of dietary FA
composition on cardiac metabolism and function (143, 152, 153). Yet, emerging evidence
suggests that increased plasma FA, glucose, and insulin resistance induce cardiac dysfunction
independent of other CMD risk factors and the presence of other CVDs (325). While this
suggests that metabolic substrates, such as FA, have direct effects on the heart, the mechanisms
linking alterations in plasma FA to cardiomyocyte dysfunction remain to be elucidated.

Chronically elevated plasma FAs increase myocardial FA availability (11). This shifts
cardiac metabolism towards generating a greater proportion of ATP from FAs, which impairs
cardiac ATP production and results in cardiac dysfunction (124, 126). Additionally, there is
emerging evidence that FAs and their downstream metabolites modulate nonmetabolic cellular
processes including epigenetic modifications, gene transcription, post-translational
modifications, protein subcellular localisation, intracellular signalling cascades, and stress
responses (326-330). Impairing nonmetabolic processes within cardiomyocytes may be a
secondary mechanism by which increased plasma FAs contribute to cardiac dysfunction. Yet,
these metabolic and nonmetabolic effects of FA on cardiomyocytes have been primarily
characterised in response to different FA concentrations, few studies have investigated how FA
composition impacts human cardiomyocyte function. As dietary FA composition influences
plasma FA composition, and cardiac FA uptake is influenced by plasma FA availability, it is
plausible that dietary FA composition could directly impact cardiomyocyte function.

I demonstrated in Chapter 4 that dietary FA composition induces divergent effects on

in vivo human cardiac energetics and function. However, no previous studies have investigated
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how the FA composition of a physiological concentration of FAs impacts cardiomyocyte
physiology in vitro. Therefore, the aim of this study was to characterise, at a cellular level, how
dietary FA composition, independent of FA quantity, impacts cardiomyocyte function. To
model the cardiac effects of the SFA- and PUFA-enriched diets from Chapter 4, human
inducible pluripotent stem cell (hiPSC) derived cardiomyocytes (hiPSC-CMs) were treated
with a physiological concentration of a lipid-mix containing four FAs in different proportions
such that one lipid-mix was enriched in SFA and the other in PUFA. Following the treatment
period, cell stress markers, media metabolite uptake, and transcriptomic responses were

compared between these two groups.

5.2 Materials & Methods

5.2.1 Cell Culture Methodology

5.2.1.1 hiPSC Maintenance & Differentiation into Cardiomyocytes

All experiments were conducting using IMR-90 cells gifted from Imperial College
London by Prof. Sian Harding, these are an hiPSC cell-line derived from lung fibroblasts
obtained from a 16-wk-old Caucasian female foetus (331). To start each experiment, cells were
removed from liquid nitrogen, rapidly thawed, and suspended in phosphate buffered saline
(PBS). Following centrifugation, the pellet was resuspended in TeSR-E8 media. Cells were
seeded on 6-well plates coated with Matrigel to increase cell adherence and cultured as a 2D
monolayer. Daily media changes were performed using TeSR-E8 media and cells were split at
>90% confluence.

Differentiation into hiPSC-CMs was carried out by modulating Wnt-signalling and
metabolically selecting for cardiomyocytes (332) (Fig. 5.1). At the start of differentiation (day

0; D0), Roswell Park Memorial Institute (RPMI) 1640 media supplemented with 1% B27
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minus insulin (RB-) and 6uM CHIR99201 was added to each well (Fig. 5.1). CHIR99201
activates Wnt signalling to direct iPSCs towards a mesodermal lineage. On D2, media was
replaced with RB- media, the following day (D3), media was changed to RB- media
supplemented with 2.5uM Wnt-C59. Wnt-C59 inhibits Wnt signalling to direct mesodermal
cell differentiation towards cardiac progenitor cells. From D5 to D11, media was changed every
other day using RB- media, with evidence of beating beginning on D9. On D11, wells contained
a mixture of hiPSC-CMs and non-cardiomyocytes (such as fibroblasts); therefore, a metabolic
selection was carried out using RPMI 1640 without glucose supplemented with 1% B27 minus
insulin to starve off glucose-dependent non-cardiomyocytes. Our group has shown from D15,
wells contain predominantly hiPSC-CMs as ~80-85% of cells stain positive for alpha-actinin,
a cardiomyocyte marker (333). Until starting the experimental protocol, media was changed

every other day using RPMI 1640 supplemented with 1% B27 complete (RB+).

Wnt Activation Wnt Inhibition Immature Mature
hiPsc (CHIR 99021) (Wnt-C59) hiPSC-CM hiPSC-CM
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Figure 5.1. Overview of the protocol for differentiating human induced pluripotent stem cells (iPSCs) into
cardiomyocytes (hiPSC-CMs).

At the end of differentiation, hiPSC-CMs from all wells were pooled and cell number
and viability were assessed by loading a 1:1 mixture of hiPSC-CMs and 0.4% Trypan Blue into
a Countess Automated Cell Counter (ThermoFisher Scientific). Cell number and viability were
measured three times and averaged, aiming for >95% cell viability and enough cells such that
>6x10° cells could be seeded per well in 12-well plates. In my experiments, cell viability was
~92%, which is acceptable, and 8x10° hiPSC-CMs were seeded per well to ensure equal cell

numbers per condition in further experiments. Following counting and reseeding, hiPSC-CMs
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were left for 2-3 days before starting the experimental protocol with media changes performed

every other day using RB+ media.

5.2.2  hiPSC-CM Experimental Protocol

hiPSC-CMs were incubated in media supplemented with either 400uM SFA-enriched
or PUFA-enriched lipid-mix, no FA, or 76uM OA to investigate how FA composition impacts
cardiomyocyte function. Media for the hiPSC-CM experimental protocol consisted of
Dulbecco's Modified Eagle Medium (DMEM) (5.5mM glucose) with 10% inactivated horse
serum, Spg/mL vitamin B12, 0.5mM vitamin C, 0.82uM biotin, 50nM insulin, 0.5mM non-
essential amino acids, 20U/mL penicillin/streptomycin, and, depending on the group, bovine-
serum album (BSA) complexed to either no FA, 76uM OA, or 400uM SFA-enriched or PUFA-
enriched lipid mix (Fig. 5.2). hiPSC-CMs were treated for 8 days with media changes every
other day; this duration was chosen as our group has previously characterised hiPSC-CMs
treated with 76uM OA for 8-days post-differentiation (333). Media aliquots were stored at -
20°C for further analysis, collected from fresh media and from cells after the first two days

(D17-19) and last two days (D23-25) of the experimental protocol (Fig. 5.2).

Substrate
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Positive Control: Cell Stress
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Human iPSC
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| | |
[ [ I
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Figure 5.2. Overview of the experimental design to investigate the effect of media fatty acid composition on
human induced pluripotent stem cell (iPSC) derived-cardiomyocyte cell physiology.

The FA-BSA solution was prepared by filtering 5% w/v BSA in DMEM/F-12 media,

with no glucose and no phenol red. Three different 0.5M FA solutions were prepared on a 90°C
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heat block for each FA-containing experimental group. The OA group FA mixture was prepared
by adding 281uL OA (1.77M) to 719uL ethanol (100%). The SFA-enriched FA mixture was
prepared by dissolving 76.9mg palmitic acid in 884.4puL ethanol (100%) and adding 82ulL. OA
(1.77M), 28uL LA (1.78M), and 5.57uL ALA (0.898M); a FA mixture containing 60%
palmitate (SFA), 29% OA (MUFA), 10% LA (PUFA), and 1% ALA (PUFA) (Table 5.1). The
PUFA-enriched FA mixture was prepared by dissolving 32.0mg palmitic acid in 786uL ethanol
(100%) and adding 142.2pL OA (1.77M), 67.4uL LA (1.78 M), and 5.57uL. ALA (0.898 M); a
FA mixture containing 25% palmitate, 50% OA, 24% LA, and 1% ALA (Table 1). Each 0.5M
FA mixture was added dropwise to 5% BSA at 30°C to produce a SmM stock FA:BSA solution.
The stock solution was filtered and FA concentration measured using a plasma analyser (section
2.3.2) so the appropriate amount of each FA:BSA stock could be added to make media with
400uM SFA- or PUFA-enriched lipid mix, 76uM OA, or BSA with no FA.

Following the experimental protocol, each well was washed three times with PBS, and
TRIzol Reagent or lysis buffer was added for ribonucleic acid (RNA) or protein extraction,
respectively. Cells were collected and homogenised by pipetting with a 23G needle and stored
at -80°C until analysis.

Table 5.1. Lipid Composition of Saturated- and Polyunsaturated-Fatty Acid Enriched Lipid Mix
| sra-mix | PUFA-Mix

Palmitate 60% 25%

Oleate 29% 50%

Linoleate 10% 24%
a-Linoleate 1% 1%

Abbreviations: SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid.

5.2.3 Quantification of Cellular Integrity & Metabolism

5.2.3.1 Analytical Methods

Glucose, NEFA, and lactate were measured in media placed on hiPSC-CMs and in media

collected 48h later using a semi-automatic analyser (iLab 480 Clinical Chemistry, Warrington,
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UK; section 2.3.2). Lactate dehydrogenase (LDH) release into the media was measured using
an automated ABX Pentra 400 Chemistry Analyser (Monarch Laboratories, USA); the LDH
reagent reacts with LDH in the media to form a colorimetric product so that LDH
concentrations can be determined by spectrophotometry. All media measurements were

performed in duplicate and averaged.

5.2.3.2 Protein Quantification

Protein concentrations were measured in hiPSC-CMs cell lysates collected in lysis buffer
using a bicinchoninic acid (BCA) protein assay as per manufacturer’s instruction. In this assay,
a colorimetric product is formed in proportion to the sample’s protein concentration and protein

concentration is determined by spectrophotometry.

