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General Introduction

Myocardial triglyceride (TG) content refers to the intracellular TG pool in cardiomyocytes.
Myocardial TG stores per se are probably inert, but reflect non-oxidative energy pathways
which may negatively influence myocardial function. Myocardial TG stores are tightly regulated
by dietary TG intake, plasma TG levels and non-esterified fatty acids (NEFAs), and myocardial
fatty acid uptake and oxidation. However, the physiological and pathophysiological relevance
of myocardial TGs for cardiac function in humans, especially in metabolic disease, is largely
unknown. In this introduction the cardiovascular risk in metabolic disease in general, and the
specific potential role for myocardial TGs is discussed, in relation to TG metabolism.

CARDIOVASCULARRISK IN METABOLIC DISEASE

Excessive caloric intake in combination with decreased physical exercise has led to an increase
in the prevalence of obesity and type 2 diabetes mellitus (DM2) in the developed world (1).
Obesity and DM2 are major risk factors for cardiovascular disease (2;3). In addition to the effects
of insulin resistance and dyslipidemia on cardiovascular disease, a growing amount of evidence
suggests a pathophysiological role of increased circulating levels of adipokines released by the
adipose tissue (4) and activation of inflammatory pathways (5). Additional to atherosclerosis,
obesity and DM2 also induce metabolic changes in the heart (6). The mechanisms by which
these metabolic myocardial alterations in obesity and DM2 influence myocardial systolic and
diastolic function are not fully elucidated. These metabolic alterations may be reflected in
excessive TG accumulation in cardiomyocytes (7;8).

As early as in 1933, it was suggested in autopsy studies that fatty degeneration of the heart
is a common finding in obesity, possibly associated with the development of dilated cardio-
mypathy (9). However, only in the past decade a syndrome of cardiomyopathy induced by fat
accumulation was described in rodents (7).

In human models, the current literature on this issue is limited, mainly due to the challenges
faced by the measurement of myocardial lipid accumulation in vivo. There are, however, indica-
tions that alterations in metabolic pathways in the heart in obesity and DM2 are also present
in humans and may affect myocardial function (10;11). Therefore, the studies presented in
this thesis aim to clarify the pathophysiological relevance of myocardial TG accumulation on
myocardial function in healthy subjects and in subjects with type 1 diabetes mellitus (DM1)
and DM2.

TRIGLYCERIDE AND FATTY ACID METABOLISM

TGs in the circulation are derived from the diet after absorption in the intestines (packed into
chylomicrons), and produced by the liver (packed in very low-density lipoproteins, VLDL-TGs).
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Figure 1.1. Representation of triglyceride metabolism.

Plasma triglyceride (TG) is contained within two forms of lipid particles. The liver produces very low-
density lipoprotein (VLDL) TGs, whereas the intestines produce chylomicrons upon dietary intake of fat.
These TG particles are lipolyzed by lipoprotein lipase (LPL) in the capillary wall to generate fatty acids,
which are subsequently taken up by the cells. In addition, in the circulation there are fatty acids bound

to plasma albumin (non-esterified fatty acids = NEFAs) derived from lipolysis of TGs stored in adipose
tissue. These NEFAs and the TG derived-fatty acids are the sources for fatty acids for the cells to be used for
energy requirements, or alternatively to be stored as intracellular TGs.

These particles are hydrolyzed by tissue-specific expression of endothelium-bound lipoprotein
lipase (LPL) (12), resulting in TG derived fatty acids. These fatty acids enter the cells of the
respective tissues, like myocardium, skeletal muscle and adipose tissue, where they are used for
energy requirements, or in case of excessive uptake, the fatty acids are re-esterified and stored
as TGs. Fatty acids are not only derived from plasma TGs, because fatty acids also circulate
bound to albumin, the so called NEFAs. The balance between the utilization of different fatty
acid sources is mainly substrate driven. In the fed state, fatty acids are derived from a mixture
of chylomicrons and VLDL-TGs, whereas during fasting fatty acids are mainly derived from
VLDL-TGs and from lipolyisis of TGs stored within adipose tissue (13). A schematic overview
of wholebody TG and fatty acid metabolism is provided in Figure 1.1. The heart is especially
effective in hydrolyzing VLDL-TGs and chylomicron derived TGs by LPL (14-16).

In healthy conditions, almost all TGs present within the body are stored in adipose tissue,
with only a small amount present in non-adipose tissues as the heart (17), the liver (18) and
skeletal muscle (19). The amount of TGs stored in these non-adipose tissues is tightly regulated,
but when this regulation is only slightly disrupted, TGs can accumulate in these non-adipose
tissues. This accumulation is reflected in hepatic steatosis and accumulation of TGs in the pan-
creas (20), associate with beta cell failure in obesity and DM2 (21).
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ENERGY SUBSTRATE METABOLISM IN THE HEART

The heart has a constant need for energy. The healthy heart is mostly dependent of mito-
chondrial oxidation of plasma fatty acids compared to glucose for energy requirements and
adenosine-triphosphate (ATP) synthesis. These fatty acids account for >70% of ATP demand
(22). Fatty acids enter the myocardium by passive diffusion or by protein-mediated transport,
involving fatty acid transporters (mainly CD36) or fatty acid binding protein, FABP (23). Within
the cardiomyocyte, the fatty acids are mainly bound to FABP and are then activated by esteri-
fication to fatty acyl-coenzyme A. These long-chain fatty acids can be redirected to TGs in the
cardiomyocyte, or can be used for beta oxidation, predominantly in the mitochondria and to a
lesser extent in the peroxisomes (24). The end product of beta oxidation (acetyl-coenzyme A)
fuels the Krebs cycle, which ultimately generates ATP (22).

Glucose from the plasma is transported through the myocardial cellular membrane. This is
regulated both by the gradient of glucose and the availability of glucose transporters (GLUT),
mainly GLUT-4 (25). Acetyl-coenzyme A is formed from decarboxylation of pyruvate, which is
derived from glycolysis and lactate oxidation (26). This acetyl-coenzyme A, together with acetyl-
coenzyme A derived from beta oxidation of fatty acids, enters the Krebs cycle to generate ATP.

Differences in substrate delivery to the heart shift the balance between glucose and fatty
acid utilization (26;27). In accordance with this concept, the rate of fatty acid uptake by the
heart is primarily determined by the concentration of NEFAs in the blood (28), in addition to
glucose concentrations, plasma insulin levels and factors including insulin resistance. Increased
myocardial reliability on fatty acids is a hallmark of both DM1 and DM2 (29-31). A mismatch
between excessive fatty acid uptake in relation to fatty acid utilization results in re-esterification
of fatty acids into TGs. However, in obesity fatty acid oxidation is also increased (32-34). This
increased oxidation is paralleled by a decrease in glucose utilization. Accordingly, in obesity and
insulin resistance impaired fatty acid oxidation per se is not likely to contribute to the observed
ectopic lipid accumulation (35). Excessive fatty acid supply to the myocardium increases fatty
acid uptake, and this feature may result in TG accumulation.

Furthermore, the heart uses a small amount of ketone bodies for its energy requirements.
Extraction of these ketones by the heart is increased, when the delivery of ketone bodies is
increased (36;37), i.e. in poorly regulated diabetes and starvation, when insulin levels are rela-
tively low and plasma NEFAs are increased (38-41). Oxidation of ketone bodies inhibits fatty acid
oxidation (36) and can, consequently, contribute to myocardial TG accumulation. A simplified

overview of myocardial substrate metabolism is provided in Figure 1.2.
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Figure 1.2. Simplified schematic overview of myocardial substrate metabolism.

A mismatch between excessive fatty acid uptake in relation to fatty acid oxidation results in excessive
fatty acid re-esterification and accumulation of triglycerides (TGs). The TGs in the cytosol are a reflection
of increased availability of fatty acid intermediates (see also Figure 1.3). These myocardial TGs can be
quantified using "H magnetic resonance spectroscopy.

MECHANISMS OF MYOCARDIAL LIPOTOXICITY

An overload of cellular fatty acid uptake in relation to oxidative requirements may result in a
process called lipotoxicity. The postulated pathways by which lipotoxicity induces alterations in
myocardial function are diverse and are discussed in this paragraph.

The balance between cell division and cell death influences the cellular population of organs
and, thereby, the functional capacity of these organs (42). A mismatch between the rate of
cell death and the replacement of cells creates a functional deficit. The loss of beta cells in the
pancreas in DM2 is an example of this concept, which ultimately results in insulin deficiency
and hyperglycemia in DM2. This cell loss is induced by a process called programmed cell death
or apoptosis. In addition to apoptotic stimuli like thermal- and chemical stress factors (43),
metabolic alterations can contribute to apoptosis as well. In animal studies metabolic factors
were involved in this so-called lipoapoptosis, associated with the development of pancreatic
beta cell dysfunction and cardiomyopathy (7;21;44-47). Accordingly, obesity-related deposition
of TGs in non-adipose tissues is associated with insulin resistance and the development of DM2
(48-53).

When fatty acid overload in cells exceeds the oxidative capacity, surplus fatty acids enter
non-oxidative pathways. As mentioned above, this overload will lead to re-esterification of fatty
acid derivatives into TGs within the cells, although TGs per se are probably not harmful. However,
these TGs are the reflection of increased availability of fatty acid derivatives like diacylglycerol
and fatty acyl-coenzyme A.Therefore, intracellular TG might be considered as an inert reflection
of the potentially damaging pathways.
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Different pathways may lead to cellular dysfunction upon increased availability of fatty acid
derivatives. In addition to lipid peroxidation (47) and diacylglycerol, the ceramide pathway
seems to be important (7;42). The increase in fatty acyl-coenzyme A levels, resulting from
chronic lipid overload, induces de novo synthesis of tumor necrosis factor alfa and ceramide
(46), which upregulates the expression of inducible nitric oxid synthase (21). Furthermore, fatty
acyl-coenzyme A decreases Akt kinase acitivity (53), which ultimately decreases the transloca-
tion of the GLUT resulting in decreased glucose availability. Moreover, fatty acyl-coenzyme A
activates the apoptotic process and serves as a ligand for transcription factors like peroxisomal
proliferator-activated receptor alpha, which ultimately alters the structure and function of the
heart.

Based on rodent studies, excessive myocardial fatty acid uptake and resulting TG accumula-
tion may be causally involved in the development of disturbed myocardial function in diabetes
mellitus (7;10;47;54). The amount of TGs is associated with alterations in myocardial function
(7;47;55). Moreover, it may reflect long-chain fatty acid induced activation of calcium chan-
nels (56) which may alter cardiac function (57). The mechanisms of lipotoxicity are complex

Increased fatty acid delivery in relation to oxidative requirements

@_’I fatty acid derivatives |

Ceramide synthesis

Increased calcium influx

PPAR alfa activation

Altered energy coupling

Nitric oxide increased

* TNF alfa increased

Less ATP generation

impaired insulin signaling
increased reactive oxygen species

Altered structure and function

N —
Figure 1.3. Proposed mechanism of lipotoxicity.
Increased fatty acid delivery in relation to oxidative requirements results in increased intracellular pools
of fatty acid derivatives, providing substrates for non-oxidative pathways. This has different effects, which
ultimately alter myocardial metabolism and myocardial function.
TG = triglyceride, PPAR = peroxisome proliferator-activated receptor, TNF = tumor necrosis factor, ATP =
adenosine-triphosphate.
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as glucose and fatty acid metabolism also interact with each other. For example, fatty acids
inhibit Akt 1, resulting in altered insulin signaling and decreased glucose uptake. The involved
pathways in lipotoxicity are summarized in Figure 1.3. Taken together, quantification of intracel-
lular TGs may be a representation of these toxic, non-oxidative pathways. Accordingly, when
obese rats are treated with troglitazone, myocardial TG accumulation is decreased, associated
with a decrease in intracellular content of ceramides, DNA laddering and an improvement in
myocardial contractility (7). Furthermore, hyperleptinemia in obese mice prevents the develop-
ment of lipotoxic cardiomyopathy (54).

In humans, plasma TG levels are an independent predictor of left ventricular relaxation (58).
Alterations in left ventricular function (59;60) are associated with altered myocardial (high-
energy phosphate) metabolism in patients with DM2 (61) and in patients with hypertension
(62). Furthermore, in obesity, plasma levels of NEFAs are associated with myocardial TG content
(63) and with left ventricular diastolic function (63;64). These circumstantial lines of evidence
indicate that the observations on the effects of fatty derivatives documented in rodent studies
may also be applicable in human pathophysiology.

MYOCARDIAL TRIGLYCERIDES IN HUMANS

Although experimental studies in rodents suggest a causal relation between myocardial TG
content and myocardial function, translational studies on this subject in humans are scarce.
One important reason for this lack of human studies is that non-invasive measurement of
myocardial TG content is challenging, mainly due to the confounding effects of cardiac and
respiratory motion. However, recently, hydrogen 1 magnetic resonance spectroscopy ("HMRS)
became available to assess TG content of the myocardium in humans in vivo (17;63;65-67). An
example of a "THMR spectrum of the myocardium is shown in Figure 1.4. This technique has
been validated against histological samples for measurement of hepatic TG content (68;69) and
skeletal muscle TG content (70).

The THMRS measurement of myocardial TG content is technically challenging, and, there-
fore, not widely available. To obtain accurate measurements in vivo it is essential to minimize
artifacts induced by cardiac and respiratory motion (66;67;71;72). Recent studies have shown
that myocardial TG content correlates with histological verified TG content (17). Therefore, this

technique also allows to measure myocardial TG content in the human heart in vivo.

MAGNETIC RESONANCE IMAGING OF THE HEART

Cardiovascular magnetic resonance (CMR) is perfectly suitable to assess myocardial systolic and
diastolic function (73-75). CMR combined with metabolic imaging of TG content by "HMRS and
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phosphorus 31 (3'P) spectroscopy provides a potential useful tool to study myocardial substrate
metabolism in relation to myocardial function in vivo. The first studies on this subject indicate
that myocardial TG content is indeed associated with plasma fatty acid levels and myocardial
function (63;76). Moreover, it seems that fatty infiltration in the myocardium precedes the onset
of systolic dysfunction and is, therefore, a potential parameter for the evaluation of treatment
in the insulin resistant state, even before diabetic cardiomyopathy is present (76). However, the
pathophysiological associations between myocardial TG accumulation and myocardial func-
tion in humans remain largely uncharacterized.

Therefore, the aim of this thesis is to study myocardial TG content in relation to cardiac func-
tion in a variety of metabolic interventions, in healthy subjects and in patients with DM1 and
DM2.

OUTLINE OF THE THESIS

The studies in this thesis evaluate the relation between myocardial TG content and myocar-
dial function under physiological and pathophysiological circumstances in humans in vivo.

17
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Moreover, we evaluate tissue-specific effects by including the quantification of hepatic TG
content, being an extra-cardiac location of ectopic deposition of TGs.

The first part of this thesis documents studies performed in healthy subjects. Chapter
2 evaluates the effects of compensation for the movement artifacts induced by cardiac and
respiratory motion on 'THMRS measurements. Chapter 3 describes a study on the effects of
short-term caloric restriction on myocardial TG content and myocardial function. Furthermore,
we evaluate whether extending the model of partial caloric restriction to complete starvation
results in more pronounced alterations in Chapter 4. Chapter 5 describes a study on the effects
of a hypercaloric, high-fat diet on plasma metabolic parameters, and myocardial TG content in
relation to cardiac function.

Part two of this thesis evaluates the flexibility of TG content of the diabetic myocardium
in relation to myocardial function in humans in vivo. Therefore, we evaluate the effects of
partial caloric restriction on myocardial TG content and myocardial function in patients
with DM2 in chapter 6. Moreover, we study the same subjects under the condition of partial
caloric restriction during inhibition of adipose tissue lipolysis by administration of acipimox,
to specifically assess the contribution of plasma NEFA levels to myocardial TG content and
myocardial function. Chapter 7 describes the effects of prolonged partial caloric restriction in
severely obese patients with DM2. According to our previous work, we hypothesize that this
may result in decreased myocardial TG stores, associated with improved myocardial function
as weight loss increases insulin sensitivity (77-79). In patients with DM1 glucoregulation is
imperfect and frequent episodes of hyperglycemia and high plasma NEFA levels are frequently
present. Therefore, these metabolic alterations may adversely affect myocardial metabolism,
with accumulation of myocardial and hepatic TGs as well. Chapter 8 evaluates the effects of
controlled partial insulin deprivation for 24 hours with resulting hyperglycemia and increased
plasma NEFA levels in otherwise well-controlled patients with DM1 on myocardial TG content
and myocardial function.
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SUMMARY

Objectives: The purpose of the study was to prospectively compare spectral resolution and
reproducibility of "TH magnetic resonance spectroscopy ("HMRS), with and without respiratory
motion compensation based on navigator echoes, in the assessment of myocardial triglyceride
(TG) content in the human heart.

Materials and methods: In 20 volunteers (14 men, 6 women; mean age + standard error, 31 +
2.8 years [range, 19-60 years]; body mass index, 19-30 kg/m2) without history of cardiovascular
disease, 'THMRS of the myocardium was performed at rest, with and without respiratory motion
compensation.