5.2.4  Quantification of Gene Expression

5.2.4.1 RNA Extraction

RNA was extracted from hiPSC-CM cell lysates collected in TRIZOL using the Qiagen
RNEasy Mini-Kit following the manufacturer’s instructions, including the optional DNase
digestion. RNA concentration and purity were measured by Nanodrop UV spectrophotometry,
aiming for RNA concentrations >100ng/puL and A260/280nm ratio 1.9-2.1. Extracted RNA
was used for quantitative polymerase chain reaction (qQPCR) analysis and bulk RNA-

sequencing by Novogene.

5.2.4.2 c¢DNA Synthesis & Quantitative PCR

Complementary deoxyribonucleic acid (cDNA) was synthesised from extracted RNA
using a high-capacity cDNA Reverse Transcription Kit as per manufacturer's instructions in a
SensoQuest Basic Thermal Labcycler (Geneflow Limited, Lichfield, UK). For qPCR, 15ng

cDNA (5ng/uL), Su. SYBR Green MasterMix, and 1pL of forward and reverse primer
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(600nM) were loaded into each well and run on a Step-One Plus Real-Time PCR system
(Applied Biosystems, ThermoFisher Scientific). Genes of interest and respective forward and
reverse primers are listed in Supplemental Table 3.1. Relative gene expression was quantified
using the AACT method (334) by comparing the expression of a gene of interest, which may
vary between experimental conditions, to a housekeeping gene, ubiquitin C (UBC), which was
confirmed to not vary in expression between experimental conditions (Fig. S3.1). For each
gene, the fold-change in gene expression for each sample was normalised to no-fat treated
hiPSC-CMs if all experimental groups are presented or PUFA-enriched lipid-mix treated
hiPSC-CMs if only lipid-mix treated hiPSC-CMs are presented; normalised values were used

for further analysis and visualisation.

5.2.4.3 Transcriptomic Analysis

Bulk RNA-sequencing was performed by Novogene on RNA extracted from hiPSC-CMs.
Novogene sequenced RNA samples using an Illumina paired-end 150-bp poly-A enrichment
protocol, checked read quality, and aligned sample transcripts to the human genome to provide
me with raw gene counts for further analysis. Each sample was sequenced to a depth of 30
million reads with 6 samples per group.

Transcriptomic analysis was performed in R (V4.5.0) with RStudio (V2024.09.1+394).
Using the EdgeR package (V 4.4.2) (335), raw gene counts were filtered to remove genes with
low expression, defined as a count-per-million below the minimum cutoff determined by the
package’s default settings, and normalised using the trimmed mean of M-values (TMM)
method to adjust for differences in library size post-filtering (336). To visualise variation in
gene expression between samples, principle component analysis (PCA) was carried out using
FactoMineR (V2.11) and factoextra (V1.0.7) packages. To characterise differences in gene
expression between groups, a mixed effects model was created with the limma package

(V3.62.1) using filtered and normalised gene counts (337). Differences in gene expression
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between experimental groups were considered a fixed effect, while differences in gene
expression between samples within an experimental group were considered a random effect.
Further, variation in gene expression due to sample position on a cell culture plate, a predictable
variable, were controlled for in this model as a covariate. This approach increases the model’s
statistical power while allowing for random differences in gene expression between replicates.
Using this model, three comparisons were investigated: i) hiPSC-CMs cultured in OA vs. no-
fat, ii) lipid mix (group formed by combining SFA-enriched and PUFA-enriched lipid mix
groups) vs. no-fat, and iii) SFA-enriched lipid mix vs. PUFA-enriched lipid mix. Differentially
expressed genes were identified by a false discovery rate (FDR)<0.05.

Volcano plots were generated with the EnhancedVolcano package (V1.24.0), using an
FDR<0.05 and log> fold change (FC) <0.2 as cut-offs to visualise differentially expressed
genes. Gene set enrichment analysis (GSEA) was performed to characterise differentially
regulated pathways between conditions using the fgsea package (V1.32.0) and Molecular
Signatures Database (MSigDB) hallmark gene set pathways (338). When analysing
differentially regulated pathways between hiPSC-CMs treated with a SFA- or PUFA-enriched
lipid mix, a secondary pathway analysis using the clusterProfiler package (V4.14.4) and Gene
Ontology (GO) Biological Processes pathways (339, 340) was performed to confirm findings
from the first pathway analysis. Differentially regulated pathways were identified by an
FDR<0.05 and visualised using the ggplot2 package (V3.5.1). To predict which transcription
factor(s) (TF) may be differentially active between treatment conditions, significantly
upregulated genes from a transcriptomic comparison of interest were analysed using the
Enrichr webtool and TRRUST Transcription Factor 2019 database (341, 342). The predicted
TF activation was visualised using the Enrichr webtool’s interactive software, with
differentially active TF(s) identified by a paj<0.05 from Enrichr’s internal enrichment

calculation (343).
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5.2.5 Statistical analysis

Transcriptomic data was analysed as described in section 5.2.5. The remaining data was
analysed using Graphpad Prism (V10.9.1) Software for Mac (San Diego, California USA). The
Shapiro—Wilk normality test was used to check data distribution, the Levene test was used to
check if groups had equal variances, and the Grubb’s test was used to check for outliers, which
were removed if present. Protein and RNA concentration, media LDH, gene expression data,
and media metabolite uptake and secretion data were presented as mean + SEM if parametric
or median (IQR) if non-parametric and analysed using the appropriate parametric or non-
parametric test. Results with more than two groups were compared using i) a one—way
repeated—measures analysis of variance (ANOVA)) with Tukey’s post-hoc test if data
distribution was normal and variance between groups equal, ii) Brown-Forsythe and Welch
ANOVA test with a Dunnett T3 post-hoc test if data distribution was normal and variance
between groups was not equal, or iii) Kruskal-Wallis test with Dunn’s post-hoc if data
distribution was not normal. Gene expression data with only two groups was analysed with a

Welch’s t-test. Statistical significance was set at p<0.05 or FDR<0.05 as appropriate.

5.3 Results

5.3.1 Effect of media FA composition on cell viability and stress responses

To determine if culturing hiPSC-CMs in different FA concentrations and compositions
impacted cell viability, protein and RNA concentrations, and markers of cell death and stress
were assessed. Protein (Fig. 5.3A) and RNA concentrations (Fig. 5.3B) were measured at the
end of the experimental protocol, as decreases in either may indicate cell death; no reductions
in either parameter were observed between conditions. In contrast, protein concentrations in
PUFA-enriched lipid mix treated hiPSC-CMs were increased compared with no-fat treated

hiPSC-CMs (p<0.05; Fig. 5.3A). To characterise cell death, LDH release into the media was
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measured during the final 48h of the experimental protocol and no differences between
conditions were observed (Fig. 5.3C) suggesting minimal cell death. To assess if culturing
hiPSC-CMs in different lipid mixes activated cell stress responses, BNIP3 expression, which
increases in response to mitochondrial stress, was measured by qPCR and found to be
comparable across groups (Fig. 5.3D). BNIP3 expression in the OA-group is not reported due
to an error when preparing the OA-group experimental media for the batch of cells used for
this experiment; the cells did not beat and were therefore not viable for analysis. Taken together,
these findings suggest culturing hiPSC-CMs in a physiological concentration of a FA lipid-

mix, does not induce significant cell stress, dysfunction, or death responses.
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Figure 5.3. The effect of media fatty acid composition on hiPSC-CM cell stress responses. (A) protein
concentration, (B) ribonucleic acid (RNA) concentration (C) lactate dehydrogenase (LDH) release into the media
during the last 48h of the experimental protocol, and (D) BNIP3 gene expression in hiPSC-CMs treated with no
fatty acids, 76uM oleic acid (OA), or 400uM of a lipid mix enriched with polyunsaturated (PUFA) or saturated
(SFA) fatty acids for eight days with media changes every other day. Data: mean + SEM, n=6 per group, * p<0.05.
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5.3.2  Effect of media FA composition on hiPSC-CM metabolic substrate uptake

To assess if FA composition impacts metabolic substrate uptake, in the first and last 48h
of the 8-day experimental protocol, media FA, glucose, and lactate concentrations were
measured before and 48h after being placed on hiPSC-CMs. Media metabolite concentrations
after 48h on hiPSC-CMs were subtracted from the baseline metabolite concentration, a positive
value indicated net uptake of the metabolite into hiPSC-CMs while a negative value indicated
secretion from hiPSC-CMs.

In the first 48h of the experimental protocol, hiPSC-CMs incubated with OA and both
FA lipid-mixes took up a comparable and greater amount of FA than no-fat treated hiPSC-CMs
(p<0.01; Fig. 5.4A). However, in the last 48h of the experimental procedure, FA uptake in OA
treated hiPSC-CMs was greater than no-fat treated hiPSC-CMs (p<0.001), and FA uptake in
PUFA-enriched lipid-mix treated hiPSC-CMs was greater than in SFA-enriched lipid-mix
(p<0.05) and no-fat treated hiPSC-CMs (p<0.01; Fig. 5.4B). Within the no-fat, OA, and SFA-
enriched lipid-mix groups, FA uptake was decreased in the last 48h of the experimental protocol
compared with the first 48h (p<0.01; Fig. 5.4C). Despite SFA- and PUFA-lipid-mix treated
hiPSC-CMs experiencing the same cumulative FA exposure during the experimental protocol,
media FA composition led to divergent effects on hiPSC-CM FA uptake as hiPSC-CMs treated
with SFA-enriched lipid-mix reduced FA uptake while PUFA-enriched lipid-mix continued to

take up FA (Fig. 5.4C).
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Figure 5.4. Effect of media fatty acid composition on hiPSC-CM fatty acid uptake. Non-esterified fatty acid
(NEFA) uptake in the (A) first and (B) last 48h of the experimental protocol; (C) direct comparison of NEFA
uptake in the first 48h (solid bars) with the last 48h (hashed bars) within each group in hiPSC-CMs treated with
no fatty acids, 76uM oleic acid (OA), or 400uM saturated (SFA) or polyunsaturated (SFA) fatty acid-enriched
lipid-mix for eight days with media changes every other day. Data: mean + SEM, n=6 per group, *p<0.05,
**p<0.01, ***p<0.001.

Glucose uptake was similar between all groups in the first (Fig. 5.5A) and last 48h (Fig.
5.5B) of the experimental procedure. Similarly, lactate production was comparable between all
groups in the first (Fig. 5.5C) and last 48h (Fig. 5.5E) of the experimental protocol. While
media FA composition modulated hiPSC-CM FA uptake, media FA composition did not

differentially impact hiPSC-CM glycolytic metabolism under these conditions.
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Figure 5.5. Effect of media fatty acid composition on hiPSC-CM glycolytic metabolism. Glucose uptake in
the (A) first and (B) last 48h of the experimental protocol; lactate secretion in the (C) first and (D) last 48h of the
experimental protocol in hiPSC-CMs treated with no fatty acids, 76uM oleic acid (OA), or 400uM saturated
(SFA) or polyunsaturated (PUFA) fatty acid enriched lipid mix for eight days with media changes every other day.
Data: mean = SEM, n=6 per group.

5.3.3  Effect of media FA quantity and composition on hiPSC-CMs transcriptomic profiles
At the end of the 8-day experimental protocol, RNA was extracted from all hiPSC-CMs
for bulk RNA sequencing. PCA suggested FA treatment was the primary source of variation in
gene expression (dimension 1: 41.1%, Fig. 5.6). There is no clear identifier for the secondary
source of variation (dimension 2: 19.8%, Fig. 5.6). PCA also showed FA composition may be
as important as FA quantity in modulating hiPSC-CM gene expression responses, as SFA- and
PUFA-enriched lipid-mix groups, which were treated with the same FA concentration but

different FA composition, did not cluster together.
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Figure 5.6. Principal component analysis of bulk RNA-sequencing from hiPSC-CMs treated with different
fatty acid quantities and compositions. Bulk RNA transcriptomic analysis was performed on hiPSC-CMs treated
with no fatty acids, 76puM oleic acid (OA), or 400uM of a lipid mix enriched with polyunsaturated (PUFA) or
saturated (SFA) fatty acids for eight days with media changes every other day (n=6 per group).

For the following differential gene expression and pathway analysis, a comparison can
only be made between two groups at a time. While the OA-treated hiPSC-CMs were included
in previous figures as a well-characterised reference group, this group is not included in the
following results section as the primary aim of this chapter was to investigate how FA
composition modulates hiPSC-CM function. Nevertheless, the transcriptomic analysis of OA
vs. no-fat treated hiPSC-CMs, displayed in Appendix 3, shows that hiPSC-CMs cultured using
our standard protocol upregulate pathways in line with our previous observations, thereby
increasing confidence in the analysis pipeline (333). In the following results, two comparisons
were analysed: hiPSC-CMs cultured in lipid mix vs. no-fat, to characterise the effect of FA
quantity, and hiPSC-CMs cultured SFA- vs. PUFA-enriched lipid-mix, to characterise the effect

of FA composition, on hiPSC-CM transcriptional responses.

5.3.4 Transcriptomic responses of hiPSC-CMs treated with lipid-mix compared with no fat.

To investigate how media FA quantity impacts hiPSC-CM transcriptomic responses,
SFA- and PUFA-enriched lipid mix groups were combined to form a “lipid-mix” group where

hiPSC-CMs were treated with 400uM lipid-mix and differential gene expression analysis was
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carried out. Differentially expressed genes were identified by an FDR<0.05 and FC>2 (lipid-
mix) or <2 (no-fat) and visualised using a volcano plot (Fig. 5.7A). The top upregulated genes
in the lipid-mix compared with no-fat group are all involved in FA metabolism (Fig. 5.7A,
Table S3.2) while the top five upregulated genes in the no-fat compared with lipid mix group
appear unrelated (Fig. 5.7A, Table S3.2). In hiPSC-CMs treated with lipid-mix compared with
no-fat, 1296 genes were significantly upregulated, 1168 genes were significantly
downregulated, and 7592 genes were unchanged (Fig. 5.7B). Findings from this transcriptomic
comparison were validated by confirming greater PDK4 expression in hiPSC-CMs treated with

lipid-mix compared with no-fat via qPCR (Fig. 5.7C).
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Figure 5.7. Transcriptional profiles of hiPSC-CMs treated with lipid-mix compared with no fat.
Transcriptomic analysis was performed on hiPSC-CMs treated with 400puM lipid mix compared with no fat for
eight days with media changes every other day. Data was visualised using a (A) volcano plot with individually
differentially expressed genes (fold change (FC) > 2 and FDR < 0.05) indicated by a purple dot if upregulated
with OA or dark grey dot if upregulated with no-fat. (B) total number of differentially expressed genes in each
condition. (C) PDK4 expression measured by quantitative-PCR, data: mean + SEM, n=6 no-fat, n=12 lipid mix,
**%p<0.001.

Predicted TF activation on the 1296 significantly upregulated genes suggests hypoxia-
inducible factor 1a (HIF1a), activating transcription factor 4 and 6 (ATF4; ATF6), circadian
locomotor output cycles kaput (CLOCK), aryl hydrocarbon receptor nuclear translocator-like

protein 1 (ARNTL), ataxia telangiectasia mutated (ATM), PPARa, myocyte enhancer factor 2¢
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(MEF2C), and von Hippel-Lindau tumor suppressor (VHL) are the most likely human TFs
active in lipid-mix treated hiPSC-CMs (Fig. 5.8).

HIF1A human *4.77e-06
ATF4 human *5.19e-05
CLOCK human *1.4e-04
TRP53 mouse *1.98e-04
ARNTL human *2.37e-04
ATM human *3.39e-04
PPARA human *7.06e-04
MEF2C human *9.95e-04
VHL human 1.29e-03

ATF6 human 1.39e-03
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Figure 5.8. Predicted transcription factor activation in hiPSC-CMs treated with a lipid-mix compared with
no fat. Transcriptomic analysis was performed on hiPSC-CMs treated with 400uM lipid mix (n=12) compared
with no fat (n=6) for eight days with media changes every other day. Significantly upregulated genes in lipid-mix
treated hiPSC-CMs were provided to the Enrichr webtool and analysed using the TRRUST 2019 transcription
factor database. Transcription factors predicted to be significantly active are shown by a blue bar, pag; is shown
next to the transcription factor.

Gene set enrichment analysis (GSEA) using the hallmark pathways showed that
comparing lipid-mix to no-fat treated hiPSC-CMs, metabolic pathways (hypoxia, oxidative
phosphorylation, glycolysis, and FA metabolism) are the biggest cluster of significantly
upregulated pathways, followed by pathways involved in cell stress responses (hypoxia and
unfolded response) and cellular structure (mitotic spindle) (Fig. 5.9). In hiPSC-CMs treated
with no-fat compared with lipid mix, epithelial-to-mesenchymal transition, DNA repair, [FNa
response, and IFNy response pathways are significantly upregulated (Fig. 5.9). These findings
suggest hiPSC-CMs treated with lipid-mix compared with no-fat primarily upregulate genes

and pathways involved in cellular metabolism.
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Hypoxia

Oxidative Phosphorylation
Mitotic Spindle

Glycolysis

Fatty Acid Metabolism

Unfolded Protein Response
Adipogenesis NS

| .
P53 Pathway | } Pag< 0.05

Epithelial Mesenchymal Transition
DNA Repair

Interferon-y Response

Interferon-a Response

2 0

~

Normalized Enrichment Score
Higher with Higher with
No-Fat Media Lipid-Mix Media

Figure 5.9. Pathway analysis of hiPSC-CMs treated with lipid mix compared with no fat. Gene set
enrichment analysis was performed with hallmark pathways using the differentially expressed gene list
generated by transcriptomic analysis of hiPSC-CMs treated with 400uM lipid mix compared with no fat.
Significantly differentially regulated pathways (paqj<0.05) between conditions are indicated by bold text and
purple blocks if upregulated in response to lipid mix or dark grey blocks if upregulated in response to no fat,
n=6 no fat, n=12 lipid mix.