Results: Unsuppressed water signal linewidth changed from 11.9 Hz to 10.7 Hz (P < 0.001) with
the use of the navigator, which indicated better spectral resolution. The navigator improved
the intraclass correlation coefficient for the assessment of myocardial TG content from 0.32 to
0.81.

Conclusions: It is concluded that respiratory motion correction is essential for reproducible
assessment of myocardial TGs.
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INTRODUCTION

Hydrogen 1 magnetic resonance (MR) spectroscopy ("HMRS) is a promising tool for metabolic
imaging to assess triglyceride (TG) content of myocardial tissue in humans (1-3). Findings from
rat studies have shown that there is a negative correlation between myocardial TG content and
heart function, while treatment with insulin-sensitizing drugs reduced myocardial TG deposi-
tion and reversed contractile dysfunction in lipotoxic heart disease in obese Zucker rats (4-6).
These findings suggest that intramyocardial TG accumulation is deleterious to the heart (7).
Furthermore, myocardial TG content may be a marker of myocardial viability after coronary
occlusion due to enhanced esterification and/or reduced oxidation of fatty acids in ischemically
insulted but viable myocardium (8).

Motion artifacts from cardiac and respiratory motion have a negative effect on the reliability
of myocardial 'THMRS. Motion of the heart relative to the volume of interest may lead to reduced
spectral resolution and contamination of the "THMR spectrum by, for example, epicardial fat. In
addition, respiratory motion may negatively influence "THMR spectral resolution by preventing
optimal shimming and water suppression. Several methods for respiratory gating have been
proposed to improve repeatability and spectral resolution at "THMRS (2;3;9). Recently, respira-
tory navigator gating and volume tracking for double-triggered cardiac "HMRS became avail-
able (10). However, the influence of respiratory navigator gating on spectral resolution and on
the reproducibility of myocardial TG measurements is unknown. Therefore, the purpose of our
study was to prospectively compare spectral resolution and reproducibility of 'THMRS, with and
without respiratory motion compensation based on navigator echoes, to assess myocardial TGs
in the human heart.

MATERIALS AND METHODS

Oneof the authors (M.S.) is an employee of Philips Medical Systems (Cleveland, Ohio). This author
provided technical and intellectual input to the study. The authors who were not employed by
Philips Medical Systems had full control of the inclusion of the data and information that might
have presented a conflict of interest for this author. In 20 volunteers (14 men, 6 women; mean
age + standard error, 31 = 2.8 years [range, 19-60 years]; body mass index, 19-30 kg/m2) without
a history of cardiovascular disease, "HMRS of the myocardium was performed at rest. Further-
more, one healthy male subject (age, 22 years; body mass index, 23 kg/m2) underwent '"HMRS
before and after a very low-calorie diet. This healthy subject had no history or clinical evidence
of cardiovascular disease, diabetes, or any other chronic disease (screening visit consisted of
a medical history, physical examination, electrocardiography [ECG], and screening laboratory
tests such as fasting plasma glucose and lipid levels and an oral glucose tolerance test). The
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medical ethical committee of our institution (Leiden University Medical Center, Leiden, The
Netherlands) approved our study protocol, and all participants gave informed consent.

Study design

ECG-triggered "THMRS was performed twice during one session with the same parameters, with-
out changing the position of the voxel, both with and without the use of respiratory navigator
gating and volume tracking. Thereafter, the volunteer was removed from the imager. After 5
minutes, the volunteer was repositioned in the magnet bore, and ECG-triggered "HMRS was
repeated with and without respiratory navigator gating and volume tracking after completing
all preparation phases. No marking of coil position on the chest wall of subjects or other efforts
to minimize variability were performed. To test the ability of respiratory navigator-gated 'THMRS
to demonstrate changes in myocardial TG content after metabolic interventions, 'THMRS was
performed in one volunteer before and after a 3-day very low-calorie diet. The low-calorie diet
consisted of 471 kilocalories, 50.2 g of carbohydrates, and 6.9 g of fat (0.94 g saturated fat,
Modifast Intensive; Nutrition & Santé Benelux, Breda, The Netherlands) per day. The volunteer
was instructed to remain fasted for 4 hours prior to both "THMRS examinations.

Magnetic resonance technique

Cardiac MR examinations were performed at 1.5-Tesla (Gyroscan ACS/NT15; Philips, Best, The
Netherlands). A 17-cm diameter circular surface coil, with a vitamin-A capsule in the center for
visualization of the coil center on survey images, was positioned on the chest wall. Gradient-
echo survey images were acquired to verify location of the "THMRS surface coil. When necessary,
the coil was repositioned to place the coil center just below the mitral valve level of the heart
(Figure 2.1). Once the coil was at the correct position, ECG-triggered MR imaging was performed
to acquire multiphase gradient-echo images (repetition time ms/ echo time ms, 3.5/1.75; 35-40
heart phases) in the four-chamber and short-axis views to image the interventricular septum
and to determine the time point of end-systole (Figure 2.1).

'H magnetic resonance spectroscopy technique

ECG-triggered cardiac "HMR spectra were obtained from the interventricular septum with sub-
jects in the supine position. The body coil was used for radiofrequency transmission, and the
17-cm diameter circular surface coil was used for signal reception. An 8-ml voxel (4 x 2 x 1 cm)
was positioned in the interventricular septum on the four-chamber and short-axis images at
end-systole, thereby avoiding contamination from epicardial fat (Figure 2.1). A section-selective
90° pulse, followed by two section-selective refocusing pulses (a pointresolved spectroscopy
sequence) was used to acquire single-voxel MR spectroscopic data (1). Spectra were acquired
at end-systole, with an echo time of 26 ms and a repetition time of at least 3000 ms; 1024 data
points were collected by using 1000-Hz spectral width and 128 signals acquired. The repeti-
tion time of 3000 ms was chosen to approach complete relaxation of the TG signals. A pencil



Reproducibility of 'HMRS | 31

Unsaturated fat

Triglyceride
Creatine
Choline \1 \ / k
Residual water | l[! \}' }
WYY AL

i

Frequency (ppm)

Figure 2.1.

Images show coil position and spectroscopic volume. The surface coil was positioned just below the
mitral valve level of the heart on, A, sagittal and, B, transverse balanced steady-state free procession
magnetic resonance (MR) images. Spectroscopic volume localization in the interventricular septum on,
C, four-chamber and, D, short-axis views (ECG-triggered balanced steady-state free procession MR is
demonstrated. Care was taken to avoid contamination from epicardial fat. E, Typical water-suppressed
"H spectrum of myocardial tissue located in the interventricular septum (128 signals acquired; voxel size
8 ml). Peak heights are in arbitrary units, ppm = parts per million.

beam navigator was positioned on the lung-liver interface of the right hemidiaphragm (Figure
2.2) for respiratory motion gating and tracking (10-12) by one of the authors (RW.v.d.M.). A
two-dimensional spatially-selective radiofrequency pulse for pencil beam-shaped excitation
was used. A pencil beam with a diameter of 25 mm and a length of 80 mm was selected. Respi-
ratory navigator-gated spectroscopic data were accepted during data acquisition when the
diaphragm-lung interface was within a predefined acceptance window of 5 mm around end
expiration.

Motion tracking was used to compensate for any residual translational shifts of the
diaphragm-lung interface within the predefined acceptance window. The assumed scale factor
between diaphragmatic motion and cardiac motion in the feet-to-head direction was 0.6 (13).
Automatic center frequency determination, gradient shimming, transmit power, receiver gain
optimization, and water suppression were performed by using respiratory navigator gating
and tracking. Without changing any parameter, a spectrum without water suppression was
obtained, with a repetition time of 10000 ms (to approach complete relaxation of the water
signal) and four signals acquired, to be used as an internal reference (see next section). Total
acquisition time for both a watersuppressed and a water-unsuppressed spectrum, including
(re-)positioning of the patient, shimming, and parameter adjustment for water suppression,
was on average 25 minutes. Assessment of a single, water-suppressed spectrum with 128
signals acquired took approximately 10 minutes depending on the respiratory cycle of the
volunteer and on the acceptance rate of the respiratory navigator.
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Calibration Data acquisition

Figure 2.2.

Images show position of pencil beam on right hemidiaphragm. A, Coronal and, B, transverse balanced
steady-state free procession magnetic resonance images show positioning of pencil beam on right
hemidiaphragm. C, White dots (left) represent the automatically traced position of diaphragm (pencil
beam excitation pulse is applied in foot-head direction). Two respiratory cycles are used for calibrations
(smooth white line); thereafter, during data acquisition, navigator samples are taken with lower temporal
resolution (white points, right). White horizontal lines indicate acceptance window (end-expiration, 5
mm); whenever the detected motion state of the diaphragm is within the window, the spectroscopic
measurement is accepted.

Spectral quantification

All THMRS data were fitted in the time domain, directly on free induction decays by using
Java-based MR user-interface software (jMRUI version 2.2; A. van den Boogaart, Katholieke Uni-
versiteit Leuven, Leuven, Belgium) (14) in consensus by two authors (R.W.v.d.M. and H.J.L.,, with
2 and 15 years of experience in myocardial MR imaging, respectively). The Hankel-Lanczos filter
(single-variable decomposition method) was used to remove residual water signal from spectra
acquired with water suppression. Myocardial TG signal amplitudes were analyzed automatically
by using the Advanced Magnetic Resonance, or AMARES, fitting algorithm within the jMRUI
software (15). The AMARES fitting algorithm within jMRUI also provides the standard deviation
of the amplitude (one time the Cramer-Rao standard deviation [CRSD]), which can be used as
a measure of the accuracy of the fitted signal amplitude, reflecting the signal-to-noise ratio
(16). The CRSD of the lipid signal was divided by the lipid signal amplitude, yielding a relative
CRSD, which is inversely related to the signal-to-noise ratio. Resonance frequency estimates for
intramyocardial lipids were described with the assumption of Gaussian line shapes at 0.9, 1.3,
and 2.1 parts per million (ppm). (In keeping with the approach of Torriani et al. (17), we summed
the amplitudes of lipid resonances at 0.9 and 1.3 ppm for TG quantification for statistical analy-
sis). Prior knowledge was incorporated into the fitting algorithm by using previously published
criteria (18-20). Fixed frequencies for TG peaks were used, and linewidths and amplitudes were
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unconstrained. The zero-order phase correction was estimated by using the AMARES algorithm,
and the first-order phase correction was fixed to 0.13 ms. The water signal from spectra without
water suppression obtained from the same voxel was used as internal reference for relative
quantification of lipid resonances. The water signal peak at 4.7 ppm was quantified and the
linewidth (full width at half maximum) was calculated by using a Lorentzian line shape in the
AMARES algorithm. The percentage of myocardial TG content relative to water was calculated
as the signal amplitude of TGs divided by the signal amplitude of water, and multiplied by 100.

Statistical analysis

To compare reproducibility of percentage of myocardial TG content with and without respi-
ratory navigator gating and volume tracking, the intraclass correlation coefficients were
calculated by using a mixed-effects analysis of variance (with patients as random factor) for
both conditions separately. Furthermore, the coefficients of variance were calculated for both
conditions separately. Moreover, Bland-Altman plots were constructed. Statistical significance
of differences was assessed by using two-tailed paired t-tests, and P < 0.05 was considered to
indicate a significant difference. Mean values + standard errors are given. Statistical analyses
were performed by using statistical software (SPSS, version 12.01; SPSS, Chicago, IlI).

RESULTS

The full width at half maximum value of the unsuppressed water signal changed from 11.9 Hz +
0.4 to 10.7 Hz £ 0.44 (all data pooled, P < 0.001), without and with respiratory navigator gating,
respectively. A decrease was observed in the calculated mean myocardial TG percentage with
use of respiratory navigator gating compared with myocardial TG percentage assessed without
use of the navigator (Table 2.1).

In all acquisition conditions, the CRSD was less than 1% of the lipids signal amplitude.

Bland-Altman plots of the observed percentage of myocardial TGs without and with respi-
ratory navigator showed smaller limits of agreement (mean * 2 standard deviations) when
respiratory navigator is used, indicating improved reproducibility (Figure 2.3). Without use of

Table 2.1. Reproducibility of human myocardial triglyceride content.

Data Without navigator With navigator

%TG" Relative CRSD (%)* %TG" Relative CRSD (%)*
All data (n=40) 0.46 + 0.02 0.80 £ 0.07 0.38 +0.02* 0.92 £ 0.09
Acquisition 1 (n=20) 0.43+0.03 0.86 +0.12 0.37 +0.03* 0.95+0.12
Acquisition 2 (n=20) 0.48 +0.03 0.74 £ 0.09 0.40 + 0.03* 0.89+0.12

Data are mean = standard error. * Relative to the water signal.

1 CRSD (cramer-rao standard deviation) relative to the triglyceride (TG) signal amplitude. Relative CRSD
was used as a representative for the signal-to-noise ratio. + Percentage of TGs without navigator is
significantly different from that with navigator (two-tailed paired t-tests, P < 0.05).
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Figure 2.3

Bland-Altman plot of metabolic imaging of myocardial triglyceride (TG) content without (left) and with
(right) respiratory navigator gating and volume tracking. Without respiratory navigator gating, the mean
interacquisition difference (+ standard error) of the percentage of TGs is -0.05% + 0.04 (P = 0.20); with
respiratory navigator gating, the difference of the two acquisitions in the same subjects is -0.03% + 0.02
(P=0.11). No trends are observed. Limits of agreement (mean + 2 standard deviations [2SD]) are smaller
when respiratory navigator is used, indicating improved reproducibility.

%TG = myocardial TG percentage relative to unsuppressed water, #1 and #2 = acquisitions 1 and 2.

the respiratory navigator, the intraclass correlation coefficient was 0.32 (95% confidence inter-
val: -0.14, 0.66; P = 0.08), and this coefficient improved to 0.81 (95% confidence interval: 0.58,
0.92; P < 0.001) with use of navigator gating and volume tracking. Furthermore, the coefficient
of variation of the assessment of myocardial TG percentage without use of the navigator was
14.5% higher than with the use of the navigator (32.4% vs 17.9%). The very low-calorie diet
induced an 83% increase in myocardial TG content compared with baseline percentage of TGs

(1.1% and 0.6 %TG content, respectively) (Figure 2.4) in one volunteer.

DISCUSSION

In our study, reproducibility of metabolic imaging findings by using ECG-triggered 'THMRS
to assess myocardial TG accumulation was assessed with and without the use of respiratory
navigator echo-based motion compensation. Spectral resolution (defined by means of the
linewidth of the unsuppressed water signal), which is a measure of spectroscopic quality,
increased significantly (P < 0.001) with use of respiratory motion compensation. Furthermore,
reproducibility of the assessment of myocardial TG content was improved when respiratory
navigator gating was applied.

Respiratory motion causes a relative displacement of the acquisition volume in relation to
the position of the human heart. Thereby, respiratory motion may hamper shimming and water
suppression. In our study, the full width at half maximum values of the unsuppressed water
signal decreased significantly with use of the respiratory navigator compared with acquisitions
without respiratory navigator gating and tracking. The observed values in our study of full
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Figure 2.4
Water-suppressed magnetic resonance
spectra from metabolic imaging show
effect of a very low-calorie diet on
triglyceride content in a healthy volunteer.
Peak height is relative to the water signal
in a reference spectrum without water
suppression. Myocardial triglyceride peak
height increased nearly twofold after a
3-day very low-calorie diet.

Y Dashed line = baseline, solid line = very
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width at half maximum with use of the respiratory navigator technique correspond to values
reported for the tibialis anterior muscle (17) and are lower than previously published values
for myocardial "THMRS (1). Therefore, application of respiratory navigator gating and tracking
improves spectral resolution for metabolic imaging of myocardial TGs of the human heart.

The mean percentages of myocardial TGs, assessed with and without respiratory motion
compensation, were in accordance with previously published data from other studies (9), but
with respiratory navigator, the percentage myocardial TG content was lower than the acquired
values in our study without use of respiratory motion compensation.

The observed percentages of TGs are scattered over a relatively large range for all acquisition
conditions. In all acquisition conditions, the CRSDs were less than 1% of the signal amplitude,
and thus spectral noise was considered to have a negligible contribution to the uncertainty of
our measurements. Therefore we assume that the observed range in myocardial TG percentages
reflects differences in measurement conditions (i.e., presence or absence of navigator gating).
The observed higher percentage of myocardial TGs without application of respiratory motion
compensation is probably caused by contamination of epicardial fat. The contamination is
most likely caused by the relative displacement of the acquisition volume in myocardial tissue,
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due to respiratory motion causing contamination from outside the selected voxel and thereby
to an increase in the apparent percentage of myocardial TGs.