5.3.5 Transcriptomic responses of SFA- compared with PUFA-enriched lipid-mix treated

hiPSC-CMs

Transcriptomic analysis was performed on hiPSC-CMs treated with the same
physiological concentration of a SFA- or PUFA-enriched lipid mix to investigate if media FA
composition, independent of FA concentration, impacts cardiomyocyte function. Top
upregulated genes in PUFA-enriched lipid-mix treated hiPSC-CMs are involved in sarcomere
structure (MYH3) and regulation (MLYK3), cytosolic lipid droplet formation (FITM?2), and
cellular adhesion (CLSTNZ2) (Fig. 5.10A, Table S3.2). In SFA-enriched lipid-mix treated
hiPSC-CMs, the top upregulated genes are involved in solubilising FAs (FABPS), extracellular
matrix structure (MFAP4), cell proliferation (CDKN1C), cardiomyocyte differentiation (/RX4),
and cardiac remodelling (DLK1) (Fig. 5.10A, Table S3.2). Overall, 573 genes were upregulated

in SFA- compared with PUFA-enriched lipid mix treated hiPSC-CMs, 475 genes were

196



Chapter 5: Investigating the Effect of FA Composition on Cardiomyocyte Function

upregulated in PUFA- compared with SFA-enriched lipid mix treated hiPSC-CMs, and 9008
genes were unchanged (Fig. 5.10B). This transcriptomic comparison was validated by qPCR
confirming greater CD36 (Fig. 5.10C) and ACLS4 (Fig. 5.10D) expression in hiPSC-CMs

treated with PUFA- compared with SFA-enriched lipid-mix.
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Figure 5.10. Transcriptomic profiles of hiPSC-CMs treated with SFA-enriched compared with PUFA-
enriched lipid-mix. Transcriptomic analysis was performed on hiPSC-CMs treated with 400uM of a saturated
(SFA) or polyunsaturated (PUFA) enriched lipid-mix for 8d with media changes every other day. Data was
visualised using a (A) volcano plot with individually differentially expressed genes (fold change>2 and
FDR<0.05) upregulated in SFA-enriched lipid mix (red dots), or PUFA-enriched lipid mix (blue dots); (B) total
number of differentially expressed genes in each condition; (C) CD36 or (D) ACLS4 expression measured by
qPCR, data: mean + SEM, (C) n=6 per group (D), n=6 PUFA, n=5 SFA (one outlier removed), *p<0.05.

Predicted TF activation suggested ETS translocation variant 4 (ETV4), nuclear receptor
4A1 (NR4AT1), HIF la, nuclear factor-«B subunit 2 (NFKB2), and DNA methyltransferase 3a
(DNMT3a) are the most likely human transcription factors activated in SFA- compared with

PUFA-enriched lipid-mix treated hiPSC-CMs (Fig. 5.11A). In PUFA- compared with SFA-
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enriched lipid-mix treated hiPSC-CMs, PPARa is predicted to be the most likely activated

human transcription factor (Fig. 5.11B).
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Figure 5.11. Predicted transcription factor activation in hiPSC-CMs treated with (A) SFA-enriched or (B)
PUFA-enriched lipid mix. Transcriptomic analysis was performed on hiPSC-CMs treated with 400uM of a
saturated (SFA) or polyunsaturated (PUFA) enriched lipid-mix for eight days with media changes every other day.
Significantly upregulated genes in each condition were provided to the Enrichr webtool and analysed using the
TRRUST 2019 transcription factor database. Transcription factors predicted to be significantly active are shown
by a blue bar, pagj is shown next to the transcription factor.

GSEA using the hallmark pathways showed ribosomal biogenesis (Myc Targets V1)
and oestrogen receptor signalling (oestrogen response late and early) were upregulated in SFA-
compared with PUFA-enriched lipid-mix treated hiPSC-CMs (Fig. 5.12A). In PUFA-
compared with SFA-enriched lipid-mix treated hiPSC-CMs, FA metabolism was upregulated
(Fig. 5.12A). A secondary pathway analysis using the gene ontology (GO) biological processes
pathways supports that ribosomal biogenesis, translation, and rRNA metabolism pathways

were upregulated in SFA- compared with PUFA-enriched lipid-mix treated hiPSC-CMs (Fig.

198



Chapter 5: Investigating the Effect of FA Composition on Cardiomyocyte Function

5.12B). Oestrogen receptor signalling and FA metabolism related pathways were not detected
in this secondary analysis (Fig. 5.12B). Despite this, FA metabolism pathways are likely
upregulated in PUFA-enriched lipid-mix treated hiPSC-CMs as findings from GSEA using
hallmark pathways align with predicted TF analysis and qPCR data. These findings suggest
media FA composition induces divergent transcriptional responses in hiPSC-CMs, such that
incubating cells in a SFA-enriched media activates ribosomal metabolism pathways while
incubating cells in a PUFA-enriched media upregulates FA metabolism pathways.
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Figure 5.12. Pathway analysis of hiPSC-CMs treated with SFA-enriched compared with PUFA-enriched
lipid mix. Gene set enrichment analysis was performed with (A) hallmark pathways or (B) Gene Ontology
(GO) biological processes pathways using the differentially expressed gene list generated by transcriptomic
analysis of hiPSC-CMs treated with 400uM saturated fat (SFA)-enriched or polyunsaturated fat (PUFA)-
enriched lipid mix. Significantly differentially regulated pathways (paqj<0.05 hallmark pathway analysis;
Padi<0.01 GO biological processes pathways) between conditions are indicated by bold text and red blocks
if upregulated in response to SFA-enriched lipid mix or blue blocks if upregulated in response to PUFA-
enriched lipid mix, n=6 per group.
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To check the Myc Targets V1 and FA metabolism hallmark pathways were differentially
regulated because of differences in media FA composition, as opposed to increased FA quantity,
I compared how the 10% of genes with the lowest adjusted p-value in these pathways clustered
on the volcano plot comparing SFA- vs. PUFA-enriched lipid mix treated hiPSC-CMs to how
the same genes clustered on the volcano plot comparing lipid-mix vs. no fat treated hiPSC-
CMs. Using this criteria, the top 10% of genes all displayed a positive fold change (Fig. 5.13A).
In contrast, on the volcano plot comparing lipid-mix vs. no fat treated hiPSC-CMs, the same
group of genes had a relatively equal mix of positive and negative fold changes (Fig. 5.13B).
Similarly, in the volcano plot comparing SFA- vs. PUFA-enriched lipid mix treated hiPSC-
CMs, the top 10% of genes with the lowest adjusted p-values in the FA metabolism pathway
all displayed a negative fold change (Fig. 5.14A), while on the volcano plot comparing lipid-
mix vs. no fat treated hiPSC-CMs, the same group of genes had a mix of positive and negative
fold changes (Fig. 5.14B). This suggests the upregulation of ribosomal metabolism in SFA-
enriched lipid mix treated hiPSC-CMs and FA metabolism in PUFA-enriched lipid mix treated

hiPSC-CMs is driven by differences in FA composition, independent of FA quantity.
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Figure 5.13. Volcano plot visualising genes in the Myc targets V1 hallmark pathway. Transcriptomic and
gene set enrichment analysis using the hallmark pathways was performed on hiPSC-CMs treated with 400uM
saturated fat (SFA)- or polyunsaturated fat (PUFA)-enriched lipid mix or no fat. The Myc targets V1 pathway was
significantly upregulated in hiPSC-CMs treated with SFA- compared with PUFA-enriched media, so genes in this
pathway were ranked according to the extent to which they were upregulated by SFA-enriched media. The 10%
of genes with the lowest padgi-value were visualised in a volcano plot comparing hiPSC-CMs treated with (A) SFA-
vs. PUFA-enriched lipid mix (n=6 per group) or (B) lipid-mix (n=12) vs. no-fat (n=6).
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Figure 5.14. Volcano plot visualising genes in the fatty acid metabolism pathway. Transcriptomic and gene
set enrichment analysis using the hallmark pathways was performed on hiPSC-CMs treated with 400uM saturated
fat (SFA)- or polyunsaturated fat (PUFA)-enriched lipid mix or no fat. The fatty acid metabolism pathway was
significantly upregulated in hiPSC-CMs treated with PUFA- compared with SFA-enriched media, so genes in this
pathway were ranked according to the extent to which they were upregulated by PUFA-enriched media. The 10%
of genes with the lowest padgi-value were visualised in a volcano plot comparing hiPSC-CMs treated with (A) SFA-
vs. PUFA-enriched lipid mix (n=6 per group) or (B) lipid-mix (n=12) vs. no-fat (n=6).
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5.4 Discussion

While dietary FA composition modulates soluble CMD risk factors (143, 153, 344), it
remains unclear if FA composition, independent of FA quantity, directly impacts cardiomyocyte
function. In Chapter 4, I showed dietary FA composition has divergent effects on in vivo human
cardiac energetics and function, therefore in this chapter, I aimed to further characterise this
phenotype by incubating hiPSC-CMs with different FA mixtures, at a physiological
concentration, to model the SFA- and PUFA-enriched HFDs. hiPSC-CMs treated with a PUFA-
enriched lipid mix continued to take up FA from the media and upregulated FA metabolism
pathways, while hiPSC-CMs treated with a SFA-enriched lipid mix reduced FA uptake and
upregulated pathways involved in protein translation and ribosomal biogenesis. These results
were independent of FA quantity and do not appear to be driven by or in response to cell stress.
Taken together, these findings support that FA composition has direct effects on

cardiomyocytes, with SFAs and PUFAs inducing divergent cellular responses.

5.4.1 Media FA Composition & hiPSC-CMs FA Metabolism

Previous studies have reported different FAs induce divergent effects on
cardiomyocytes gene expression, including genes involved in FA metabolism (308, 345-348).
Lockridge et al. showed that culturing adult rat cardiomyocytes for 24h with 400uM oleate or
linoleate, compared with palmitate, led to a greater number of FA metabolism related genes
being differentially expressed (345). This may be explained by oleate and linoleate activating
PPARa to a greater extent than palmitate (308). While most studies have been conducted in
rodents or rodent cell lines using a single FA or oleate/palmitate mixture for a short duration (<
24h), it does not fully model human CMD pathogenesis and may limit translatability. However,
the transcriptomic findings in this chapter, generated using human iPSC-derived

cardiomyocytes cultured with a physiological FA mixture for a longer period than previous
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studies, support a PPARa-mediated upregulation of FA metabolism in human cardiomyocytes
cultured in a PUFA- compared with SFA-enriched lipid-mix.

hiPSC-CMs cultured in a PUFA-enriched lipid-mix continued to take up FA during the
experimental period while SFA-enriched lipid-mix cultured hiPSC-CMs reduced FA uptake.
Incubating neonatal rat cardiomyocytes for 20h in 500uM palmitate, compared with oleate,
reduces FA oxidation, increases myocardial TG, and decreases AMPK activity (349).
Chabowski et al. showed in isolated rat cardiomyocytes and intact perfused hearts that
activating AMPK increases the expression and targeting of key FA-transport proteins, CD36
and FABPpm, to the plasma membrane (350). Therefore, as SFA-enriched lipid-mix treated
hiPSC-CMs were exposed to a greater palmitate concentration, this may have reduced AMPK
signalling and decreased plasma membrane CD36 and FABPpm targeting and FA uptake.
Alternatively, palmitate increases CD36 ubiquitination in vitro which would induce CD36
degradation and reduce FA uptake (351). This may function as a negative feedback mechanism
preventing excessive FA uptake and lipid overload when FA delivery exceeds oxidation
requirements, however, the mechanisms linking FA composition to differences in

cardiomyocyte FA uptake remain to be elucidated.

5.4.2 Media FA Composition & hiPSC-CM Cell Stress Responses

Numerous studies have linked myocardial palmitate accumulation with increased cell
stress responses, including ceramide and DAG formation, mitochondrial stress, oxidative
stress, and apoptosis (253, 346, 347, 349, 352, 353). Indeed, our group previously cultured
matured hiPSC-CMs in 300uM palmitate for 6 days to create an insulin-resistant hiPSC-CM
model (354). However, palmitate-induced cell stress responses were not observed in the present
study likely due to the presence of other FAs in the lipid mix. Miller et al. reported adding
100uM oleate to the media when culturing rat ventricular cardiomyocytes prevented oxidative

stress and apoptosis caused by culturing cells in 500uM palmitate (352). Adding PUFAs to cell
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media also rescues the pro-apoptotic effects of palmitate on cardiomyocytes (347, 353). It has
been proposed unsaturated FA activate PPARa to increase FA esterification and lipid droplet
formation, this directs palmitate towards storage as TG, reducing the amount available for
bioactive lipid synthesis and cell stress responses. While adding 50uM and 250uM oleate
rescued lipotoxicity induced by 500uM palmate in a skeletal muscle cell line, adding 500pM
oleate, such that the total FA concentration was 1mM, diminished the protective effects of
oleate (348). This suggests the FA quantity and composition both modulate cell stress
responses; however, it is unclear how hiPSC-CMs would response to greater concentrations of
SFA- or PUFA-enriched lipid-mixes.

Findings suggesting increased oestrogen receptor signalling in SFA-enriched lipid-mix
treated hiPSC-CMs may be a false hit as these pathways did not appear in the secondary
pathway analysis and conflict with TF analysis which predicts mouse oestrogen-related
receptor-a to be active in PUFA- and not SFA-enriched lipid-mix treated hiPSC-CMs. hiPSC-
CMs cultured with a SFA-enriched lipid mix upregulate ribosomal biogenesis and protein
translation transcriptional pathways compared with hiPSC-CMs cultured with a PUFA-
enriched lipid mix. Lockridge et al. reported adult rat cardiomyocytes cultured for 24h with
400uM palmitate significantly upregulated genes in the Gene Ontology “translation” pathway,
while oleate and linoleate had no effect on this pathway (345). Cardiac FA oxidation is required
for myocardial protein synthesis, as translation initiation requires ATP and a majority of cardiac
ATP production occurs through FA oxidation (355). In contrast to the findings in this chapter,
it could be expected that cardiomyocytes exposed to greater SFA/palmitate concentrations
would reduce protein synthesis as SFAs lead to less FA oxidation compared with PUFAs (92).
However, in hearts perfused without FAs and therefore with reduced FA oxidation, ribosomal
subunits accumulate (356), this suggests ribosome biogenesis may be upregulated as a

compensatory mechanism for the decrease in translation initiation. Therefore, upregulated
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ribosomal biogenesis in SFA-enriched lipid-mix treated hiPSC-CMs with may be a
compensatory response to the decreased FA uptake and oxidation in these cells compared with

PUFA-enriched lipid-mix treated hiPSC-CMs.

5.4.3 FA Quantity Regulates hiPSC-CMs Metabolism & Hypoxia Signalling

Compared with hiPSC-CMs treated with no-fat, lipid-mix treated hiPSC-CMs
upregulate cellular metabolism and maturation pathways. This is in line with studies showing
a dose-dependent relationship between FA concentration, cardiomyocyte FA metabolism gene
expression, and hiPSC-CM maturity (333, 345). Hypoxia signalling was the top differentially
regulated pathway in hiPSC-CMs treated with lipid mix; a pathway where, in response to
decreased intracellular oxygen, HIFla degradation is inhibited to increase the expression of
genes involved in anaerobic metabolism and cell stress responses (330). Hass et al. showed
that culturing hiPSC-derived retinal pigment epithelial cells (highly oxidative cells, like
cardiomyocytes) in greater media volumes induces hypoxic responses due to oxygen’s poor
media-solubility and inability to diffuse to cells (357). However, this is an unlikely explanation
for my findings as no-fat treated hiPSC-CMs were cultured with the same media volumes as
fat-treated hiPSC-CMs, therefore, they would have also experienced this hypoxic effect and
the pathway would not appear differentially regulated. Instead, this hypoxic pathway may be a
false positive. Although FA-treated hiPSC-CMs are more mature than hiPSC-CMs matured
without FA (333), they still display a highly glycolytic, foetal phenotype, shown by the 2:1
ratio of media lactate secretion to glucose uptake. The anaerobic metabolism phenotype
coupled with ROS-induced cell stress responses in FA-treated hiPSC-CMs may be
inappropriately identified as hypoxic signalling. To clarify this finding, measuring HIFla
protein expression in future studies would be beneficial to assess whether hypoxia signalling

is truly active in FA-treated hiPSC-CMs under cell culture conditions.
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5.4.4 Limitations

Findings were generated using hiPSC-CMs from a single hiPSC lineage, results should
be replicated in hiPSC-CMs from a different lineage and sex to ensure outcomes are not sex-
specific or driven by SNPs in IMR-90s. This in vitro model lacked several physiological
parameters that impact in vivo cardiac metabolism including nutrient and hormonal fluctuations
between fed and fasted state, FA delivery as TRLs, and the 3D tissue environment; however,
as this was a preliminary study, a simpler approach was deemed more appropriate. The SFA-
and PUFA-enriched lipid mixes were composed of four major FAs found in the human diet,
while they represent ~90% of circulating FA in human plasma-TG, the lipid mix did not include
FAs, such as EPA and DHA, which have established effects on CMD risk, and short and
medium chain FAs which may have different effects on cardiomyocyte physiology (212, 225,
358). Future studies with lipid mixes containing different FAs and ratios are needed to fully

characterise the relationship between FA composition and CMD risk.

5.4.5 Conclusion

In this chapter, hiPSC-CMs were treated with a physiologic concentration of a SFA- or
PUFA-enriched lipid mix to investigate whether FA composition, independent of concentration,
induces divergent responses. These findings suggest FA composition influences metabolic and
nonmetabolic response in hiPSC-CMs, as hiPSC-CMs treated with a PUFA-enriched lipid mix
upregulate FA metabolism pathways and continue taking up FA while hiPSC-CMs cultured in
a SFA-enriched lipid mix reduce FA uptake and upregulate ribosomal biogenesis. These results
highlight that dietary FA composition has direct effects on the heart and may implicate FA

composition in the pathogenesis of CVD, independent of other soluble CVD risk factors.
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6.1 Overview & Integration of the Main Findings

An individual’s diet is a modifiable lifestyle risk factor associated with obesity, where
consuming excess calories or certain macronutrients may increase CMD risk (77, 79).
Independent of changes in body weight, overfeeding studies consistently show that consuming
a SFA-enriched, compared with PUFA-enriched diet adversely impacts IHTG accumulation,
insulin signalling, and promotes a proatherogenic lipoprotein profile (10, 11, 79, 215, 309).
Further, differences in intracellular or systemic handling of SFAs and PUFAs may explain their
divergent effects on IHTG accumulation. However, as these studies have typically been
conducted utilising hypercaloric experimental diets, it is difficult to disentangle the effects of
weight gain from dietary FA composition on CMD risk. Therefore, the overarching aim of this
thesis was to investigate if, during the consumption of a weight-neutral diet, SFAs, compared
with PUFAs, undergo differential intracellular handling and if consuming a SFA- or PUFA-
enriched HFD impacts hepatic and cardiac metabolism and function.

To investigate if dietary FA composition impacts CMD risk, participants free-from
diagnosed metabolic disease were studied before and after consuming an isocaloric SFA- or
PUFA-enriched HFD. Bodyweight did not change over the course of either HFD. However,
consuming a PUFA-enriched HFD decreased, while consuming a SFA-enriched HFD
increased, IHTG content. Using stable-isotope tracer methodologies, I showed these divergent
effects of dietary FA composition on IHTG content may be mediated by changes in FA
oxidation as consuming a PUFA-enriched HFD increased and SFA-enriched HFD decreased
the appearance of 13C (from a '3C-labelled dietary FA tracer) in expired CO,. Further, dietary
FA composition impacted other CMD risk factors, with reduced blood pressures and plasma
lipids, and increased myocardial PCt/ATP after consuming a PUFA-enriched HFD, and
increased plasma lipids and markers of insulin resistance and cardiac dysfunction after

consuming a SFA-enriched diet. Taken together, these findings suggest dietary FA
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composition, independent of body weight, impacts systemic, hepatic, and cardiac metabolism.