Bland-Altman analysis showed improved agreement in myocardial TG assessment with use
of respiratory navigator gating and tracking. No comparable data could be found in previous
reports. In addition, with use of the respiratory navigator, reproducibility of myocardial TG
assessment expressed as the intraclass correlation coefficient and the coefficient of variation
improved significantly. In our study, use of respiratory navigator gating and tracking improved
the intraclass correlation coefficient from 0.32 to 0.81 and decreased the coefficient of variation
from 32.4% to 17.9% for assessment of myocardial TGs. A coefficient of variation of 17.9% for
the assessment of myocardial TGs with use of respiratory motion compensation is in concor-
dance with results of previous studies in which various other methods were used for cardiac
and respiratory motion correction to increase spectroscopic quality (2;3). Szczepaniak et al. (3)
showed a coefficient of variation for MR spectroscopic determination of myocardial TGs of 17%,
with use of a pressure belt for respiratory gating, while others reported a coefficient of variation
of 13% for TG determination by using double triggering based on the ECG signal (2).

In our study, an increase in myocardial TG content was found after a short-term very low-
calorie diet in a healthy subject. Although this test was performed in only one volunteer, and
thus is not representative of a proved finding, the result corresponds to the findings of Reingold
etal. (9). The clinical interpretation of the above-mentioned finding needs to be established in
a larger cohort study. This clinical example suggests that metabolic imaging of myocardial TG
content may be a useful new tool for monitoring effects of dietary and/or medical interventions
in metabolic and cardiac disorders, such as metabolic syndrome, diabetes, and myocardial lipo-
toxicity. Furthermore, metabolic imaging of myocardial TG content may provide new (patho-)
physiologic insights of myocardial TG handling, also in relation to global and regional cardiac
function.

Our study has some limitations. First, 'THMRS was performed in healthy volunteers only. A
patient who is experiencing any sort of stress due to a medical condition is possibly less coop-
erative with alonger acquisition time caused by the respiratory motion compensation. We think,
however, that a clinical cardiac MR imaging examination time of approximately 25 minutes to
acquire a cardiac spectrum is not any different from other clinical cardiac MR imaging applica-
tions. The more reliable results of respiratory motion-compensated spectroscopy compared
with non-respiratory motion-compensated spectroscopy warrants the extra time investment.
Second, the use of cardiac "THMRS currently has only limited clinical relevance. However, it is
potentially a very useful tool in cardiac metabolic studies; for example, in the evaluation of diet
and therapy effects. Third, "THMR spectra were obtained in the myocardial septum only. The use
of THMRS in other regions of the heart was not demonstrated. We think that the myocardial
septum is the most favorable region for acquiring cardiac spectra in generalized disorders that
affect the myocardium, such as diabetes mellitus. Motion in the myocardial septum is limited,
and the myocardial septum is far from the free walls and from the pericardial fat, which could
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contaminate the spectra. However, more work needs to be done to develop a reliable THMRS
technique for the lateral walls of the heart, which could be of interest in assessing myocardial
lipid accumulation in localized disorders such as myocardial infarction.

CONCLUSIONS

Respiratory navigator-gated and ECG-triggered "THMRS of the human heart to assess myocar-
dial TG content showed substantially better spectral resolution and reproducibility than ECG-
triggered "THMRS without respiratory motion correction. Therefore, we believe that respiratory
motion correction is essential for reproducible metabolic imaging of myocardial TG content of
the human heart.
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SUMMARY

Objectives: Diabetes and obesity are associated with increased plasma non-esterified fatty acid
(NEFA) levels, myocardial triglyceride (TG) accumulation, and myocardial dysfunction. Because
a very low-calorie diet (VLCD) also increases plasma NEFA levels, we studied the effect of a VLCD
on myocardial TG content and cardiac function in healthy subjects.

Materials and methods: Fourteen healthy nonobese men underwent 'H magnetic resonance
spectroscopy ("HMRS) to determine myocardial and hepatic TG content, 3'P magnetic reso-
nance spectroscopy (3'PMRS) to assess myocardial high-energy phosphate (HEP) metabolism
(phosphocreatine/ATP), and magnetic resonance imaging of myocardial function at baseline
and after a 3-day VLCD.

Results: After the dietary intervention, plasma NEFA levels increased compared with those at
baseline (from mean + standard error 0.5 + 0.1 to 1.1 = 0.1 mmol/l, P < 0.05). Concomitantly,
myocardial TG content increased by ~55% compared with that at baseline (from 0.38 + 0.05 to
0.59 + 0.06%, P < 0.05), whereas liver TG content decreased by ~32% (from 2.2 £ 0.5to 1.5 £
0.4%, P < 0.05). The VLCD did not change myocardial phosphocreatine-to-ATP ratio (2.33 + 0.15
vs 2.33 £0.08, P < 0.05) or systolic function. Interestingly, deceleration of the early diastolic flow
across the mitral valve decreased after the VLCD (from 3.37 + 0.20 to 2.91 + 0.16 ml/s? x 1073,
P < 0.05). This decrease in diastolic function was significantly correlated with the increase in
myocardial TG content.

Conclusions: Short-term VLCD induces accumulation of myocardial TGs. In addition, VLCD
decreases left ventricular diastolic function, without alterations in myocardial HEP metabolism.
This study documents diet-dependent physiological variations in myocardial TG content and
diastolic function in healthy subjects.
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INTRODUCTION

In diabetes and obesity, plasma non-esterified fatty acid (NEFA) levels are elevated because
of excessive lipolysis in adipose tissue (1). In animal models of type 2 diabetes mellitus (DM2)
and obesity, excessive plasma NEFA levels result in accumulation of myocardial triglycerides
(TGs) (2;3). In these models, TG accumulation in cardiomyocytes is directly related to cardiac
dysfunction (4-6) and an increased susceptibility for cardiac ischemia (7). This so-called “myo-
cardial lipotoxicity”is due to complex mechanisms, most likely involving intermediates of NEFA
metabolism and oxidative stress (2;6;8). Interestingly, in animal models, therapeutic interven-
tions aimed at reducing myocardial TG accumulation reversed myocardial dysfunction (6). In
addition to contributing to myocardial lipotoxicity, increased plasma NEFA levels may affect
myocardial high-energy phosphate (HEP) metabolism (9).

Myocardial TG accumulation has been demonstrated ex vivo in myocardial tissue of patients
with DM2 (10) and patients with heart failure (11). Recently, myocardial hydrogen 1 magnetic
resonance spectroscopy ("HMRS) has been developed and validated to measure myocardial
TG content in humans in vivo (12;13). Using this technique, a relation between body mass
index (BMI) and myocardial TG content was suggested (12;14). However, dynamic changes in
myocardial TG content and myocardial function have not been documented within subjects.
Because short-term exposure to a very low-calorie diet (VLCD) increases plasma NEFA levels
(15), we hypothesized that this dietary intervention might be a model to study the flexibility of
myocardial TG content and myocardial function in healthy subjects. Therefore, the purpose of
the present study was to determine the effect of a VLCD on myocardial TG content and cardiac
function in healthy subjects, using "THMRS, phosphorus 31 magnetic resonance spectroscopy
(3'PMRS), and cardiac magnetic resonance (MR) imaging. Each subject was studied twice, before
and after 3 days of VLCD. 3'PMRS was used to assess myocardial HEP metabolism. Cardiac MR
imaging was used to assess myocardial function in detail. Furthermore, hepatic TG content was
assessed concomitantly using "THMRS to study the tissuespecific effects of a VLCD.

MATERIALS AND METHODS

Fourteen healthy men participated in this study, which was approved by the local ethics com-
mittee. All volunteers provided written informed consent. Subjects were included if they were
aged >18 years and had no known acute or chronic disease based on history, physical examina-
tion, standard laboratory tests (blood counts, fasting blood glucose, lipids, serum creatinine
and electrocardiogram [ECG]). Exclusion criteria included drug treatment, smoking, substance
abuse, hypertension, or impaired glucose tolerance (as confirmed by a 75-g oral glucose toler-
ance test (16)). Subjects underwent MR scanning in the afternoon on two different occasions.

Before both visits, they were instructed to follow one of two different dietary regimes for 3 days
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before the measurements. In the first regime, each subject used his normal diet, and this dietary
condition was used for the collection of baseline data. During the second regime, subjects con-
sumed a VLCD consisting of 471 kcal, 50.2 g carbohydrates, and 6.9 g fat (0.94 g saturated fat;
Modifast Intensive, Nutrition & Santé Benelux, Breda, Netherlands) per day. The low-fat content
was used to induce a physiological elevation of plasma NEFA levels.

Subjects were instructed to maintain a sufficient fluid intake (>1.5 | daily). Use of alcohol
was not allowed during the 3-day diets. The last meal of each diet was consumed 4 h before
venous blood sampling and subsequent cardiac MR imaging and spectroscopy measurements.
Furthermore, "THMRS of the liver was performed to study the extracardiac effects of the VLCD.
The effect of the VLCD on the study parameters was compared with the data obtained after the
reference diet.

'H magnetic resonance spectroscopy

All MR imaging and spectroscopy studies were performed with the use of a 1.5-Tesla whole-
body MR scanner (Gyroscan ACS/NT15; Philips, Best, Netherlands) with subjects in supine
position at rest. Myocardial "THMR spectra were obtained from the interventricular septum. The
body coil was used for radio-frequency transmission, and a 17-cm diameter circular surface coil
was used for signal reception.

An 8-ml voxel was positioned in the interventricular septum on four-chamber and short-
axis images in end-systole, carefully avoiding contamination from epicardial fat (Figure 3.1). A
point-resolved, spatially localized spectroscopic pulse sequence was used to acquire single-
voxel MR spectroscopic data (17). Spectroscopic data acquisition was double-triggered using
ECG triggering and respiratory navigator echoes to minimize breathing influences (13;18).
Spectra were acquired at end-systole, with an echo time (TE) of 26 ms and a repetition time (TR)
of at least 3000 ms. A total of 1024 data points were collected using a 1000-Hz spectral width
and averaged over 128 acquisitions. Without changing any parameter, spectra without water
suppression with a TR of 10000 ms and four averages were obtained to be used as an internal
standard.

Figure 3.1. Myocardial voxel localization for "H magnetic resonance spectroscopy.
Voxel position in four-chamber (A) and short-axis (B) views.
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'HMRS of the liver was performed with an 8-ml voxel positioned in the liver, avoiding gross
vascular structures and adipose tissue depots. The 12t thoracic vertebra was used as a land-
mark to ensure the same position of the voxel during both visits. Spectra were obtained using
the same parameters as described above. Sixty-four averages were collected with water sup-
pression. All "THMR spectroscopic data were fitted using Java-based MR user interface (jMRUI)
software (version 2.2 [developed by A. van den Boogaart, Katholieke Universiteit Leuven,
Leuven, Belgium]) (19).

Spectra were analyzed in the time domain directly on free-induction decays. For spectra
acquired with water suppression, the Hankel-Lanczos filter was used to remove residual water
signal, using the single-variable decomposition method. Myocardial TG signals were analyzed
using the Advanced Magnetic RESonance (AMARES) fitting algorithm within jMRUI (20).

Resonance frequency estimates for intramyocardial lipids were described with the assump-
tion of Gaussian line shapes at 0.9, 1.3, and 2.1 parts per million (ppm, only data from the peaks
at 0.9 and 1.3 ppm were summated and used on statistical analysis (21)). Prior knowledge
was incorporated into the fitting algorithm by using previously published criteria (22-24). The
zero-order phase correction was estimated by using the AMARES algorithm, and the first-order
phase correction was fixed to 0.13 ms. The water signal from spectra without water suppression
obtained from the same voxel was used as an internal reference for relative quantification of
lipid resonances. The water signal peak at 4.7 ppm was quantified using a Lorentzian line shape
and analyzed using the AMARES algorithm. Myocardial and hepatic TG content was calculated
as a percentage relative to water: TGs/water x 100.

Furthermore, peak estimates of the creatine signals of the heart spectrum at 3.0 ppm were
derived from the water-suppressed spectrum using jMRUI, and the TG-to-creatine ratio and the
percentage of creatine (creatine/ water x 100) were calculated.

3P magnetic resonance spectroscopy

A 10-cm diameter surface coil was used to acquire ECG-triggered 3'PMR spectra of the left ven-
tricular (LV) anterior wall with subjects in the supine position. Volumes of interest were selected
by image-guided spectroscopy with three-dimensional image selected in vivo spectroscopy.
Shimming was performed automatically and tuning and matching of the 3'P surface coil was
performed manually. Technical details of data acquisition and spectral quantification were
similar as previously described (25). Shortly, spectroscopic volume size was typically 7 X 7 x
7 cm. Acquisitions were based on 192 averaged free-induction decays, and total acquisition
time was 10 min. 3'PMR spectra were quantified automatically in the time domain using prior
spectroscopic knowledge and were corrected for partial saturation effects and for the adenos-
ine-triphosphate (ATP) contribution from blood in the cardiac chambers. The phosphocreatine-
to-ATP ratios of the spectra were calculated and used as a parameter representing myocardial
HEP metabolism (26).
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Left ventricular function

All images were analyzed quantitatively using dedicated software (FLOW® or MASS’; Medis,
Leiden, Netherlands). The entire heart was imaged in short-axis orientation using an ECG-
triggered, sensitivity-encoding balanced steady-state free procession sequence with breath
holds. Imaging parameters included the following: TE = 1.7 ms, TR = 3.4 ms, flip angle = 35°,
slice thickness = 10 mm with a gap of 0 mm, field of view = 400 mm?, and reconstructed matrix
size = 256 x 256. LV ejection fraction was assessed for the determination of LV systolic func-
tion. Furthermore, an ECG-gated gradient-echo sequence with velocity encoding (Venc) was
performed to measure blood flow across the mitral valve for the determination of LV diastolic
function. Imaging parameters included the following: TE = 4.8 ms, TR =14 ms, flip angle = 20°,
slice thickness = 8 mm, field of view = 350 mm?, matrix size = 256 X 256, Venc = 100 cm/s,
and scan percentage = 80%. Early diastolic filling, mean deceleration of the early diastolic flow
across the mitral valve, and an estimation of LV filling pressures (27) were used as parameters of
LV diastolic function. During MR imaging, blood pressure and heart rate were measured.

Assays

Plasma glucose and TGs were measured on a fully automated P800 analyzer (Roche, Almere,
Netherlands) and insulin on an Immulite 2500 random-access analyzer with a chemolumines-
cence immunoassay (DPC, Los Angeles, CA). Coefficients of variation were < 2% for glucose and
TGs and < 5% for insulin. Leptin and adiponectin were measured with radioimmunoassays from
Linco Research (St. Charles, MO). For leptin, the coefficient of variation varied from 3.0 to 5.1%
and the sensitivity was 0.5 pg/l; for adiponectin, these data were 6.3 to 8.1%, with a sensitivity
of 1 pg/Il. Plasma NEFAs were measured by using a commercial kit (NEFA-C; Wako Chemicals,
Neuss, Germany).

Statistical analysis

Statistical analysis was performed using SPSS for windows (version 12.0; SPSS, Chicago, Ill). Data
are expressed as means + standard error. Between-group differences were calculated using
two-tailed dependent sample t-tests. Pearson-r values were used for correlations. Significance
was assumed at P < 0.05 (two-tailed).

RESULTS

"HMRS and myocardial function were successfully assessed in all fourteen subjects. In nine
subjects, 3'PMRS was successfully completed at both occasions. In the other five subjects,
31PMRS data at baseline or after the VLCD could not be assessed because of time constraints
or technical problems. Mean age of the studied subjects was 25 + 2 years. Characteristics at
baseline and after the VLCD are shown in Table 3.1. All subjects performed exercise (walking,
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Table 3.1. Characteristics of the study group at baseline and after the very low-calorie diet.

Baseline VLCD
Body mass index (kg/m?) 23.6+0.7 232+0.7"
Systolic blood pressure (mmHg) 123+4 118+3
Diastolic blood pressure (mmHg) 66 + 2 62+2"
Heart rate (bpm) 60 + 2 61+3
Plasma glucose (mmol/I) 4.90 +0.09 4.26+0.10"
Plasma insulin (mU/1) 9.14 +1.27 79+1.16
Plasma triglycerides (mmol/l) 1.29+0.09 0.82+0.07"
Plasma non-esterified fatty acids (mmol/l) 0.5+0.1 1.1+0.1"
Plasma leptin (ug/l) 2.99+0.49 1.41+0.20
Plasma adiponectin (mg/I) 7.81+0.84 6.79+0.61

* P < 0.05 compared with baseline (paired t-tests). Values are mean + standard error.
VLCD = very low-calorie diet.

running, and/or biking) regularly (ranges 3-5 hours weekly), but none of the subjects engaged

in high-performance sports.

Myocardial and hepatic spectroscopy

Typical myocardial "THMR and 3'"PMR spectra at baseline and after the VLCD of the same sub-
ject are shown in Figure 3.2. After the VLCD, myocardial TG content as well as the myocardial
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Amplitude (relative to the unsuppressed water)

VLCD
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-3 paseline © 3 viep O 20 0 -30
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Figure 3.2. Typical "H magnetic resonance and 3'P magnetic resonance spectra at baseline and after
dietary intervention.

A: "H magnetic resonance (MR) spectra at baseline and after a very low-calorie diet (VLCD) diet are
displayed. Note the increase of the triglyceride signal amplitude at 0.9 and 1.3 parts per million (ppm)
after the VLCD without a change in the creatine signal amplitude at 3.0 ppm. B: 3'PMR spectra of one
volunteer at baseline and after a VLCD are displayed. Note an unchanged phosphocreatine (PCr) and
adenosine-triphosphate (ATP) signal.

TG = triglyceride.
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Figure 3.3. Influence of a short-term very low-calorie diet on myocardial triglyceride and creatine
content.

A very low-calorie diet (VLCD) increased the percentage of myocardial triglycerides and the triglyceride-
to-creatine ratio without changing the creatine-to-water ratio. Therefore, the increase in myocardial
percentage of triglycerides assessed by magnetic resonance spectroscopy is the effect of an increase of
myocardial triglycerides rather than of decreased myocardial water content.

BL = baseline; TG = triglyceride.

TG-to-creatine ratio were increased compared with those at baseline (from 0.38 + 0.05 to 0.59
+ 0.06% and from 3.11 £+ 0.39 to 5.42 + 0.71, respectively, P < 0.05), whereas the myocardial
percentage of creatine did not change (Figure 3.3). The VLCD did not change the myocardial
phosphocreatine-to-ATP ratio compared with baseline values (2.33 + 0.15 vs 2.33 + 0.08, P >

1.0

0.8

-2.0-

E dec. VLCD - E dec. baseline

%TG VLCD - %TG baseline

Figure 3.4. Correlation between diastolic function and myocardial triglycerides.

The decrease in left ventricular diastolic function after the very low-calorie diet (VLCD) was significantly
correlated with the increase in myocardial triglyceride content after the VLCD (r =-0.55, P < 0.05).

%TG = myocardial percentage of triglycerides, E dec = deceleration of early diastolic flow across the mitral
valve.
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0.05). Hepatic TG content decreased during the VLCD compared with that at baseline (from 2.2
+0.5t0 1.5+ 0.4%, P < 0.05).

Myocardial function

LV systolic function, represented by the ejection fraction, did not change (60 + 1 vs 60 + 1%, P
> 0.05) after the VLCD. In contrast, the mean deceleration of the early diastolic flow across the
mitral valve decreased after the VLCD compared with baseline values (from 3.37 £0.20t0 2.91 +
0.16 ml/s? x 1073, P < 0.05). This decrease in mean deceleration of the early diastolic flow across
the mitral valve after the VLCD was significantly correlated with the increase in myocardial TG
content after the VLCD (Figure 3.4). Furthermore, there was no statistically significant change
in LV filling pressures between the VLCD and baseline (estimation of LV filling pressures = 10.0
+1.3vs9.3+0.7, P> 0.05).

DISCUSSION

This study shows that in healthy subjects, a short-term consumption of a VLCD increases
myocardial TG content and concomitantly decreases LV diastolic function without changing
myocardial HEP metabolism. Moreover, this study shows that short-term caloric restriction
exerts differential tissue-specific effects on TG content in liver and myocardium. These observa-
tions stress the physiological flexibility of ectopic TG pools.

Under normal conditions, myocardial energy is mainly derived from NEFAs (1). However, the
rates of uptake and oxidation of NEFAs in cardiomyocytes are not tightly coupled. When NEFAs
are taken up in excess of fatty acid oxidation, myocardial TG content increases. Apparently,
myocardial fatty acid uptake is increased in relation to myocardial fatty acid oxidation during
aVLCD.

Several animal models of DM2 and obesity demonstrated that excessive plasma NEFA levels
result in accumulation of myocardial TGs (2;3). However, these diabetic models lead to very
different metabolic changes compared with the physiologically increased NEFA concentrations
seen in healthy subjects as a result of caloric restriction. Since very little is known about the
flexibility of myocardial TG content and myocardial function in healthy subjects in reaction to
increased NEFA levels, in our study a VLCD was used as a model for a short-term physiological
increase of plasma NEFA levels. The present findings of an increase in myocardial TG content
after a VLCD are in concordance with the findings of Reingold et al. (28), who showed increased
myocardial TG content after 48 hours of fasting. Both conditions are associated with increased
plasma NEFA levels. Since the myocardial TG content measured by MRS is expressed relative to
water, the VLCD-induced increase in myocardial TG content may also be explained by a decrease
of myocardial water content. Therefore, the myocardial TG-to-creatine and creatine-to-water
ratios were assessed additionally. The increased myocardial TG-to-creatine ratio in the presence
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of the unchanged creatine-to-water ratio in our study supports our conclusion that the diet-
related increase in myocardial TG content assessed by "THMRS is due to increased myocardial TG
accumulation rather than decreased myocardial water content.

Theincrease in myocardial TG content can be derived from plasma NEFAs and/or plasma TGs.
The heart is especially effective in removal of circulating TGs (29;30). Moreover, heart lipopro-
tein lipase activity increases during fasting (31). In contrast, however, VLCD decreased plasma
TG levels, whereas plasma NEFA levels increased in our study. Therefore, it remains unclear to
what extent the VLCD has altered the relative contribution of plasma NEFAs vs plasma TGs to
myocardial TG stores.

In addition to increasing myocardial TG content, the short-term VLCD intervention was
associated with altered myocardial function. Although myocardial systolic function and heart
rate were not changed after a VLCD in our study, a significant impact on diastolic function
was observed. The deceleration of the early filling phase of the left ventricle decreased signifi-
cantly after the VLCD. Transmitral filling patterns can be influenced by LV filling pressure and
myocardial relaxation capacity. Although we observed a change in diastolic blood pressures,
tissue MR (27) showed no diet-induced changes in estimated LV filling pressures. We therefore
hypothesize that changed relaxation of the left ventricle accounts for the observed change in
the transmitral filling pattern. The mechanism(s) responsible for the change in diastolic function
during a VLCD can not be derived from the present data. Short-term caloric restriction in mice
causes remodeling of myocardial membranes through the activation of phospholipases (32).
Altered membrane structure in a fatty acid-based metabolic system may lead to changes in
calcium homeostasis (33;34) and thereby to altered LV diastolic function (35). Therefore, altered
calcium uptake might be involved in the mechanisms causing the decreased diastolic function
observed during VLCD. Another explanation for decreased myocardial diastolic function after
the VLCD might be the lower plasma glucose levels and the higher plasma NEFA levels. As a
consequence, the heart becomes relatively more reliable on NEFAs than on plasma glucose for
its fuel supply. Carbohydrate oxidation, however, has potential salutary effects on myocardial
function and efficiency (36;37). Based on the present data, we can not implicate myocardial
TG accumulation as the mediator of decreased myocardial diastolic function. During a VLCD,
many hormonal, metabolic, and biophysical changes occur within the myocardium that will
impact myocardial function. Nonetheless, the increase in myocardial TG content is a reflection
of these changes within the myocardium during a VLCD, which significantly correlated with the
decrease in deceleration of the early diastolic flow across the mitral valve.

In the present study, the short-term VLCD did not affect myocardial HEP metabolism. This
confirms findings in previous animal studies, in which an increase in myocardial TG content did
not cause a significant decrease in HEP status (38). A possible explanation for the preserved
myocardial HEP metabolism is that, in these healthy young men, myocardial ATP demand
remains unchanged after a VLCD. A disturbance in the HEP metabolism might only be present
when the heart is additionally stressed, e.g., by adenosine/exercise testing or ischemia.
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In parallel to the increase in myocardial TG content, hepatic TG content decreased after the
short-term VLCD. Westerbacka et al. (39) previously reported similar findings on the effects of
dietary interventions on hepatic TG content. In their study, decreased dietary fat content in
obese women reduced hepatic fat content within 2 weeks without changing plasma NEFA
levels. This could be an indication that dietary fat is an important direct source of fatty acids
for the liver separate from NEFAs. The decrease in hepatic fat after the VLCD in lean healthy
subjects in our study, where plasma NEFA levels were increased after the VLCD, points in the
same direction. However, obese subjects have a different metabolic profile than lean subjects
and might therefore have shown other reactions to the VLCD. We think that further studies
need to be conducted to evaluate the influence of different metabolic profiles on reactions to
dietary fat content.

The opposite changes in myocardial and hepatic TG content indicate differential, organ-
specific mechanisms underlying tissue-specific partitioning of plasma TGs and/or fatty acids
among non-adipose organs, at least with respect to the liver and the heart. Unfortunately, the
underlying mechanisms can not be derived from the methods used in our study.

CONCLUSIONS

In conclusion, short-term VLCD induces accumulation of myocardial TGs. In addition, VLCD
decreases LV diastolic function without alterations in myocardial HEP metabolism. This study
documents diet-dependent, physiological variations in myocardial TG content and diastolic

function in healthy subjects.
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SUMMARY

Objectives: In animal experiments, high plasma concentrations of non-esterified fatty acids
(NEFAs) are associated with increased triglyceride (TG) stores in liver and heart, and impaired
cardiac function. In humans caloric restriction increases plasma NEFA levels. Our objective was
to assess the effects of progressive caloric restriction on myocardial and hepatic TG content and
myocardial function.

Materials and methods: This study included 10 lean healthy men. Three-day partial (471 kcal/d)
and complete starvation was performed. Plasma levels of NEFAs, myocardial and hepatic TG
content ("H magnetic resonance (MR) spectroscopy, and myocardial function (MR imaging)
were calculated.

Results: Plasma NEFAs increased from mean =+ standard deviation 0.6 £ 0.4 mmol/l to 1.2 £ 0.4
and to 1.9 £ 0.7 mmol/l, after partial and complete starvation, respectively (P < 0.001). Myocar-
dial TG content increased from 0.35 + 0.14% to 0.59 + 0.27%, and 1.26 + 0.49%, respectively (P
< 0.01). The ratio between the early diastole and atrial contraction decreased from 2.2 + 0.4
t0 2.1 £ 0.4 (P=0.7) and 1.8 £+ 0.4, respectively (P < 0.01), and diastolic early deceleration from
3.4+ 0.7 ml/s> x103 to 2.9 + 0.5 and 2.8 + 0.9 ml/s? x1073, respectively (P < 0.05). Hepatic TG
content decreased after partial starvation (from 2.23 £ 2.24% to 1.43 £ 1.33%; P < 0.05) but did
not change upon complete starvation.

Conclusions: Progressive caloric restriction induces a dose-dependent increase in myocardial
TG content and a dose-dependent decrease in diastolic function in lean healthy men. Hepatic
TG content showed a differential response to progressive caloric restriction, indicating that
redistribution of endogenous TG stores is tissue-specific.
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INTRODUCTION

Almost all endogenous triglycerides (TGs) are stored in adipose tissue to accommodate dis-
crepancies between whole body fat uptake and fat oxidation. However, a very small proportion
is stored in non-adipose tissues like the heart (1), the liver (2), and skeletal muscle (3), especially
in obesity and type 2 diabetes mellitus. There are indications that this storage of TG in non-
adipose tissues is not merely an inert phenomenon but is associated with more or less subtle
physiological changes in organ-specific functioning (4-8). In animal models there is an inverse
relation between myocardial TG content and myocardial function. For example, myocardial lipid
accumulation is associated with a decrease in left ventricular systolic function in obese Zucker
rats and treatment with thiazolidinediones reduces myocardial TG content and improves left
ventricular function (7). The underlying mechanisms of the decrease in left ventricular function
are complex, and are related to effects of fatty acid (FA)-derivatives, like fatty acyl-coenzyme A,
ceramides and diacylglycerol (4;6;8).

High plasma concentrations of non-esterified fatty acids (NEFAs) may result in excessive
FA uptake in non-adipose tissues, such as the liver and the heart, which may affect normal
organ function (6;7). However, in humans the relation between myocardial TG accumulation
and myocardial function was difficult to study by non-invasive methods, as measurement
of myocardial TG content is challenging due to artifacts induced by cardiac and respiratory
motion. Recently, hydrogen 1 magnetic resonance spectroscopy ("HMRS) of the heart was
developed which enables to measure myocardial TG content in humans in vivo (1;9-12). Using
this method, Reingold et al. documented that fasting for 48 hours increases plasma NEFA levels
and myocardial TG content in healthy subjects, whereas myocardial TG content did not change
after a single high-fat meal (13). In another, cross-sectional study, Kankaanpaa et al. showed
that increased levels of plasma NEFAs in obese subjects correlate positively with myocardial
TG content and inversely with cardiac function (11). However, both studies did not address the
relation between myocardial function in relation to myocardial TG content within the same
subjects. In a recent study we documented that the use of a very low-calorie diet increases
plasma NEFAs and myocardial TG content, associated with a decrease in myocardial diastolic
function (14). Therefore, it appears that myocardial TG content is not fixed, but varies within
the same subject according to physiological conditions. It is yet unknown, whether our recent
findings of myocardial flexibility can be extrapolated when caloric restriction is progressively
increased. Therefore, the aim of the present study was to extend the conditions of partial caloric
restriction to complete caloric restriction, i.e. complete starvation. For this purpose we com-
pared baseline observations, with those obtained after 3 days of a partial starvation (471 kcal/
day) and after 3 days of complete starvation with respect to plasma levels of NEFAs, myocardial
TG content, myocardial function and hepatic TG content.
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MATERIALS AND METHODS

Subjects

There were ten non-smoking, healthy men included in this study (age; mean + standard devia-
tion: 23.7 + 4.7 years, range 20.8-36.0 years, body mass index (BMI): 23.6 + 0.9 kg/m?). Women
were excluded, as the hormonal status or contraceptive use may affect lipid metabolism (15).
The study population was partly based on a previous cohort (14). In each subject, medical history
was obtained and physical examination was performed. An electrocardiogram (ECG) was made
during the first visit. Subjects with any aberrations on the ECG were excluded. In addition, a
two-hour 75 g oral glucose tolerance test was performed in the fasted state, to exclude subjects
suffering from diabetes mellitus (16). Other exclusion criteria were: obesity (BMI > 30 kg/m?),
liver disease (increased plasma levels of alanine aminotransferase, aspartate aminotransferase
and/or gamma-glutamyl transferase > 2 standard deviations above the reference value of our
institution), renal disease (defined by plasma creatinine levels > 2 standard deviations above
the reference value of our institution), use of any medication, and a history of (congenital) heart
disease. Specifically, subjects with prior or present coronary artery disease (based on medi-
cal history) or hypertension (defined as sitting systolic blood pressure > 130 mmHg and / or
diastolic blood pressure > 85 mmHg) were excluded. From all participants written informed
consent was obtained prior to the study. The local ethics committee approved the study.

Study design

The study consisted of 3 conditions. Baseline measurements were made, while subjects fol-
lowed a normal diet, but abstained from alcohol for 3 days (mean intake 2065 kcal/day). Sub-
jects were admitted 4 hours after the last meal for measurement of plasma concentrations of
glucose, insulin, and lipids and for evaluation by magnetic resonance (MR) imaging and "HMRS.
The second measurement was performed after a 3-day period of partial caloric restriction (471
kcal/day, Modifast Intensive, Nutrition & Santé Benelux, Breda, The Netherlands). The third mea-
surement was performed after a 3-day period of complete starvation (0 kcal/day, only water
was allowed), after which subjects were again admitted for blood sampling and MR imaging
and "HMRS evaluation. Plasma concentrations of NEFAs and insulin were used to assess study
compliance (17). Between all study occasions a washout period with a minimum of 14 days
was acquired (18), and the sequence of the second and third occasions was determined by
balanced assignment.

H magnetic resonance spectroscopy of the liver and the heart

All MR imaging and "THMRS measurements were performed on a 1.5-Tesla Gyroscan ACS-NT
MR imaging scanner (Philips Medical Systems, Best, The Netherlands) in the supine position.
Localized single-voxel (2 x 2 x 2 cm for the liver and 2 x 4 x 1 cm for the heart) spectra were
recorded using a body coil for radiofrequency transmission and a surface coil (@ 17 cm) for
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signal receiving. For the heart, the spectral volume was placed in the interventricular septum
on four-chamber and short-axis images at end-systole, avoiding contamination with epicardial
fat (Figure 4.1). Data collection was double-triggered by using ECG triggering and navigator
echoes for compensation of respiratory motion as described earlier (12). For the liver, voxel
sites were matched at both study occasions, carefully avoiding blood vessels and bile ducts.
To detect weak lipid signals, water-suppressed spectra with 128 averages for the heart, and 64
for the liver were collected. Spectral parameters were: a repetition time (TR) of 3000 ms, echo
time (TE) of 26 ms and 1024 data points over 1000-Hz spectral width. In the same voxel, using
the same parameters except for a repetition time of 10000 ms, unsuppressed spectra with 4
averages were collected. Spectra were analyzed in the time domain, using Java-based MR user
interface software and prior knowledge files (jMRUI version 2.2 (19)), as described earlier (12).
Peak estimates of lipid resonances of myocardial TGs at 1.3 parts per million (ppm) and 0.9 ppm
were summed and calculated as a percentage of the unsuppressed water signal (TG content,
TGs/water x100).

Figure 4.1. Myocardial spectroscopic volume.
Localization of the myocardial voxel in the four-chamber (A) and short-axis (B) views.