The finding that dietary FA composition modulates IHTG content through effects on
FA oxidation is in line with previous studies, and with findings from Chapter 3, which suggest
dietary PUFA, compared with SFA, may be preferentially partitioned into oxidation pathways
(92, 194, 227) . In Chapter 3, participants consumed a high-carbohydrate diet for 3-days to
acutely upregulate hepatic DNL and shift the metabolic state of the liver away from oxidation
and towards esterification. Despite this shift in hepatic metabolism and a potentially greater
flux of palmitate than linoleate to the liver, there was a greater appearance of '*C in markers of
whole-body and hepatic FA oxidation following consumption of [U'*C]linoleate compared
with [U"*C]palmitate. The results from Chapter 3, along with previous studies, suggest there
may be intracellular mechanisms which preferentially partition dietary PUFA, compared with
SFA, into oxidation pathways to promote FA disposal (54, 92, 278). As these studies have been
primarily conducted in healthy participants, it would be of interest to investigate if in patient
populations with metabolic disease (i.e. MASLD, insulin resistance) SFAs, compared with
PUFAs, are preferential partitioning into different intracellular metabolic pathways.

Although dietary FA composition impacts CVD risk through effects on plasma CVD
risk factors, it is unclear if dietary FA composition directly impacts the heart. Therefore, in
Chapter 5, hiPSC-CMs were treated with a physiological concentration of a SFA- or PUFA-
enriched lipid-mix for 8-days to investigate if media FA composition, independent of total FA
concentration, impacts cardiomyocyte metabolism, cell stress responses, and transcriptomic
responses. hiPSC-CMs treated with a PUFA-enriched lipid mix upregulated FA oxidation
pathways and took up a greater proportion of FAs from the media than hiPSC-CMs cultured
with a SFA-enriched lipid mix. Further, these changes were independent of FA concentration
and cell stress responses. If these in vitro findings are representative of in vivo changes

following consumption of a PUFA-enriched HFD, then the increased myocardial PCr/ATP in
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humans observed in Chapter 4 may be mediated by increased cardiac FA uptake and/or
oxidation. In contrast, hiPSC-CMs cultured in a SFA-enriched lipid-mix reduced FA uptake
with increased SFA exposure. If this is also representative of in vivo striated muscle behaviour,
then consuming a SFA-enriched HFD may lead to reduced FA uptake into skeletal and cardiac
muscle, promote larger TRL-remnants formation, increase hepatic lipid flux, and augment
IHTG accumulation. Further, reduced FA uptake into striated muscle would reduce FA
oxidation and therefore, may contribute to the observation of reduced '*C appearance (from the
dietary FA tracer) in expired CO> following consumption of a SFA-enriched HFD in Chapter 4.
Taken together, these findings suggest dietary FA composition may directly impact cardiac FA

handling, metabolism, and function and may modulate CVD risk.

6.2 Effects of Dietary FA Composition on Metabolic Tissues

As treating hiPSC-CMs with a SFA-, but not PUFA-enriched lipid mix leads to
decreased FA uptake, it would be of interest to study if the binding site of CD36 has different
affinities or transport capacities for FAs with a different degree of saturation. Further, it would
be of interest to characterise if CD36 has allosteric FA-binding sites which regulate its activity
and if intracellular FA composition regulates CD36 trafficking to the plasma membrane. FA
composition may also influence FA uptake and metabolism through effects on TRL
metabolism. For example, the FA composition of a meal may influence LPL activity, which
could impact FA concentrations within tissues and FA transport into cells (359). There is also
emerging evidence that SNPs in LPL (and other genes) may interact with dietary FA
composition to impact an individual’s CMD risk (360). This suggests certain dietary patterns
or macronutrients may have different effects on an individual’s CMD risk depending on their
genetic background. As a result of these findings and others, there is increasing interest in
improving our understanding of gene-diet interactions to personalise dietary and nutrition

advice.
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Although the effects of dietary FA composition on the heart and liver were investigated
in this thesis, there is emerging evidence that alterations in skeletal muscle and adipose tissue
physiology may precede cardiac and hepatic manifestations of metabolic syndrome (361, 362).
Therefore, further work is needed to understand how dietary FA composition impacts the
function and metabolism of skeletal myocytes and adipocytes. As adipocytes partition a greater
proportion of FAs towards esterification and storage over oxidation pathways, future work
could investigate if SFAs, compared with PUFAs, are preferentially partitioned towards
storage pathways within adipocytes and if this induces divergent effects on adipose tissue
function. Alternatively, different macronutrient compositions may induce different lipid
droplet patterns within hepatocytes and these lipid droplet patterns may be associated with
altered cellular function (227). Therefore, it is of interest to determine if a divergence in lipid
droplet pattern occurs in adipocytes in response to different FA compositions, and if it is

associated with changes in adipose tissue function.

6.3  Sexual Dimorphism in the Effects of Dietary FA Composition on CMD Risk

Compared with males, CMD risk and prevalence is lower in pre-menopausal females
but potentially higher in post-menopausal females; however, the mechanisms explaining this
difference remain unclear (363). One proposed mechanism, and in agreement with the findings
throughout this thesis, suggests that females tend to partition FAs into oxidation pathways,
while males tend to partition FAs into esterification pathways (307). In Chapter 3, and in
agreement with the observations of Parry et al. (92), females, but not males, had greater '3C
appearance in expired and peripheral CO, after consumption of dietary [U!*C]linoleate,
compared with [U!*C]palmitate. In Chapter 4, changes in whole-body dietary FA oxidation
after consuming a SFA- or PUFA-enriched HFD were primarily driven by females. Compared
with males, skeletal muscle in females has greater expression of FA oxidation genes, capacity

for B-oxidation, and has more lipid droplets that are smaller and in closer proximity to
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mitochondria (307, 364-366). Taken together, this cellular organisation and gene expression
profile suggests that females have a greater capacity to change FA oxidation in response to an
intervention and this may, in part, explain the greater change in '*C appearance in expired CO»
in females compared with males after consuming a SFA-enriched HFD. While differences in
FA oxidation may contribute to the sexual dimorphism in CMD risk, there may also be
differences in adipose tissue function, hepatic DNL, and VLDL-TG production (307, 367, 368).
Therefore, further studies are needed to clarify how sex, lipid metabolism, and menopause

interact with each other to cumulatively influence CMD risk.

6.4 Broader Implications

Dietary modifications are a preventative and first-line therapeutic option to reduce a
patient’s risk of developing CMD, and are often utilised alongside pharmacologic approaches.
However, there is often limited success due to challenges associated with making dietary
modifications long-term and mixed information on the optimal dietary pattern to reduce CMD
risk. Despite this, dietary changes can notably modify CMD risk. In Chapter 4, in an
experimental research setting, participants were advised on how to modify their habitual diet
to consume either a SFA- or PUFA-enriched HFD, and it was observed that consumption of a
PUFA-enriched HFD for up to 24 days reduced systolic blood pressure by ~7mmHg, non-HDL
cholesterol by ~15%, and IHTG content by ~20%. Given that starting an angiotensin-
converting-enzyme inhibitor, statin, or a GLP-1/glucagon dual receptor agonist is expected to
reduce systolic blood pressure, LDL-cholesterol, and IHTG content by ~8mmHg, ~40%, and
~45%, respectively, the magnitude of change observed after consuming a PUFA-enriched HFD
with minimal change in bodyweight is clinically relevant (311, 369, 370). Among the growing
number of pharmacological options, the work presented in this thesis supports that dietary

modifications remain a clinically relevant option for mitigating CMD risk.
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Appendix 1: Chemical Reagents

Supplementary Table 1.1. Chemical Reagents

. Catalogue
Experiment Reagent Company Number
. Cambridge Isotope
[2,2-Ds]palmitate Laboratories Inc DLM-3773-1
Human albumin Octapharma 5400971
[UCJpalmitate Cﬁifrljt%eﬁless"fgcpe CLM-409-0.1
[UPC]linoleate Cﬁifrljt%eﬁlessolfcpe CLM-8835-PK
D,0 Cambrldge'lsotope DLM-4-1L
Laboratories Inc
Postprandial Study . _ Commercially
Days Rice Crispies Kellogg Available
. . Commercially
Skimmed Milk Tesco Available
. . . Commercially
Olive Oil - Light Tesco Available
Commercially
Cocoa Powder Tesco Available
Myverol (Emulsifier) Surfachem Myverol 18-04k
. Commercially
Xylitol Tesco Available
Ethylenediaminetetraacetic acid . .
(EDTA) Sigma-Aldrich E8008
Triglyceride Rich Phenylmethylsulphonyl fluoride Sigma-Aldrich P7626
Lipoprotein (PMSF)
Isolation Trasylol Sigma Pharmacy 93482
Ultra-Clear centrifuge tubes (14 Beckman Inc. 344060
X 95mm)
Glucose reagent Werfen 18250840
NEFA reagent Randox FA115
Triglyceride reagent Werfen 18255640
Glycerol reagent Randox GY105
Analytical HDL-C reagent Randox CH2655
Methods Total Cholesterol reagent Werfen 18250540
Total apolipoprotein-B100 Randox LP3839
reagent
Lactate reagent Randox LC3980
Lactate dehydrogenase reagent HORIBA ABX SAS 1220001824
Bicinchoninic acid protein assay =~ ThermoFischer Scientific 23225
Lipid Extraction Glyceryl triheptadecanoate Sigma-Aldrich T2151- 100MG
Heptadecanoic acid Sigma-Aldrich H3500-1G
1,2-diheptanoyl-sn-glycero-3- Sigma-Aldrich P4148-100MG