Magnetic resonance imaging of the heart

Imaging of the heart was performed using a body coil for radiofrequency transmission and a
5 elements synergy coil for signal receiving. In order to assess systolic function, the heart was
imaged from apex to base with 12 to 14 imaging levels (dependent on the heart size) in short-
axis view using an ECG-triggered, sensitivity-encoding balanced steady-state free procession
sequence. Imaging parameters were a field of view of 400 x 320 mm, a matrix size of 256 x 256,
a slice thickness of 10 mm, a slice gap of 0 mm, a flip angle of 35°, a TE of 1.7 ms and a TR of 3.4
ms. Temporal resolution was 25 to 39 ms. End-diastolic and end-systolic images were identi-
fied on all slices and endocardial contours were drawn using MASS® post processing software
(Medis, Leiden, The Netherlands) as described previously (20). Left ventricular ejection fraction
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(LVEF) was calculated for assessment of systolic function. Furthermore, an ECG-gated gradient-
echo sequence with velocity encoding was performed to measure blood flow across the mitral
valve for the determination of left ventricular diastolic function (21;22). Imaging parameters
included the following: a TE of 4.8 ms, a TR of 14 ms, a flip angle of 20° a slice thickness of 8
mm, a field of view of 350 mm?, a matrix size of 256 x 256, a velocity encoding of 100 cm/s
and a scan percentage of 80%. Flow velocities in early diastole (E) and at atrial contraction (A)
were measured and their peak flow ratio was calculated (E/A ratio) using the FLOW® analyti-
cal software package (Medis, Leiden, The Netherlands) by defining a region of interest on the
modulus images in all cardiac phases. Furthermore, the mean deceleration of the E wave and an
estimation of left ventricluar filling pressures (E/Ea) (23) were measured. All spectroscopic and
functional analyses were performed by an experienced observer, blinded to the interventions.
During MR imaging, blood pressure and heart rate were measured twice with an automatic
device (Dinamap DPC100X, Freiburg, Germany) and averaged for analysis.

Assays

Glucose, total cholesterol (TC) and TGs were measured on a fully automated P800 analyzer
(Roche, Almere, The Netherlands) and insulin on a Immulite 2500 random access analyzer with
a chemoluminescence immunoassay (DPC, Los Angeles, CA, USA). Coefficients of variation
were < 2% for glucose, TC and TG, and < 5% for insulin. Plasma NEFAs were measured by using
a commercial kit (NEFA-C; Wako Chemicals, Neuss, Germany).

Statistical analysis

All statistical analyses were performed using SPSS, version 12.01 (SPSS Inc., Chicago, Ill, USA).
Statistical comparisons between the three physiological conditions were made by repeated
measures ANOVA. Pearson-r values were used for correlation analysis. Data are shown as mean
+ standard deviation. P < 0.05 (two-tailed) was considered significant. Based on previous report
we expected a decrease in diastolic early deceleration. Therefore P < 0.05 (one-tailed) was
considered to be significant for this parameter (14).

RESULTS

Metabolic effects of progressive caloric restriction

Subject characteristics at baseline, after partial starvation, and after complete starvation are
shown in Table 4.1. Postabsorptive plasma glucose levels decreased from 5.0 + 0.3 mmol/l at
baseline to 4.3 + 0.4 mmol/| after partial (P = 0.001) and to 3.9 + 0.5 mmol/| after complete
starvation (P < 0.001). This was associated with a dose-dependent decrease in plasma insulin
levels. Simultaneously, plasma concentrations of NEFAs increased dose-dependently from 0.6
+ 0.4 mmol/l to 1.2 + 0.4 mmol/l after partial (P < 0.001) and to 1.9 £ 0.7 mmol/l after complete
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Table 4.1. Metabolic response to progressive caloric restriction.

Plasma concentrations Baseline Partial starvation Complete starvation
Glucose (mmol/l) 50+0.3 43+04" 39+0.5"
Insulin (mU/I) 10.1+£53 80+3.7 30+18"
Non-esterified fatty acids (mmol/l) 0.6+04 1.2+04" 1.9+0.7"
Triglycerides (mmol/l) 13+04 09+0.3" 1.3+£06

Total cholesterol mmol/I) 50+1.3 51+14 59+1.8"

*P<0.01 and ** P < 0.001 vs baseline. Data are mean + standard deviation.
Blood samples were collected 4 hours after the last meal.

starvation (P < 0.001). Plasma TG levels decreased after partial starvation (from 1.3 = 0.4 mmol/I
to 0.9 = 0.3 mmol/I (P = 0.009), but did not change upon complete starvation (P = 0.677). TC
increased from 5.0 + 1.3 mmol/I at baseline to 5.1 + 1.4 mmol/I after partial (P = 0.810) and to

5.9 + 1.8 mmol/l after complete starvation (P = 0.005).

Effects of progressive caloric restriction on myocardial and hepatic triglyceride content

Myocardial TG content increased dose-dependently from 0.35 + 0.14% at baseline to 0.59 +
0.27% after partial (P = 0.006) and to 1.26 + 0.49% after complete starvation (P < 0.001, Figure
4.2). Hepatic TG content correlated with BMI at baseline (r=0.67, P = 0.033). Hepatic TG content
significantly decreased after partial starvation (from 2.24 + 2.24% to 1.43 + 1.33%, P = 0.031),
whereas it did not change after complete starvation (2.54 + 2.53%, P = 0.378, Figure 4.3).

Effects of progressive caloric restriction on myocardial function

Systolicand diastolic blood pressure, heart rate and myocardial LVEF did not change significantly
during/after partial and complete starvation, compared to baseline (Table 4.2). Furthermore,
estimated left ventricular filling pressures were unchanged after partial (8.8 + 3.8 P=0.742) and
complete starvation (8.2 + 2.5, P = 0.299) compared to baseline (9.3 + 2.6). Diastolic E/A ratio
decreased dose-dependently from 2.2 + 0.4 at baseline to 2.1 + 0.4 after partial starvation (P
=0.687) and to 1.8 + 0.4 after complete starvation (P = 0.005). E deceleration decreased dose-
dependently from 3.4 + 0.7 ml/s? x 1073 at baseline to 2.9 + 0.5 x 10 ml/s? after partial (P =
0.036) and to 2.8 + 0.9 after complete starvation (P = 0.032).

Table 4.2. Effects of progressive caloric restriction on myocardial function.

Baseline Partial starvation = Complete starvation
Systolic blood pressure (mmHg) 120+ 10 118+9 122+12
Diastolic blood pressure (mmHg) 64+7 62+7 61+5
Heart rate (bpm) 62+13 59+10 65+ 10
LVEF (%) 60+4 59+4 60+6
E/A ratio 22+04 21+04 1.8+04
E deceleration (ml/s2 x 10°3) 3.4+0.7 29+0.5" 2.8+0.09"

*P <0.01, 1 P<0.05 vs baseline. Data are mean + standard deviation.
LVEF = left ventricular ejection fraction, E = early diastolic wave, A = atrial diastolic wave.
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Figure 4.2. Myocardial triglyceride content at baseline and after partial and complete starvation.
Typical 'H spectra of myocardial triglyceride (TG) content of one subject at baseline and after partial and
complete starvation scaled relative to baseline (A) and individual changes in myocardial TG content upon
complete starvation (n = 10) (B).

Vertical lines represent mean + standard deviation, * P < 0.01 vs baseline. ppm = parts per million.
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Figure 4.3. Hepatic triglyceride content at baseline and after partial and complete starvation.
Individual changes in hepatic triglyceride content upon starvation (n = 10).

Vertical lines represent mean + standard deviation, * P < 0.05 vs baseline.

ppm = parts per million, TG = triglyceride.

DISCUSSION

This study demonstrates that progressive caloric restriction increases myocardial TG content
in lean healthy men. This increase is paralleled by decreased diastolic myocardial function. In
addition, the results document a dose-dependent effect between the degree of caloric restric-
tion and the myocardial effects.

These observations point to physiological variations in myocardial TG content and diastolic
function. The effect of caloric restriction on redistribution of endogenous TG stores is tissue-
specific, since we demonstrated differential effects of partial and complete starvation on liver
TG content. Different degrees of starvation were associated with a considerable increase in
plasma NEFA levels, in accordance with previous observations (24;25). These increased NEFA
levels reflect increased lipolysis of TG content in adipose tissue. Apparently, during starva-
tion myocardial FA uptake exceeds the requirements of myocardial FA oxidation, resulting in
increased TG stores. Moreover, progressive caloric restriction has dose-dependent effects on
myocardial TG accumulation and myocardial function. However, a causal relationship between
myocardial TG content and myocardial function can not be derived from the present data.

Our data are supported by animal experiments. In those studies excessive exposure of the
myocardium to plasma FA is accompanied by increased storage of myocardial TGs, resulting
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in the production of FA intermediates, and ultimately deteriorations in myocardial function
(7;26;27). Accordingly, it has been suggested that in obese subjects, subclinical diastolic dys-
function is due to changes in myocardial metabolism (28-31). Kankaanpaa et al. reported that
alterations in left ventricular function in moderate obese subjects are associated with increased
myocardial TG content, compared to lean subjects (11). Moreover, Szczepaniak et al. showed
increased myocardial TG content in overweight and obese subjects, which was accompanied
by increased left ventricular mass (1). In accordance with our study, Reingold et al. documented
that short-term fasting leads to myocardial TG accumulation, although they did not document
effects on myocardial function (13). The current results, documenting dose-dependent effects
of caloric restriction on levels of plasma NEFAs, myocardial TG content and diastolic function,
extent these findings and support the general concept that increased myocardial TG content is
associated with decreased myocardial function (32). Alternatively, starvation profoundly alters
endogenous metabolic regulation and other, yet undefined, metabolic effects than merely
increased levels of plasma NEFAs and myocardial TG content, which may be involved to explain
the reduction in myocardial diastolic function. For example, caloric restriction might change
calcium homeostasis in the myocardium (33), which affects myocardial diastolic function (34).

Transmitral flow velocities are load dependent and can be affected by changes in intra-
vascular volume. However, estimated left ventricular filling pressures were unchanged upon
progressive caloric restriction. Therefore, we believe the observed change in transmitral flow
patterns results from a change in the relaxation of the left ventricle. Caloric restriction enhances
adipose tissue lipolysis, reflected in increased levels of plasma NEFAs, due to reduced insulin
levels. Similar to our results in the heart, others found corresponding results of increased TG
content of skeletal muscle after fasting (18;24;25). Starvation affects more parameters of lipid
metabolism, because plasma NEFAs stimulate the hepatic production of very low-density
lipoprotein (VLDL), which is an important supplier for TG to the heart (35;36). Plasma NEFA
levels also increase during starvation and most likely will contribute to increased myocardial
TG levels. However, the relative contribution of albumin-bound fatty acids vs fatty acids derived
from VLDL-TGs to myocardial TG stores during caloric restriction can not be derived from the
present data.

We found a correlation between hepatic fat content and BMI, in accordance with previous
observations (2;37). However, despite the increase in the flux of plasma NEFAs to the liver,
considering the increased plasma NEFA levels, hepatic TG content was decreased after partial
starvation but was unchanged after complete starvation. In line with our results, Westerbacka
et al. previously documented that a low-fat diet in moderately obese women decreases hepatic
TG content (38). Because hepatic TG content is tightly regulated by the balance of hepatic FA
uptake, hepatic FA oxidation and output of VLDL-TG particles, it is possible that this hepatic
balance between FA uptake and TG output is differentially affected by partial and complete
starvation. Nonetheless, our data indicate that progressive caloric restriction differentially

affects tissue-specific stores of TGs in heart and liver, and prove that myocardial TG content
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and myocardial function vary depending on nutritional conditions, at least with respect to
progressive degrees of starvation. Additional studies are required to elucidate to which extent
these results can be extrapolated to clinically relevant conditions like type 2 diabetes mellitus
and obesity.

CONCLUSIONS

In conclusion, progressive caloric restriction induces a dose-dependent increase in myocardial
TG content and a dose-dependent decrease in diastolic function in lean healthy men. Hepatic
TG content showed a differential response to progressive caloric restriction, indicating that
redistribution of endogenous TG stores is tissue-specific, at least in lean healthy men.
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SUMMARY

Objectives: An association has been suggested between elevated plasma non-esterified fatty
acid (NEFA) levels, myocardial triglyceride (TG) accumulation and myocardial function. The
objective of the present study was to investigate the effects of an elevation of plasma NEFAs
by a high-fat, high-energy (HFHE) diet on hepatic and myocardial TG accumulation, and on
myocardial function.

Materials and methods: Fifteen healthy males (mean + standard deviation age: 25.0 + 6.6 years)
were subjected to a 3-day HFHE diet consisting of their regular diet, supplemented with 800
ml of cream (280g fat) every day. 'H magnetic resonance (MR) spectroscopy was performed
for assessing hepatic and myocardial TGs. Furthermore, left ventricular function was assessed
using MR imaging.

Results: The HFHE diet increased hepatic TGs compared to baseline (from 2.01 £ 1.79 to 4.26 +
2.78%, P=0.001), in parallel to plasma TGs and NEFAs. Myocardial TGs did not change (0.38 +
0.18 vs 0.40 £ 0.12%, P=0.7).

The HFHE diet did not change myocardial systolic function. Diastolic function, assessed by

dividing the maximum flow across the mitral valve of the early diastolic filling phase, by the
maximum flow of the atrial contraction (E/A ratio), decreased compared to baseline (from 2.11
+0.39 to 1.89 £ 0.33, P = 0.031). This difference was no longer significant after adjustment for
heart rate (P=0.12).
Conclusions: Short-term HFHE diet in healthy males results in major increases in plasma TGs and
NEFAs and hepatic TGs, whereas it does not influence myocardial TGs or myocardial function.
These observations indicate differential, tissue-specific partitioning of TGs and/or fatty acids
among non-adipose organs during HFHE diet.
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INTRODUCTION

Dietary triglycerides (TGs) are absorbed for > 95% by the gut. After absorption, these TGs can
either be oxidized or stored in adipose tissue. A minimal part of these dietary TGs may be
stored in non-adipose tissue, such as the pancreas, liver, and myocardium. Storage of TGs in
non-adipose tissues is very tightly regulated and disruption of this regulation is associated with
functional and structural changes. In humans, high-fat (HF) diets rapidly raise plasma TG and
non-esterified fatty acid (NEFA) levels, increase hepatic TG content and cause insulin resistance
(1). Short-term HF diets also increase intramyocellular TG content in skeletal muscle accompa-
nied by molecular adaptations that favor fat storage in muscle rather than oxidation (2).

In some conditions, the myocardium can also accumulate TGs. This increase in myocardial
TG content may be of pathophysiological relevance. Patients suffering from type 2 diabetes
mellitus (DM2) show increased myocardial TG content (3) and healthy volunteers, who were fed
a very low-calorie diet for three days, showed increased plasma NEFA levels and accumulated
myocardial TGs. The increase in myocardial TGs was associated with alterations in myocardial
function (4). In addition, in an animal model, a HF diet for 7 weeks causes cardiac steatosis and
myocardial dysfunction (5).

Increased plasma NEFA levels are also associated with abnormal myocardial energy
metabolism. In patients with DM2, myocardial high-energy phosphate (HEP) metabolism
was significantly impaired (6). Furthermore, obese men with preserved systolic and diastolic
function showed abnormal myocardial HEP metabolism, which was associated with insulin
resistance (7).

Hydrogen 1 magnetic resonance spectroscopy ("HMRS), phosphorus (3'P)MRS, and mag-
netic resonance (MR) imaging are imaging tools, perfectly capable of assessing hepatic and
myocardial TG content, myocardial HEP metabolism, and myocardial function non-invasively
(8-11).

In humans, a single high-fat containing meal had no influence on myocardial TG content and
on hepatic TG content (12;13). This one-meal intervention might have been too subtle to initi-
ate myocardial and hepatic TG accumulation. The effect of a prolonged disturbance of plasma
lipids on myocardial TG accumulation remains to be investigated.

Therefore, the goal of the present study was to investigate the effect of a 3-day HF, high-
energy (HE) diet on hepatic and myocardial TG accumulation, myocardial HEP metabolism, and
on myocardial function in healthy subjects using MR spectroscopy and MR imaging.
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MATERIALS AND METHODS

Subjects

There were fifteen healthy men who volunteered to participate in this study that was approved
by the local ethics committee. Only males were included, because the hormonal status or use
of contraceptives may affect lipid metabolism in women. Given the well documented effects
of estrogens on lipid metabolism (including plasma lipid levels, adipose tissue) and the gender
differences in expression of certain cell surface receptors/transporters of fatty acids, (14;15) we
decided to exclude women at this stage to avoid possible confounding influences of potential
fluctuation in lipid metabolism in women on hepatic and myocardial TG accumulation. All
volunteers signed written informed consent. Subjects were included if they met the following
criteria: 1) age older than 18 years; and 2) no known acute or chronic disease based on history,
physical examination, and standard laboratory tests (blood counts, serum creatine, alanine
aminotransferase, aspartate aminotransferase, and electrocardiogram [ECG]). Exclusion criteria
included treatment with drugs, smoking, substance abuse, hypertension or impaired glucose
tolerance (experienced with a two-hour oral glucose tolerance test) (16). All subjects performed
exercise (walking, running, biking) regularly (ranges 3-5 hours weekly), but none of the subjects
engaged in high-performance sports.

Study design

Subjects underwent MR scanning in the afternoon at two different occasions. Before both visits,
they were instructed to follow different dietary regimes for 3 days prior to the measurements.
Use of alcohol was not allowed during the 3-day diets. In the first regime each subject used his
normal diet. Mean intake was approximately 2100 kcal/day. The calories were approximately
divided as follows: carbohydrates 40%, fat 35%, protein 25%. This reference diet was used
for the collection of baseline data. The last meal was consumed 4 hours before venous blood
sampling and data collection. During the second regime, the subjects were placed on a 3-day
hypercaloric diet characterized by HFHE content. The HFHE diet consisted of the same intake as
the reference diet, complemented with 800 ml of cream every day. The cream added 2632 kcal/
day (carbohydrates 3.5%, fat 94%, protein 2.5%). Therefore, during the HFHE diet, total energy
intake was approximately 4732 kcal/day with the calories divided as: carbohydrates 20%, fat
69%, protein 11%. The last 200 ml of cream were taken 4 hours before data collection. The
HFHE content was used to induce an elevation of plasma NEFA and TG levels. At each visit,
after venous blood collection, MR imaging and MR spectroscopy of the heart and liver were
performed.
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"H magnetic resonance spectroscopy

All MR imaging and MR spectroscopy studies were performed using a 1.5-Tesla whole-body
MR scanner (Gyroscan ACS/NT15; Philips, Best, The Netherlands) with subjects in the supine
position at rest.

Cardiac "THMR spectra were obtained from the interventricular septum as described before
(9). The body coil was used for radiofrequency transmission and a 17-cm diameter circular
surface coil was used for signal reception.

A point resolved spectroscopy sequence was used to acquire single-voxel MR spectroscopic
data from an 8-ml voxel, located in the interventricular septum (Figure 5.1). Spectra were
acquired at end-systole, with an echo time (TE) of 26 ms and a repetition time (TR) of at least
3000 ms. 1024 data points were collected using a 1000-Hz spectral width and averaged over
128 acquisitions. The spectroscopic data acquisition was ECG-triggered and respiratory gating
based on navigator echoes was applied to minimize breathing influences (9). Without changing
any parameter, spectra without water suppression with a TR of 10000 ms and 4 averages were
obtained, to be used as an internal standard.
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Figure 5.1. Myocardial voxel localization for "H magnetic resonance spectroscopy.

Voxel position in four-chamber (A) and short-axis (B) views. An 8-ml voxel was positioned in the
interventricular septum in end-systole. Panel C shows a typical water-suppressed spectrum. ppm = parts
per million.

THMRS of the liver was performed with an 8-ml voxel positioned in the liver, avoiding gross
vascular structures and adipose tissue depots. The twelfth thoracic vertebra was used as a
landmark to ensure the same position of the voxel during both visits. Spectra were obtained
without respiratory motion compensation using the same parameters as described above. Only
64 averages were collected with water suppression.
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All 'THMRS data were fitted using Java-based MR user interface software (jMRUI version 2.2;
developed by A. van den Boogaart, Katholieke Universiteit Leuven, Leuven, Belgium) (17) as
described before (9). Resonance frequency estimates for intramyocardial lipids were described
with the assumption of Gaussian line shapes at 0.9, 1.3, and 2.1 parts per million (ppm, only
data from the peaks at 0.9 and 1.3 ppm were summated and used on statistical analysis (18)).
Prior knowledge was incorporated into the fitting algorithm by using previously published
criteria. (19-21) The water signal from spectra without water suppression obtained from the
same voxel was used as internal reference for relative quantification of lipid resonances. The
water signal peak at 4.7 ppm was quantified by using a Lorentzian line shape and analyzed by
using the AMARES algorithm. The percentage of myocardial and hepatic TG signal relative to
the water signal was calculated as (signal amplitude of TGs)/(signal amplitude of water) x100
(%TGs uncorrected for T2 decay times of the studied metabolites).

31P magnetic resonance spectroscopy

A 10-cm diameter surface coil was used to acquire ECG-triggered 3'PMR spectra of the left
ventricular (LV) anterior wall with subjects in the supine position. Volumes of interest were
selected by image-guided spectroscopy with three-dimensional image selected in vivo spec-
troscopy. Shimming was performed automatically and tuning and matching of the 3'P surface
coil was performed manually. Technical details of data acquisition and spectral quantification
were similar as described before (11). Shortly, spectroscopic volume size was typically 7 x 7
x 7 cm. Acquisitions were based on 192 averaged free induction decays, and total acquisi-
tion time was 10 min. 3'PMR spectra were quantified automatically in the time domain using
prior spectroscopic knowledge and were corrected for partial saturation effects and for the
adenosine-triphosphate (ATP) contribution from blood in the cardiac chambers. The phospho-
creatine (PCr)/ATP ratios of the spectra were calculated and used as a parameter representing
myocardial HEP metabolism (22).

Magnetic resonance imaging

The entire heart was imaged in short-axis orientation using ECG-gated breath-holds with a
sensitivity-encoding balanced turbo-field echo sequence. Imaging parameters included the
following: TE = 1.7 ms, TR = 3.4 ms, flip angle = 35 degrees, slice thickness = 10 mm with a gap
of 0 mm, field of view = 400 mm?, reconstructed matrix size = 256 x 256. The temporal resolu-
tion was 25-39 ms. All images were analyzed quantitatively using dedicated software (MASS®,
Medis, Leiden, The Netherlands). LV ejection fraction (EF) was assessed as measure of LV systolic
function. Furthermore, an ECG-gated gradient-echo sequence with velocity encoding was
performed to measure bloodflow across the mitral valve for the determination of LV diastolic
function. Imaging parameters included the following: TE = 4.8 ms, TR = 14 ms, flip angle = 20
degrees, slice thickness = 8 mm, field of view = 350 mm?, matrix size = 256 x 256, velocity
encoding = 100 cm/s, scan percentage = 80%. Analysis was performed by using dedicated
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software (FLOW®, Medis, Leiden, The Netherlands). The early filling phase (E) and the atrial
contraction (A) were analyzed and the ratio of the maximal flow rate of E and the maximal flow
rate of A (E/A) was calculated. In addition, the peak deceleration gradient of E was assessed.
Furthermore left ventricular filling pressures (E/Ea) were estimated (23). During MR imaging,
blood pressure and heart rate were measured.

Assays

Plasma glucose and TGs were measured by a fully automated P800 analyzer (Roche, Almere,
The Netherlands) and insulin using a Immulite 2500 random access analyzer with a chemolu-
minescence immunoassay (DPC, Los Angeles, CA, USA). Coefficients of variation were below
2% for glucose and TGs and below 5% for insulin. HOMA index was calculated as (glucose X
insulin)/22.5. Plasma NEFAs were measured by using a commercial kit (NEFA-C; Wako Chemicals,
Neuss, Germany). C-reactive protein (CRP) was determined with a us-CRP Elisa (DSL, Webster,
Texas, USA). The sensitivity was 1.6 pug/l and the interassay coefficients of variations range from
3to 5%.

Statistical analysis

Statistical analysis was performed with SPSS for windows version 12.0 (SPSS Inc., Chicago, IlI,
USA). Data are expressed as mean =+ standard deviation. The two study conditions were com-
pared by two-tailed paired t-tests. Linear mixed model was used for correcting within subjects
differences when necessary. Significance was assumed when P < 0.05.

Table 5.1. Clinical and biochemical characteristics.

Baseline High-fat, P-value

Variable high-energy diet

Body mass index (kg/m?) 234+25 236+25 0.098
Systolic blood pressure (mmHg) 123+13 125+13 0.673
Diastolic blood pressure (mmHg) 67+8 64+8 0.179
Heart rate (bpm) 60+9 69+ 11 0.008
Plasma glucose (mmol/I) 49+0.3 50+04 0.356
Plasma insulin (mU/I) 9.1+4.6 214+88 <0.001
HOMA index 20+£1.2 49+23 0.001
Plasma triglycerides (mmol/l) 1.3+£04 29+ 1.1 <0.001
Plasma non-esterified fatty acids (mmol/l) 0.54 +0.29 0.92+0.33 0.002
Plasma alanine aminotransferase (mmol/l) 25+16 28+13 0.769
Plasma aspartate aminotransferase 33+10 33+7 0.250
(mmol/1)

Gamma-glutamyl transferase (mmol/1) 20+8 20+6 0.849
Ultra-sensitive C-reactive protein (mg/l) 3.6+4.8 14+1.1 0.074

P-values were calculated using two-tailed paired t-tests. Values are mean + standard deviation.
HOMA = homeostatic model assessment.
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RESULTS

Clinical and biochemical characteristics

All participants completed the protocol uneventfully. The mean age of the studied subjects was
25.0 £ 6.6 years. Characteristics of the studied subjects at baseline and after the HFHE diet are
shown in Table 5.1.

After the HFHE diet, postprandial plasma insulin levels increased significantly (from 9.1 + 4.6
to 21.4 + 8.8 mU/I, P = 0.001) as did plasma TGs (from 1.3 + 0.4 to 2.9 = 1.1 mmol/I, P < 0.001)
and plasma NEFAs (from 0.54 + 0.29 to 0.92 + 0.33 mmol/l, P = 0.002) levels (Figure 5.2). Plasma
glucose levels remained unchanged (4.9 + 0.3 vs 5.0 + 0.4 mmol/l).
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Figure 5.2. Lipid response to high-fat, high-energy diet.

Hepatic and myocardial triglyceride content are relative to the myocardial and hepatic water signals.

T
Baseline

Bars represent mean + standard deviation, * P < 0.05. TG = triglyceride.

Magnetic resonance spectroscopy

After the HFHE diet, "THMRS revealed a significant increase in hepatic TG content compared to
baseline (4.26 + 2.78% vs 2.01 + 1.79%, P = 0.001, Figure 5.2). Typical hepatic 'THMR spectra of
one volunteer before and after the HFHE diet are shown in Figure 5.3. No significant difference
in myocardial TG content was detected after the HFHE diet compared to baseline (0.40 + 0.12%

vs 0.38 +0.18%, P = 0.7, Figure 5.2).

~high-fat,
high-energy diet
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Figure 5.3. Typical "H magnetic resonance spectra of one subject before and after the high-fat,
high-energy diet.

Only triglyceride region is displayed. Note the marked increase in hepatic triglycerides after the high-fat,
high-energy diet. %TG is the amount of triglycerides relative to water x 100.

In 8 subjects, 3'PMRS was successfully completed on both study occasions. In the other 7
subjects, 3'PMRS data at baseline or after the HFHE diet could not successfully be completed
due to technical problems or insufficient spectral quality (relative Cramer-Rao standard devia-
tion >20% (11)). After the HFHE diet, myocardial PCr/ATP ratio remained unchanged (2.37 £
0.51 vs 2.35 +0.46, P=0.95).

Myocardial function by magnetic resonance imaging

The parameters of myocardial function are shown in Table 5.2. HFHE diet did not affect left
ventricular systolic function. Myocardial work load, represented by the rate pressure product
(RPP = heart rate X systolic bloodpressure) was significantly increased after the HFHE diet com-
pared to baseline (from 7312 + 1354 to 8563 + 1867 mmHg X beats per minute (bpm, P =0.02).
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Table 5.2. The effects of high-fat, high-energy diet on metabolic and left ventricular functional
parameters.

High-fat,

Baseline high-energy diet P-value
Triglyceride content liver (%) 2.01+1.79 4.26+2.78 0.001
Triglyceride content heart (%) 0.38+0.18 0.40+0.12 0.696
PCr/ATP 2.37 £0.51 2.35+0.46 0.945
Ejection fraction (%) 60+4 62+5 0.100
Rate pressure product (mmHg x bpm) 7312+ 1354 8563 + 1867 0.023
E peak deceleration (ml/s? x 1073) 50+1.0 51+1.2 0.668
E/Ea 88+20 9.1+4.0 0.659
E (ml/s) 614+ 89 630+ 125 0.529
A (ml/s) 299 + 64 340+ 75 0.024
E/A 2.11+0.39 1.89 +£0.33* 0.031*

P-values were calculated using two-tailed paired t-tests. Values are mean + standard deviation.

* Adjusted for heart rate, there was no significant difference in E/A ratio between the two diets.

PCr = phosphocreatine, ATP = adenosine-triphosphate, E = early filling phase, A = atrial filling phase, E/Ea
= estimated left ventricular filling pressure.

The HFHE diet decreased E/A ratio, a measure of diastolic function, significantly compared to
baseline (from 2.11 £ 0.39 to 1.89 + 0.33, P=0.031) and increased heart rate significantly from
60+ 9 bpmto 69+ 11 bpm (P=0.008). After adjustment for heart rate, there were no significant
differences in E/A ratios between the two diets (P = 0.12).

DISCUSSION

This study shows that in males, a short-term intervention with a hypercaloric, HF diet increases
postprandial plasma NEFAs and TGs considerably, which is associated with a more than twofold
increase in hepatic TG content. In contrast, this HFHE diet has no acute effects on myocardial TG
content, myocardial HEP metabolism, or myocardial function, despite the increased supply of
NEFAs and TGs to the heart. These observations stress the short-term physiological and tissue-
specific flexibility of ectopic TG pools.

Increased plasma NEFA and TG levels after the 3-day hypercaloric HF diet, indicating good
dietary compliance of the volunteers, were associated with a more than twofold increase in
hepatic TG content. Westerbacka et al. previously reported similar findings on the effects of
dietary interventions on hepatic TG contentin women (24). The liver acts as a buffer for excessive
postprandial flux of NEFAs and TGs (25). The current observation indicates that these hepatic
TG stores already expand during very short-term HFHE diets. Based on the unchanged plasma
levels of liver enzymes and CRP, short-term hepatic TG accumulation did not give rise to overt
indications for hepatic cellular damage or steatohepatitis. Previously published data showed
that hepatic liver steatosis is associated with insulin resistance (26). Our study supports these

findings. However, as our study only involves a short-term exposure to an unphysiologically
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high-fat, high-energy diet, we can not simply extrapolate the findings of our study to the longer
term.

The HFHE diet was also associated with increased plasma insulin levels. Insulin promotes
the synthesis and storage of TGs in the liver and inhibits the release of very low-density
lipoprotein-TG into the circulation (27). In addition, insulin increases the expression or activity
of enzymes that catalyze lipid synthesis, whereas insulin inhibits the activity or expression of
those that catalyze degradation. Many of these processes require an insulin-induced increase
of the transcription factor sterol-regulatory-element-binding protein 1c (28) which, in the liver,
is increased by a HF diet (29).

In contrast to the accumulation of hepatic TGs, myocardial TG content remained unchanged
after the HFHE diet. Apparently, increased plasma NEFA and TG levels after short-term consump-
tion of a HFHE diet do not change the interrelationship between myocardial NEFA/TG uptake
and oxidation in the healthy human heart. This absence of effects of a HFHE diet on myocardial
TG content is also in contrast to the response of skeletal muscles which accumulated TGs under
HF feeding conditions (1;2). We expected a similar response of the myocardium to a HFHE diet
based on these reports. Apparently, increased plasma NEFA and TG levels are not a determinant
of excessive myocardial fatty acid uptake, in excess of fatty acid oxidation during short-term
HFHE diets in healthy male volunteers. This might be explained by the increased rate pressure
product in our study after the HFHE diet. Since plasma glucose concentrations were constant
and plasma NEFA and TG levels increased, the increased cardiac workload probably led to an
increase in cardiac lipid oxidation rates (30;31) which compensated for the increased lipid
availability resulting in no net change in myocardial TG content. In the conditions of our study,
carbohydrate intake was not changed. It has been suggested (32) that in healthy, non-diabetic
human subjects, dietary-induced intramyocellular TG accumulation and NEFA oxidation may
be influenced by dietary carbohydrate intake, plasma glucose availability, (33) and muscular
glycogen stores (34). We can not exclude the possibility that HF diets with decreased carbohy-
drate content may have resulted in changed myocardial TG content.

Chronically elevated plasma NEFA levels in patients with DM2 are associated with altered
myocardial HEP metabolism (6). Increased fatty acid availability in these patients results in
increased NEFA uptake in the mitochondria which decreases the amount of ATP produced per
molecule of oxygen consumed in the mitochondrial electron transport chain (35). In the present
study, the short-term HFHE diet and the associated increase in plasma NEFA levels did not affect
myocardial HEP metabolism. In our opinion, these findings are in line with the unchanged myo-
cardial TG content which may indicate no dysregulation of mitochondrial substrate handling.

We used MR imaging to study the impact of a HFHE diet induced increase of plasma NEFA
levels on left ventricular function. Chronically elevated levels of plasma NEFAs have been
demonstrated to be associated with decreased diastolic function in obesity (36). In the present
study, short-term elevated plasma NEFA levels as a consequence of a HFHE diet did not affect

myocardial systolic and diastolic function. Although there was a slight decrease in diastolic



Chapter 5

-]
o

E/A ratio after the HFHE diet, mainly caused by an increase in A peak flow rate, this change
in E/A ratio was accompanied by an increased heart rate, which is a well known postprandial
alteration, especially during HF feeding (37-39). An elevated heart rate accounts for an increased
preload of the left ventricle which influences LV filling velocities. Adjusted for heart rate, the E/A
ratio before and after the HFHE diet were not significantly different, indicating no change in LV
diastolic function.