phosphocholine
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ISOLUTE SPE columns Biotage Ltd. 470-0010-A
Methyl tricosonate Sigma-Aldrich T9900-1G
I FAME Mix RM-6 Thames Restek RE35027
sotope . .
Enrichment StdB FAME mix Merck LlfeLtsd“ence UK 18919-1AMP
Analysis . . o
Platinum catalyst ThermoFischer Scientific 1091831
Phosphate Buffered Saline Sigma Aldrich D8537
I,HP SC TeSR-E8 media StemCell Technologies 05990
Maintenance
Matrigel Corning 356234
RPMI 1640 media ThermoFisher Scientific 11875085
B27 minus insulin ThermoFisher Scientific A1895601
CHIR99201 Tocris Bioscience 4423
hiPSC'_CM Wnt-C59 Tocris Bioscience 5148
Differentiation
RPMI 1640 without glucose ThermoFisher Scientific 11879020
B27 complete ThermoFisher Scientific 17504044
0.4% Trypan Blue ThermoFisher Scientific 15250061
DMEM 5.5mM glucose Gibco 11885084
Inactivated horse serum Gibco 26050088
Vitamin B12 Merck V2876
Vitamin C Merck A92902
Biotin Merck B4639
Insulin Merck 19278-5ML
Non-essential amino acids Gibco 11140035
hiPSC-CM
Exlp erimental Penicillin/streptomycin Gibco 15070063
Protocol Bovine serum albumin Sigma-Aldrich A9418
DMEM/F-12 media, with no Gibeo A2494301
glucose and no phenol red
Oleic Acid Cayman Chemical 90260
Palmitic Acid Sigma Aldrich P0500
Linoleic Acid Cayman Chemical 90150
a-linoleic acid Cayman Chemical 90210
TRIzol Reagent Invitrogen 15596026
RNA Extraction Qiagen RNEasy Mini-Kit Qiagen 74104
high-capacity CONA REVErSe  permoFisher Scientific 4374966
cDNA Synthesis ranscription Ki
SYBR Green MasterMix ThermoFisher Scientific 4309155

Abbreviations: DMEM, Dulbecco's Modified Eagle Medium; FAME, Fatty acid methyl ester; RPMI,
Roswell Park Memorial Institute;
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Appendix 2. Chapter 4 Supplementary Data

2.1 Sexual Dimorphism in the Change in Plasma Biochemistry and Tracer Incorporation into
Plasma Lipid Pools after Consumption of a SFA- or PUFA-Enriched HFD

The change from baseline to post-HFD of postprandial plasma biochemistry and
incorporation of [U3C]palmitate, [2,2-D;]palmitate, and newly synthesised palmitate into
plasma lipid pools after consuming a SFA- or PUFA-enriched HFD between males and females
was compared. After consuming a SFA-enriched HFD, there was an interaction effect for the
change from baseline to post-HFD between sexes for postprandial plasma glucose (p<0.05),
TG (p<0.0001), NEFA (p<0.001), chylomicron-TG (p<0.05), and VLDL-TG (p<0.001) (Fig.
S2.1A, C-F). Females compared with males, had lower plasma glucose at 60min and lower
NEFA at 240min and 300min after consuming the test meal on the post-HFD study day
compared with the baseline study day (all p<0.05; Fig. S2.1A). Males, compared with females,
had a higher plasma TG excursion at 120min (p=0.05), 180min (p<0.01), and 240min (p<0.05),
higher chylomicron-TG excursions at 120min (p=0.06), 180min (p<0.05), and 240min
(p=0.05), and higher VLDL-TG excursions at 180min (p<0.01) and 240min (p<0.05) after
consuming the test meal on the post-HFD study day compared with the baseline study day (Fig.
S2.1C, E-F). The change from baseline to post-HFD in plasma insulin did not differ between
sexes after consuming a SFA-enriched HFD (Fig. S2.1B). After consuming a PUFA-enriched
HFD, there were no differences in postprandial plasma biochemistry between males and

females (Fig. S2.2A-F).
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Figure S2.1 Change from baseline to post-HFD of postprandial plasma (A) glucose, (B) insulin, (C)
triglyceride (TG), (D) non-esterified fatty acids (NEFA), (E) chylomicron (chylo)-TG, and (F) very-
density lipoprotein (VLDL)-TG in males (*) and females (LJ) after consuming a SFA-enriched HFD.
Samples were collected at fasting and every (A-D) 30-60min or (E-F) 60min from 2h for 6h and analysed

by a mixed-effects model with a Sidak post-hoc test, matching each participant pre- to post-HFD.
Abbreviations: HFD, high fat diet; SFA, saturated fatty acid. Data presented as mean + SEM; n=7 males;
n=7 females; * p<0.05, ** p<0.01 indicate comparisons between sexes.
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Fig. S2.2 Change from baseline to post-HFD of postprandial plasma (A) glucose, (B) insulin, (C)
triglyceride (TG), (D) non-esterified fatty acids (NEFA), (E) chylomicron (chylo)-TG, and (F) very-
density lipoprotein (VLDL)-TG in males (*) and females ([J) after consuming a PUFA-enriched HFD.
Samples were collected at fasting and every (A-D) 30-60min or (E-F) 60min from 2h for 6h and analysed
by a mixed-effects model, matching each participant pre- to post-HFD. Abbreviations: HFD, high fat diet;
PUFA, polyunsaturated fatty acid. Data presented as mean + SEM; n=7 males; n=7 females.
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After consuming a SFA-enriched HFD, there was an interaction effect for the change
from baseline to post-HFD between sexes in the appearance of [U!*C]palmitate in plasma-TG
(»<0.0001), chylomicron-TG (p<0.01), plasma NEFA (p<0.001), and VLDL-TG (p<0.01) and
the appearance of [2,2-D>]palmitate in plasma-TG (p<0.05) and VLDL-TG (p<0.05) (Fig.
S2.3.A-E, H). Males, compared with females, had greater postprandial incorporation of
[UBC]palmitate into plasma-TG and VLDL-TG and [2,2-D:]palmitate incorporation into
VLDL-TG at 180min and 240min, after consuming a SFA-enriched HFD compared with
baseline (all p<0.05; Fig. S2.3A, D, H). Similarly, ther was greater postprandial incorporation
of [UC]palmitate into chylomicron-TG at 120min (p=0.08), 180min (p<0.05), and 240min
(p=0.06), in males, compared with females, after consming a SFA-enriched HFD compared
with baseline (Fig. S2.3B). In contrast, females, compared with males, had lower appearance
of [U"C]palmitate into plasma NEFA at 180min, 240min, and 300min in response to the
consumption of a test meal after consming a SFA-enriched HFD compared with respective
baselines (all p<0.05; Fig. S2.3C). The change from baseline to post-HFD in Rs NEFA and
incorporation of [2,2-D>]palmitate in plasma NEFA did not differ between sexes (Fig. S2.3.F-
G). After consuming a PUFA-enriched HFD, there were no differences in the appearance of
[UBC]palmitate or [2,2-D,]palmitate in plasma-TG, chylomicron-TG NEFA, or VLDL-TG
between males and females (Fig. S2.4.A-F). There were also no differences between males and
females in the appearance of newly synthesised palmitate in VLDL-TG after consuming a SFA-
or PUFA-enriched HFD compared with the respective baseline (Fig. S2.5.A-B). Taken
together, this suggests there is a sexual dimorphism in the postprandial lipid metabolic response
to consuming a SFA- compared with PUFA-enriched HFD. It appears that in males, compared
with females, consuming a SFA-enriched diet leads to a greater increase in the transport of
dietary FA, but not adipose-tissue derived FA, into the liver, and an increased secretion of

dietary and adipose-tissue derived FA out of the liver.

219



Appendix 2: Chapter 4 Supplementary Data

A 49 : B
£ £
o J o —~
- = e :l
Eg 2 ; 23
3 SE
20 Test =) Z;
= : Meal pgt s
— — 6
- O =
B ° Bz
Sa Sex p<0.01 80 Sex p<0.05
o Time p=0.14 (8] Time p=0.29
Sex x Dlet p<0 0001 Sex x Diet p<0.01
'2 T '4 T T T T T T 1
120 180 240 300 360 0 60 120 180 240 300 360
C Time (min) D Time (min)
0.4 Test * 1.0 *
Meal i
£g 4 £ «
2= o0 ** o —~
e ™ o 059
% g -5 Test
S :t’ 9 :E}. Mjal _l_ ]_
= 0.4 = 2
21 25 0.0 s L
£Z [
o ® g
SE .08 2 \?——?_‘i/i
gs Sex p<0.05 85 037 sexpeoos
(&) Time p<_0.01 o Time p=0.19
-1.2- Sex x Diet p<0.0001 Sex x Diet p<0.01
T T T T T T 1 -1.0 T T T T T T 1
0 60 120 180 240 300 360 0 60 120 180 240 300 360
E Time (min) F Time (min)
e
ime p=0. o
£ _ Sex x Diet p<0.05 £ 5 Sex x Diet p=0.29
g o = 1.6 Test
- ©° Test © g Meal
T E 191 Meal SE
a3 NG N
S © S L
S o £z
......... o ©
g5 0 o £
c © S o
Sa S8
o oo
-1 1 1 1 1 1 1 1 -1.6 1 1 1 1 1 1 1
0 60 120 180 240 300 360 0 60 120 180 240 300 360
G Time (min) H Time (min)
0.04 1.6
Test ok
= Test £
< 0 Meal o
L & 0.02- e d
w £ © =
Z - = [o]
n:lv"‘! (=) £
o N 2
E é 000_ ..................................................... ﬁ. (D
g £ £ R
e E 29
<) i
S E -0.02 Sex p=0.87 g s -1.6 Sex p<0.05
5 Time p=032 5 Time p=011
Sex x Diet p=0.80 Sex x Diet p<0.05
-0.04 T T T T T T 1 2.4 T T T T T T 1
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min)