Caloric restriction also increases plasma NEFA levels which is accompanied by decreased
plasma glucose and unchanged plasma insulin levels. This leads to myocardial TG accumula-
tion, associated with decreased myocardial function (4). Increased plasma NEFA levels after
the HFHE diet were accompanied by unchanged plasma glucose and increased plasma insulin
levels. After a HFHE diet there are no changes in myocardial TG content or myocardial function.
Apparently, increased plasma NEFA levels after caloric restriction or HFHE diets are associated
with different metabolic states and therefore influence myocardial TG content and function
differently. These findings are in line with the hypothesis that there might be an association
between myocardial TG accumulation and diastolic function. Most likely, myocardial TG stores
itself are inert, but rather are a reflection of increased intracellular concentrations of fatty acid
intermediates that alter myocellular structure and function by complex molecular mechanisms
(40). Further studies need to be conducted to unravel this hypothesis.

Some potential limitations of this study should be addressed. First, excluding women from
the study and the narrow age range used in this study limit the generalizability of the present
study. Further studies need to be initiated to extent the present finding to subjects from both
genders and different ages.

Second, data on myocardial lipid uptake and oxidation rates would extend our findings.
However, to approximate myocardial lipid uptake and oxidation rates, positron emission
tomography using palmitate tracers should be performed, which is a complicated technique.
Finally, only half of the volunteers completed 3'PMRS measurements and therefore, sample size
for this parameter is limited and should be interpreted with caution.

CONCLUSIONS

Short-term HFHE diet in healthy males results in major increases in plasma TGs and NEFAs and
hepatic TG content, whereas it does not influence myocardial TG content or myocardial func-
tion. These observations indicate differential, tissue-specific partitioning of TGs and/or fatty
acids among non-adipose organs during a HFHE.
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SUMMARY

Objectives: Short-term caloric restriction increases plasma levels of non-esterified fatty acids
(NEFAs) and is associated with increased myocardial triglyceride (TG) content and decreased
myocardial function in healthy subjects. The objective of this study was to evaluate whether
this flexibility of myocardial TG stores and myocardial function is also present in patients with
type 2 diabetes mellitus (DM2).

Materials and methods: Myocardial TG content and left ventricular (LV) ratio between the early
(E) and atrial (A) diastolic filling phase (E/A) were determined using 'H magnetic resonance
(MR) spectroscopy and MR imaging respectively, before and after a 3-day very low-calorie diet
(VLCD) in 11 patients with DM2. In addition, we studied patients after a 3-day VLCD combined
with the anti-lipolytic drug acipimox.

Results: The VLCD induced myocardial TG accumulation (from mean + standard error 0.66 +
0.09% [baseline] to 0.98 + 0.16%, P = 0.028), and a decrease in E/A ratio (from 1.00 + 0.05 [base-
line] to 0.90 + 0.06, P=0.002). This was associated with increased plasma NEFA levels (from 0.57
+ 0.08 mmol/l [baseline] to 0.92 +0.12, P = 0.019). After the VLCD with acipimox, myocardial TG
content, diastolic function and plasma NEFA levels were similar to baseline values.
Conclusions: In patients with DM2 a VLCD increases myocardial TG content and is associated
with a decrease in LV diastolic function. These effects were not observed when a VLCD was
combined with acipimox, illustrating the physiologic flexibility of myocardial TG stores and
myocardial function in patients with DM2.
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INTRODUCTION

Type 2 diabetes mellitus (DM2) and obesity are associated with elevated plasma levels of non-
esterified fatty acids (NEFAs) (1-3) and ectopic accumulation of triglycerides (TGs), reflected in
hepatic (4;5) and cardiac steatosis (6;7). This accumulation of TGs in the heart appears not to
be an epiphenomenon, as it is associated with altered structure and function of the heart. For
instance, increased plasma levels of NEFAs are associated with increased myocardial TG content
and left ventricular (LV) mass (8). In rodents, cardiac TG accumulation induces lipoapoptosis
and is associated with cardiac dysfunction (9;10). In humans parameters of myocardial fatty
acid metabolism are predictors of LV mass in hypertension and diastolic dysfunction (11), and
increased myocardial TG content may precede the onset of profound systolic dysfunction in
patients with obesity and/ or DM2 (6).

Myocardial TG content is not fixed as it is modulated by dietary interventions, at least in
healthy subjects. We and others have previously shown that short-term caloric restriction is
associated with myocardial TG accumulation (12-14) and a decrease in LV diastolic function in
healthy volunteers (13;14). As patients with uncomplicated DM2 show alterations in myocardial
high-energy phosphate metabolism, illustrating the changes in normal myocardial substrate
handling (15), we hypothesize this flexibility is diminished in patients with respect to myocar-
dial TG content and LV diastolic function. As short-term caloric restriction increases adipose
tissue lipolysis, it is a suitable research tool to stress myocardial substrate selection, and study
the effects on myocardial TG stores in relation to myocardial function.

The objective of the present study was therefore to asses the effects of short-term caloric
restriction (3 days of a very low-calorie diet, VLCD) on myocardial TG content and function in
patients with DM2 compared with control observations with no dietary restriction. Furthermore
we assessed whether the effects of a VLCD could be prevented by co-administration of the
anti-lipolytic drug acipimox (16;17). Acipimox has been extensively used to decrease plasma
fatty acid levels, and it therefore serves as a model to study the effects of fatty acids during the
interventions. To study the effects on tissue-specific distribution of ectopic TG pools in patients
with DM2, hepatic TG content was also measured in the three conditions.

MATERIALS AND METHODS

Patients

We included 11 well-controlled male patients with DM2 (mean age + standard deviation 57.6 +
4.7 years) in this prospective, cross-over intervention study. The sample size was based on our
previous experiments in healthy subjects, in which we observed a statistical power of 0.89 for
detecting a mean increase in myocardial TG content of 0.23% in 10 subjects (13). Patient charac-
teristics are shown in Table 6.1. All patients used stable doses of metformin and glimepiride for
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at least 3 months. The use of other antidiabetic drugs was prohibited. In each patient a medical
history was obtained and a physical examination was performed. Furthermore, an electrocar-
diogram (ECG) was made and dobutamine-stress echocardiography was performed. Exclusion
criteria were: a history of/ or present cardiac disease (any abnormality on the electrocardiogram
and/ or wall motion abnormalities at rest or during dobutamine-stress echocardiography to
exclude ischemic heart disease), and any endocrine, hepatic or renal disease (standard labora-
tory and urinary tests). All patients signed informed consent prior to participation. The local
ethics committee approved the study.

Study design

The study consisted of 3 conditions. To obtain baseline measurements subjects followed their
normal diet, only alcohol was restricted for a 3-day period. Four days prior to baseline measure-
ments glimepiride was discontinued to avoid episodes of hypoglycemia during the second and
third intervention period.

On the second occasion the subjects were studied either after a 3-day VLCD alone (471
kcal/day, 50.2 g carbohydrates, 6.9 g fat of which 0.94 was saturated, Modifast Intensive,
Nutrition & Santé Benelux, Breda, The Netherlands) or after a VLCD for 3 days plus acipimox
(VLCD+acipimox). Acipimox (Nedios, ALTANA Pharma BV, Hoofddorp, The Netherlands) 250 mg
was admistered p.o. at 6-hour intervals during the last 24 hours of the 3-day period of VLCD
(i.e. 4, 10, 16 and 24 hours prior to blood sampling). The sequence of the interventions was
randomly assigned to minimize influences caused by the sequence of the interventions. Both
VLCD studies were separated by a wash-out phase of at least 14 days. For all study occasions
patients used their last meal or last sachet of Modifast 4 hours prior to blood sampling. Blood
samples were taken just before MR evaluation. The duration of the VLCD diet was chosen based
on our previous experiments in healthy subjects (14).

Determination of myocardial and hepatic triglyceride content

All magnetic resonance (MR) imaging and hydrogen 1 MR spectroscopy ("HMRS) measurements
were performed on a 1.5-Tesla Gyroscan ACS-NT MR imaging scanner (Philips Medical Systems,
Best, The Netherlands) in the supine position in the afternoon. Single-voxel (8-ml) spectra were
obtained using a body coil for radiofrequency transmission and a circular surface coil (@ 17
cm) for signal receiving. The myocardial voxel was placed in the interventricular septum on
four-chamber and short-axis images at end-systole, carefully avoiding contamination from
epicardial fat. Data collection was double-triggered by using ECG triggering and navigator
echoes for compensation of respiratory motion (18). In short, an echo time (TE) of 26 ms and
a repetition time (TR) of 3000 ms were used. 1024 Data points were collected using a spectral
width of 1000 Hz, averaged over 128 acquisitions. To detect the resonances of the lipids, the
water signal was suppressed. Furthermore, in the same voxel, the water signal (with an echo
time of 10000 ms) was measured to be used as an internal standard. For the liver we used the
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same parameters, except for 64 averages for the suppressed spectrum. Spectra were analyzed
in the time domain on the free-induction decays with Java-based MR user interface software
and incorporated prior knowledge files (jJMRUI version 2.2 (19)), as described earlier (18). Peak
estimates of lipid resonances of myocardial and hepatic TGs at 1.3 parts per million (ppm) and
0.9 ppm were summed and calculated as a percentage of the unsuppressed water signal (TGs/

water x100).

Evaluation of myocardial systolic and diastolic function

During MR imaging, systolic and diastolic blood pressure and heart rate were measured at rest
with an automatic device (Dinamap DPC100X, Freiburg, Germany). To assess systolic function,
the heart was imaged from apex to base with 12 to 14 imaging levels in short-axis view using
an ECG-triggered sensitivity-encoding balanced steady-state free procession sequence with
breath-holds (1 for each slice). Imaging parameters included: field of view (FOV) = 400 x 320
mm, matrix size = 256 x 256, slice thickness = 10 mm, slice gap =0 mm, flip angle =35°, TE=1.7
ms and TR = 3.4 ms. The temporal resolution was 25 to 39 ms depending on the heart rate. Left
ventricular (LV) end-diastolic and end-systolic contours were drawn using dedicated software
(MASS® post processing software, Medis, Leiden, The Netherlands) as described earlier (20). LV
ejection fraction (LVEF) and cardiac index (defined as cardiac output divided by body surface
area) were calculated for assessment of systolic function. MR imaging is accurate to assess
diastolic function as compared to Doppler-derived results (21). Therefore, we measured blood
flow across the mitral valve with an ECG-gated gradient-echo sequence with velocity encoding
(21;22). Imaging parameters were: TE = 4.8 ms, TR = 14 ms, flip angle = 20°, slice thickness = 8
mm, FOV = 350 mm?, matrix size = 256 X 256 pixels and the velocity encoding = 100 cm/s. Flow
velocities in early diastole (E) and during the atrial contraction (A) were measured. Analyses
were performed using dedicated analysis software (FLOW® analytical software package, Medis,
Leiden, The Netherlands). The peak slope of the deceleration of the E (E deceleration) and the
ratio between the peak filling rate of the E (E-PFR) and A (A-PFR) were calculated (E/A ratio) as
measures for diastolic function. The E/A ratio is load dependent and therefore the load inde-
pendent Ea was measured and an estimation of LV filling pressure was calculated (E/Ea, (23)).

Visceral fat quantification

Abdominal visceral fat depots were quantified by a turbo spin echo imaging protocol. Imaging
parameters were: TE =11 ms, TR = 168 ms, flip angle = 90°, slice thickness = 10 mm. At the level
of the fifth lumbar vertebrae, three transverse images were acquired during a breath hold. In
post processing visceral fat depots of the slices were calculated by converting the number of
pixels to square centimeters multiplied by the thickness of the slices (using MASS® analytical
software, Medis, Leiden, The Netherlands). The volume of the fat was calculated by summing

the volumes of the individual slices.



Chapter 6

o
N

Assays

Plasma concentrations of glucose, total cholesterol (TC) and TGs were measured on a fully auto-
mated P800 analyzer (Roche, Almere, The Netherlands). Insulin concentrations were measured
on a Immulite 2500 random access analyzer with a chemoluminescence immunoassay (DPC,
Los Angeles, CA, USA). Coefficients of variation for glucose, TC and TGs were < 2%, and were <
5% for insulin. Plasma NEFA concentrations were measured by a commercial kit (NEFA-C; Wako
Chemicals, Neuss, Germany).

Statistical analysis

Statistical analyses were performed using SPSS, version 14.0.2 (SPSS Inc., Chicago, Ill, USA).
Statistical comparisons between the conditions were made by paired t-tests. P-values reflect
data compared to baseline unless indicated otherwise. Data are shown as mean + standard
error. P < 0.05 (two-tailed) was considered significant.

RESULTS

Metabolic changes

Metabolic changes are listed in Table 6.1. Plasma NEFA levels increased after the VLCD compared
to baseline (from 0.57 + 0.08 mmol/l to 0.92 + 0.12, P=0.019). In contrast, plasma NEFA levels
after the VLCD+acipimox were unchanged compared to baseline (P = 0.142), but decreased
significantly compared to VLCD alone (0.35 = 0.12 mmol/Il, P = 0.006).

Table 6.1. Metabolic parameters at baseline, after the diet and after the diet+acipimox.

Variable Baseline VLCD VLCD+
acipimox
HbA1c (%) 6.0+0.2
Body mass index (kg/m?) 266+0.9 25.8 +0.8* 259 +0.9*%
Glucose (mmol/l) 6.0+04 5.2+0.3% 49+0.2t
Insulin (mU/1) 6.6+ 1.3 3.3+0.6% 23+0.2t
Triglycerides (mmol/l) 22+04 1.3+£0.21 1.0+0.11
Non-esterified fatty acids (mmol/l) 0.57 +0.08 0.92+0.12% 0.35+0.12
Total cholesterol (mmol/I) 45+04 4.7+0.2 45+03
Visceral adipose tissue (ml) 375+55 295+ 35% 303+39
Hepatic triglyceride content (%) 164+1.4 142+1.0 142+1.2

*¥*P<0.001,1tP<0.01, ¥ P<0.05 vs baseline. Data are mean + standard error.
VLCD = very low-calorie diet, HbA1c = glycated hemoglobin.

Myocardial and hepatic triglyceride content

Myocardial TG content at baseline was 0.66 + 0.09%. After the VLCD myocardial TG content
increased to 0.98 + 0.16% (P = 0.028), whereas it returned to baseline values after the
VLCD+acipimox (to 0.73 + 0.15%, P = 0.485 compared to baseline (Figures 6.1 and 6.2A).
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Figure 6.1. Myocardial 'H magnetic resonance spectra.

"H magnetic resonance spectra of one patient at baseline, after the VLCD and after the VLCD with
acipimox (relative to the unsuppressed water).

VLCD = very low-calorie diet, TG = triglyceride, CH, = methyl groups of myocardial lipid content

Moreover, myocardial TG content was decreased after the VLCD+acipimox compared to the
VLCD alone (P = 0.044). Myocardial "THMR spectra could not be obtained in 1 patient due to
technical problems. Hepatic TG content did not change significantly upon both interventions
(Table 6.1).

Myocardial function

Systolic function was unaffected by the dietary interventions (Table 6.2). Diastolic blood pressure
was equally decreased after the VLCD and after the VLCD+acipimox. E deceleration decreased
significantly from 3.6 + 0.2 ml/s?> x 1073 to 2.9 + 0.2 ml/s? x 1073 after the VLCD compared to
baseline (P = 0.004, Figure 6.2B). E/A peak ratio decreased from 1.00 + 0.05 to 0.90 + 0.06 after
the VLCD compared to baseline (P = 0.002, Figure 6.2C). In contrast, after the VLCD+acipimox
the E deceleration (3.3 + 0.2 ml/s? x 10-3) and the E/A peak ratio (0.98 + 0.06) were unchanged
compared to baseline (P=0.270 and P = 0.590 respectively, Figures 6.2B and 6.2C).
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Figure 6.2.

Myocardial triglyceride (TG) content is significantly increased after the very low-calorie diet (VLCD) and
unchanged after administration of acipimox during the VLCD (A) associated with changes in diastolic E
deceleration (B) and E/A ratio (C).

E = early diastolic wave, A = atrial diastolic wave.

Bars represent mean + standard error, * P < 0.05.

DISCUSSION

This study shows that in well-controlled patients with DM2 short-term caloric restriction
increases myocardial TG content by ~48%. This increase in myocardial TG content is accom-
panied by a decrease in myocardial diastolic function. A VLCD combined with acipimox has
no effects on myocardial TG content and myocardial function. These data demonstrate the
flexibility of the diabetic myocardium during short-term caloric restriction.