Fig. S2.3 Change from baseline to post-HFD of postprandial [U'3C]palmitate incorporation into
plasma (A) TG, (B) chylomicron (chylo)-TG, (C) non-esterified fatty acids (NEFA) and (D) very-low
density lipoprotein (VLDL)-TG and [2,2-D;]palmitate incorporation into plasma (E) TG (F) NEFA,
and (H) VLDL-TG, and (G) R. NEFA in males (*) and females (LJ) after consuming a SFA-enriched
HFD. Samples were collected at fasting and every (A, C, E-G) 30-60min or (B, D, H) 60min from 2h for 6h
and analysed by a mixed-effects model with a Sidak post-hoc test, matching each participant pre- to post-
HFD. Abbreviations: HFD, high fat diet; SFA, saturated fatty acid. Data presented as mean = SEM; n=7
males; n=7 females; * p<0.05, ** p<0.01; *** p<0.001 indicate comparisons between sexes.
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Fig. S2.4 Change from baseline to post-HFD of postprandial [U'3C]palmitate incorporation into
plasma (A) TG, (B) chylomicron (chylo)-TG, (C) non-esterified fatty acids (NEFA) and (D) very-low
density lipoprotein (VLDL)-TG and [2,2-D;]palmitate incorporation into plasma (E) TG (F) NEFA,
and (H) VLDL-TG, and (G) R, NEFA in males (+) and females ([J) after consuming a PUFA-enriched
HFD. Samples were collected at fasting and every (A, C, E-G) 30-60min or (B, D, H) 60min from 2h for 6h
and analysed by a mixed-effects model, matching each participant pre- to post-HFD. Abbreviations: HFD,
high fat diet; PUFA, polyunsaturated fatty acid. Data presented as mean + SEM; n=7 males; n=7 females.
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Fig. S2.5 Change from baseline to post-HFD of newly synthesised palmitate in postprandial very-low
density lipoprotein (VLDL)-triglyceride (TG) in males (*) and females ([J) after consuming a (A) SFA-
or (B) PUFA-enriched HFD. Samples were collected at fasting and every 60min from 2h for 6h and analysed
by a mixed-effects model matching each participant pre- to post-HFD. Abbreviations: HFD, high fat diet;
SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid. Data presented as mean + SEM; n=7 males;
n=7 females.
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Supplementary Table 3.1. QPCR Primer Sequences

Gene

Sequence (Direction)

UBC

BNIP3

PDK4

CD36

ACLS4

CCTGGTGCTCCGTCTTAGAG (fwd)
TTTCCCAGCAAAGATCAACC (rev)

GAATTTCTGAAAGTTTTCCTTCCA (fwd)
TTGTCAGACGCCTTCCAATA (rev)

TGGTCCAAGATGCCTTTGAGT (fwd)
GTTGCCCGCATTGCATTCTT (rev)

TTGCAAAACGGCTGCAGGTC (fwd)
TCACCAATGGTCCCAGTCTCAT (rev)

TTGGCACAACAGAAAGGGGT (fwd)
ATCGCTCCAATTTCATGGCA (rev)

Abbreviations: Fwd: forward; Rev, reverse.
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Supplementary Table 3.2. Top Differentially Expressed Genes from Transcriptomics

Gene Gene Name Function of Protein Encoded by Gene Upregulated In
PDK4 Pyruvate dehydrogenase 4 Inhibits pyruvate dehydrogenase to promote FA oxidation
CPTIA Carnitine palmitoyl transferase 1 Promotes FA entry into mitochondria OA, compared with
PLIN2 Perilipin 2 Promotes formation of cytosolic lipid droplets No Fat, treated
ANGPTL4 Angiopoietin-like 4 Inhibits lipoprotein lipase hiPSC-CMs
IRS2? Insulin receptor substrate 2 Part of insulin signaling cascade
KATNBI1 Katanin regulatory subunit B1 Involved in microtubule polymerisation
RAMPI Receptor activity modifying protein 1 Involved in calcitonin-gene related peptide signaling No Fat-treated.
ADII Acireductone dioxygenase 1 Enzyme involved in methionine salvage compared with OA,
CBRI Carbonyl reductase 1 Reduces lipid peroxidation products treated hiPSC-CMs
TMEM?25 Transmembrane protein 25 Function unknown in human cardiomyocytes
MLYCD Malonyl-CoA decarboxylase Breaks down malonyl-CoA into acetyl-CoA Lipid Mix, compared
. . ith No Fat, treated
Hydroxyacyl-CoA dehydrogenase trifunctional . . . with £ ’
HADHA multienzyme complex subunit alpha Enzyme involved in B-oxidation hiPSC-CMs
KLF9 Krueppel-like factor 9 Transcription factor involved in cell differentiation
DHRS3 Dehydrogenase/reductase 3 Dehydrogenase involved in retinoic acid metabolism
No Fat, compared
RIN3 Ras and Rab Interactor 3 A guanine nucleotide exchange factor with Lipid Mix,
ABCGI ABC binding cassette protein G1 Cholesterol membrane transporter treated hiPSC-CMs
CD74 HLA-DR antigens-associated invariant chain Receptor for migration inhibitory factor (MIF)
MYH3 Myosin heavy chain 3 Encode myosin-3, part of the cardiac sarcomere
o o . . PUFA-, compared
MLYK3 Myosin light chain kinase 3 Regulates cardiac sarcomere contraction with SFA-enriched
FITM2 Fat Storage Inducing Transmembrane Protein 2 Promotes cytosolic lipid droplet formation hp}il(’ipngié,éﬁned
iPSC-CMs
CLSTN2 Calsyntenin 2 Involved in cellular adhesion
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FABPS5
MFAP4

CDKNIC
IRX4
DLK1

Fatty acid binding protein 5 Solubilises and binds FA
Microfibril associated protein 4 Contributes to the extracellular matrix structure SFA-, compared with
Cyclin dependent kinase inhibitor 1C Regulates cell cycle progression PU,F A—ennchgd lipid
mix, treated hiPSC-
Iroquois homeobox 4 Involved in cardiomyocyte differentiation CMs
Delta like non-canonical Notch ligand 1 Regulates cardiomyocyte-induced fibroblast remodeling

Abbreviations: FA: fatty acid; hiPSC-CM: human induced pluripotent stem cell derived cardiomyocyte; OA: oleic acid; PUFA: polyunsaturated fatty acid; SFA:

saturated fatty acid
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Supplemental Figure S3.1. Housekeeping Gene Expression. Absolute Ubiquitin C (UBC) expression,
expressed as the cycle threshold (Cr) measured by quantitative-PCR in hiPSC-CMs treated with no fat,
76uM oleic acid (OA), or 400uM lipid-mix enriched with saturated (SFA) or polyunsaturated (PUFA) fatty
acids for eight days with media changes every other day. Data: mean + SEM, n=6 per group, * p<0.05.
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3.1 Transcriptomic responses of hiPSC-CMs treated with OA compared with no-fat

Differential gene expression analysis between hiPSC-CMs treated with OA compared
with no-fat helped characterise the transcriptomic response of the positive-control compared
with negative-control treated hiPSC-CMs as a reference point for further comparisons.
Differentially expressed genes were identified by an FDR <0.05 and FC >2 (OA) or <2 (no-
fat) and visualised using a volcano plot (Fig. S3.2A). All five top upregulated genes in the OA
compared with no-fat group are involved in FA metabolism (Fig. S3.2A, Table S3.2.), while
the top five upregulated genes in the no-fat compared with OA-group appear unrelated (Fig.
S3.2A, Table S3.2). In hiPSC-CMs treated with OA compared with no-fat, 1798 genes were
significantly upregulated, 1501 genes were significantly downregulated, and 6757 genes were
unchanged (Fig. S3.2B). Findings from this transcriptomic comparison were validated by
qPCR confirming greater PDK4 expression in hiPSC-CMs treated with OA compared with no-
fat (Fig. S3.2C).

To determine which cellular pathways are differentially regulated in hiPSC-CMs
treated with OA compared with no-fat, gene set enrichment analysis (GSEA) was performed
using hallmark pathways. Three groups of pathways were significantly upregulated in OA
compared with no-fat treated hiPSC-CMs: pathways involved in i) metabolism (hypoxia and
glycolysis), ii) inflammatory signaling (hypoxia, TNFa signaling, IL2-STATS signaling,
unfolded protein response), and iii) cell differentiation and development (mitotic spindle,
estrogen response, UV response to DNA, hedgehog signaling and mTORCI1 signaling) (Fig.
S3.3). In hiPSC-CMs treated with no-fat compared with OA, four pathways with upregulated:

epithelial-to-mesenchymal transition, coagulation, DNA repair, and IFNa response (Fig. S3.3).
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Figure S3.2. Transcriptional profile of hiPSC-CMs treated with oleic acid compared with no-fat.
Transcriptomic analysis was performed on hiPSC-CMs treated with no fatty acids compared with 76uM
oleic acid (OA) for eight days with media changes every other day. Data was visualised using a (A) volcano
plot with individually differentially expressed genes (fold change (FC) > 2 and p.q < 0.05) indicated by an
orange dot if upregulated with OA or dark grey dot if upregulated with no-fat. (B) total number of
differentially expressed genes in each condition. (C) PDK4 expression measured by quantitative-PCR, data:
mean = SEM, n=6 per group, *p<0.05.
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Figure S3.3. Pathway analysis of hiPSC-CMs treated with oleic acid compared with no fat. Gene set
enrichment analysis was performed with hallmark pathways using the differentially expressed gene list
generated by transcriptomic analysis of hiPSC-CMs treated with 76uM oleic acid compared with no fat.
Significantly differentially regulated pathways (p.qj<0.05) between conditions are indicated by bold text and
orange blocks if upregulated in response to oleic acid or dark grey blocks if upregulated in response to no
fat, n=6 per group.
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