In the present study we show that a physiological increase in circulating NEFA levels is
accompanied by increased myocardial uptake and re-esterification of fatty acids in patients
with DM2. As patients with DM2 have altered myocardial metabolism (15), the short-term flex-
ibility of myocardial TG stores is remarkable during caloric restriction. The patients with DM2 in

our cohort were under good glycemic control and only moderately obese. Therefore, in more
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Table 6.2. Parameters of myocardial function at baseline, after the diet and after the diet+acipimox.

Variable Baseline VLCD VLCD+
acipimox
Systolic blood pressure (mmHg) 115+5 114+6 110+5
Diastolic blood pressure (mmHg) 73+2 69 + 3% 68 + 2t
Heart rate (bpm) 64+3 63+2 64+3
LVEF (%) 55+1 58 +2 55+2
Cardiac index (I/min/m?) 2.8+0.1 2.7+0.1 2.8+0.2
E peak filling rate (ml/s) 415 +27 342 +£30% 380+ 19
A peak filling rate (ml/s) 41516 394 £33 395+17
E/Ea 85+0.8 9.1+1.0 9.9+09

1t P<0.01,%P<0.05 vs baseline. Data are mean + standard error.
VLCD = very low-calorie diet, E = early diastolic wave, A = atrial diastolic wave, LVEF = left ventricular
ejection fraction, E/Ea = estimated left ventricular filling pressure.

severe obesity and / or poor glycemic control the effects of a short term VLCD may have differ-
ent effects. Moreover, future studies should address the differences in the response to a VLCD
between patients with DM2 and healthy subjects matched for body mass index an age, as they
influence myocardial TG content and diastolic function (24).

During caloric restriction, elevated plasma levels of NEFAs increase hepatic very low-density
lipoprotein TG production (25), which is an important supplier of fatty acids to the myocardium
(26;27). During the VLCD with acipimox no changes were observed in myocardial TG content.
This supports the notion that there is a relationship between increased fatty acid fluxes from
the adipose tissue and myocardial TG stores, although we can not exclude the possibility of
a direct effect of acipimox. This appears however unlikely, as the anti-lipolytic effects would
lead to an increase, rather than a decrease in myocardial TG content. Furthermore, as acipimox
was added in a hypocaloric situation, its effects underline the potential of the heart to switch
substrate metabolism, even in a situation of increased fatty acid dependence.

We hypothesize that the decrease in visceral adipose tissue contributes to the increased
levels of circulating fatty acids and possibly to the myocardial TG accumulation after the VLCD.

Although our results can not be extrapolated to the long-term implications of chronic
(hyper- or eucaloric) exposure to elevated NEFA levels in obesity and DM2, the data suggest that
in general, interventions aiming to decrease plasma lipids or pathological elevated myocardial
TG content seem promising. Accordingly, it was recently shown in insulin treated DM2 patients
that adding pioglitazone to insulin therapy decreased myocardial TG stores (28).

We used MR velocity mapping to assess blood flow across the mitral valve. E-PFR, A-PFR and
their ratio (E/A) obtained with MR velocity mapping are measures which are highly correlated
to the same parameters when obtained with echocardiography (8). Early deceleration is an
MR reflection of the early deceleration time which is used in echocardiography. Therefore, the
observed changes in parameters of diastolic function as observed in the present study would
be observed likewise when the study was performed with ultrasound. The flow measurements
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can be affected by changes in preload. Furthermore, systemic effects of acipimox include
vasodilatation (29). However, MR estimated LV filling pressures were unaffected after the
interventions and therefore, the preload was unchanged. Accordingly, the observed changes
in diastolic function are likely to be caused by changes in elastic recoil of the LV. This extends
the previously documented relation between plasma NEFA levels and diastolic function in
obesity (30). Furthermore, the results are in accordance with results obtained in animal models
of obesity, documenting the association between myocardial TG accumulation and myocardial
function (9;10;31). Alternatively, caloric restriction and increased plasma NEFA levels may
change myocardial calcium handling and thereby influence diastolic function (32-34). A causal
relationship between myocardial TG stores and diastolic function can therefore not be derived
from the present data.

Although acipimox is not suitable for long-term administration regarding the rebound
effects on plasma levels of NEFAs (35), the present data, however, warrant future studies in
a clinical setting to study the effects of therapeutic interventions on myocardial TG content
and myocardial function. We believe that the differences observed in diastolic function are too
small to reflect clinical relevant diastolic dysfunction but merely reflect the interaction between
short-term metabolic fluctuations and diastolic function. These mechanisms may be relevant
for the pathogenesis of cardiac dysfunction in patients with DM2 (6), although this can not be
concluded from the present data.

We also studied the effects of a VLCD on hepatic TG content in the patients with DM2.
Hepatic TG content was 6-7 fold increased at baseline compared to our previous observations
in healthy subjects (13;14). In contrast to myocardial TG content, hepatic TG content was not
significantly affected by the short-term VLCD, either with or without acipimox. We postulate the
duration of the VLCD is too short to induce reductions in hepatic TG content in subjects with
DM2 with hepatic steatosis, since a prolonged VLCD in obese subjects with DM2 induces major
reductions in hepatic TG content (36). Nonetheless, the present study documents that the heart
and the liver have a differential response to short-term caloric restriction in patients with DM2.

Our study has some limitations. Although the study was powered to detect relevant differ-
ences in the patient and patients are their own controls, the number of patients in the study
is still limited. Second, we evaluated the effects of a VLCD only with MR imaging and "THMRS. It
would however be interesting to combine data on myocardial TG content with data obtained
using positron emission tomography (PET) on fatty acid and glucose uptake because the bal-
ance between the use of glucose and plasma fatty acids determines myocardial energy supply
and the cardiac function. Unfortunately, these data could not be obtained in the present study,
since a PET scanner is unavailable at our institution.
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CONCLUSIONS

In conclusion, in patients with well-controlled DM2 a VLCD increases myocardial TG content and
is associated with a decrease in LV diastolic function. These effects were not observed when a
VLCD was combined with acipimox. These data illustrate physiologic flexibility of myocardial TG
stores and myocardial function in patients with DM2.
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SUMMARY

Objectives: Myocardial triglyceride (TG) content is increased in patients with type 2 diabetes
mellitus (DM2) and may reflect altered myocardial function. The purpose of this study was to
assess the effects of prolonged caloric restriction in obese patients with DM2 on myocardial TG
content and myocardial function.

Materials and methods: Myocardial TG content ("H magnetic resonance (MR) spectroscopy), left
ventricular myocardial function (MR imaging), plasma glycated hemoglobin (HbA1c) and body
mass index (BMI), were measured in twelve obese, insulin-treated DM2 patients before and
after a 16-week very low-calorie diet (VLCD, 450 kcal/day) to achieve substantial weight loss.
Insulin was stopped during the VLCD.

Results: BMI decreased from mean * standard error 35.6 + 1.2 (baseline) to 27.5 + 1.3 kg/m?
(after the VLCD, P < 0.001), associated with an improvement in HbA1c from 7.9 + 0.4 (baseline)
to 6.3 + 0.3% (after the VLCD, P = 0.006). Myocardial TG content decreased from 0.88 + 0.12 to
0.64 + 0.14%, respectively (P =0.019), associated with improved diastolic function (reflected by
the ratio between the early and atrial filling phase), from 1.02 + 0.08 to 1.18 + 0.06, respectively
(P=0.019).

Conclusions: Prolonged caloric restriction in obese patients with DM2 decreases BMI and
improves glucoregulation associated with decreased myocardial TG content and improved
diastolic function. Therefore, myocardial TG stores in obese patients with DM2 are flexible and
amendable to therapeutic intervention by caloric restriction.
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INTRODUCTION

Obesity and type 2 diabetes mellitus (DM2) are associated with increased deposition of tri-
glycerides (TGs) in non-adipose tissue, like the heart, liver, pancreas and skeletal muscle (1-4).
There are indications from animal experiments and human observations, that the increase in
myocardial TG content is associated with altered myocardial function. In animal experiments
increased myocardial TG content is associated with impaired myocardial function (5;6), via com-
plex routes involving fatty acid derivatives, such as fatty acyl-coenzyme A and diacylglycerol
(7-9). In humans myocardial TG content can be measured non-invasively in vivo by hydrogen
1 magnetic resonance spectroscopy ("HMRS) (10-14). These studies have documented that
increased myocardial TG stores in obese subjects are accompanied by increased left ventricular
(LV) mass (13) and changes in LV diastolic function (2).

In healthy subjects myocardial TG stores are not fixed, but vary depending on nutritional
conditions. For instance, short-term caloric restriction dose-dependently increases myocar-
dial TG content, whereas a single high-fat meal does not affect myocardial TG stores (12;15).
Recently, we reported that the increase in myocardial TG content induced by short-term caloric
restriction is associated with impaired diastolic function in healthy normal-weight subjects
(15;16). Caloric restriction is an important lifestyle factor in the treatment of obese patients
with DM2. However, the effects of caloric restriction on myocardial TG content have not been
studied in these patients.

Therefore, the primary aim of the present study was to evaluate the effects of prolonged
caloric restriction by using a very low-calorie diet (VLCD) in obese patients with DM2 on myo-
cardial TG content and left ventricular myocardial function in relation to metabolic regulation.
In addition, DM2 is associated with ectopic deposition of TGs in the liver (17;18). To assess the
tissue-specific effects of caloric restriction we also assessed liver TG content in these obese
patients with DM2.

MATERIALS AND METHODS

Patients

We studied 12 obese (mean + standard error: body mass index (BMI) 35.6 + 1.2 kg/m?) patients
with DM2 (7 men, 5 women). The mean duration of DM2 was 9.6 + 1.4 years. The age was 48.3 +
2.8 years. Patients were recruited from the outpatient clinic. All subjects used insulin treatment
(mean dosage 93 + 21 units/day) with or without concomitant use of oral blood glucose-
lowering agents. Exclusion criteria were: smoking, an abnormal stress electrocardiogram (ECG),
the use of other medication known to influence lipolysis and/ or glucose metabolism, renal,
hepatic or other endocrine disease. Furthermore, subjects were excluded if the remaining
insulin secretory capacity was insufficient, defined by fasting C-peptide levels < 0.8 ng/l and/
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or < twofold increase after glucagon stimulation (1.0 mg iv.). This criterion was included since
we documented in a previous study that preservation of the capacity of beta cells to secrete
insulin predicts a favourable metabolic response to a VLCD in obese patients with DM2 (19;20).
Body weight was stable for at least three months and subjects were instructed not to change
lifestyle habits (eating, drinking, and exercise) from screening until the start of the study. The
protocol was approved by the institutional ethical committee and all subjects provided written

informed consent prior to participation.

Study design

The study consisted of 2 study occasions separated by a 16-week intervention period during
which the subjects used a VLCD to induce substantial weight loss. The VLCD consisted of three
sachets Modifast per day (450 kcal/day, Nutrition & Santé, Antwerpen, Belgium), providing
about 50 g protein, 50-60 g carbohydrates and 6 g lipids daily. Three weeks before start of the
intervention period all oral blood glucose lowering drugs were discontinued and the insulin
therapy was intensified. Baseline magnetic resonance (MR) measurements were obtained in
the postprandial state (4 hours after the last meal) within 1 week before the start of the VLCD.
Baseline blood samples were obtained after an overnight fast. At the start of the VLCD and
during the whole intervention period all glucose lowering medication, including insulin, was
discontinued. Six of the 12 subjects followed an exercise program, in addition to the VLCD, but
were not different with respect to outcome parameters. After 16 weeks, MR measurements (4
hours after the last meal) were repeated. Blood samples were taken after an overnight fast.

"H magnetic resonance spectroscopy of the heart and the liver

All measurements were performed on a 1.5-Tesla Gyroscan ACS-NT MR imaging scanner (Philips
Medical Systems, Best, The Netherlands) in the supine position. For THMRS measurements, a
body coil for radiofrequency transmission and a surface coil (diameter of 17 ¢cm) for signal
receiving were used. A point resolved spatially localized spectroscopic pulse sequence was
used to acquire single-voxel (8-ml) spectra. For the heart, the voxel was placed in the myocar-
dial septum on four-chamber and short-axis images at end-systole, avoiding contamination
with epicardial fat. Data acquisition was double-triggered using ECG triggering and navigator
echoes, to minimize breathing artefacts (14). For the liver, voxel sites were matched at the
study occasions (by using the twelfth thoracic vertebra as an anatomical landmark), carefully
avoiding blood vessels and bile ducts. Water-suppressed spectra with 128 averages were col-
lected to detect lipid signals from the heart, and suppressed spectra with 64 averages were
acquired from the liver. Spectral parameters included a repetition time (TR) of at least 3000
ms and an echo time (TE) of 26 ms. 1024 Data points were collected over a 1000-Hz spectral
width. Furthermore, unsuppressed spectra with 4 averages were acquired in the same voxel,
using the same parameters except for a repetition time of 10000 ms. Spectra were analyzed
in the time domain, using the advanced magnetic resonance algorithm in the Java-based MR
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user interface software (jJMRUI version 2.2 (21)), as described earlier (14). Peak estimates of lipid
resonances of myocardial and hepatic TGs at 1.3 parts per million (ppm) and 0.9 ppm were
summed and calculated as a percentage of the unsuppressed water signal (%TGs, TGs/water X
100) and used in further analysis.

Left ventricular function

Imaging was performed in a single session together with THMRS measurements, using a body
coil for radiofrequency transmission and a 5-element synergy coil for signal receiving. The heart
was imaged in the short-axis orientation using an ECG-triggered, sensitivity-encoding balanced
steady-state free procession sequence to assess systolic function. Imaging parameters were:
field of view = 400 x 320 mm, matrix size = 256 x 256, slice thickness = 10 mm, slice gap =0
mm, flip angle =35°, TE=1.7 ms and TR = 3.4 ms. Temporal resolution was 25 to 39 ms (depend-
ing on the heart rate). End-diastolic and end-systolic images were identified on all slices and
dedicated post processing software (MASS®, Medis, Leiden, The Netherlands) was used to
quantify LV ejection fraction, LV mass, cardiac output (CO) and stroke volume as described
previously (22). Furthermore, we calculated cardiac index, LV mass index, stroke volume index,
end-diastolic index and end-systolic index by dividing the parameter by body surface area. To
asses LV diastolic function, an ECG-gated gradient-echo sequence with velocity encoding was
performed to measure blood flow across the mitral valve (23). Imaging parameters were: TE =
4.8 ms, TR = 14 ms, flip angle = 20°, slice thickness = 8 mm, field of view = 350 mm?, matrix size
=256 x 256, velocity encoding = 100 cm/s and scan percentage = 80%. Flow velocities in early
diastole (E) and at atrial contraction (A) were measured and their peak flow ratio was calculated
(E/A ratio) using the FLOW® analytical software package (Medis, Leiden, The Netherlands).
Furthermore, the down slope of the E (E deceleration) and an estimation of LV filling pressures
(E/Ea) (24) were calculated. During MR imaging, blood pressure and heart rate were measured
with an automatic device (Dinamap DPC100X, Freiburg, Germany).

Assays

Plasma glucose, total cholesterol and TG concentrations were measured on a fully automated
P800 analyzer (Roche, Almere, The Netherlands). Insulin was measured on an Immulite 2500
random access analyzer with a chemoluminescence immunoassay (DPC, Los Angeles, CA,
USA). Coefficients of variation were < 2% for glucose and < 5% for insulin. Plasma levels of
non-esterified fatty acids (NEFAs) were measured by using a commercial kit (NEFA-C; Wako
Chemicals, Neuss, Germany). Glycated hemoglobin (HbA1c) levels were measured with an
HPLC system (Variant, Biomed, Hercules, CA, USA). Leptin and adiponectin were measured with
a radioimmunoassay from Linco Research (St. Charles, MO, USA), with coefficients of variation
ranging from 3.0 to 5.1% for leptin and 7 to 9% for adiponectin, and a sensitivity of 0.5 pug/I. The
high-sensitive C-reactive protein ELISA came from DSL, Webster, Texas, USA. The sensitivity was
0.03 mg/I and the coefficient of variation was between 3 and 6%.
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Statistical analysis

All statistical analyses were performed with SPSS, version 14.0 (SPSS Inc., Chicago, lll, USA).
Statistical comparisons between baseline measurements and measurements after prolonged
caloric restriction were made by paired t-tests. Data are shown as mean + standard error. P <
0.05 was considered to reflect significant differences.

RESULTS

Metabolic parameters

Caloric restriction reduced BMI from 35.6 + 1.2 at baseline to 27.5 + 1.3 kg/m? after the interven-
tion period (P < 0.001, Figure 7.1). Metabolic parameters before and after prolonged caloric
restriction are shown in Table 7.1 and Figure 7.2. After 16 weeks of caloric restriction, glycaemic
control was significantly improved, as fasting plasma glucose levels decreased from 11.4 + 0.6
mmol/l at baseline (despite glucose lowering therapy by high dose insulin) to 6.7 + 0.6 mmol/I
after prolonged caloric restriction (only on a VLCD without any glucose lowering therapy for 16
weeks, P < 0.001). Furthermore, HbA1c levels decreased from 7.9 + 0.4 to 6.3 + 0.3% at baseline
and after prolonged caloric restriction respectively, P = 0.006).

Plasma NEFA levels were 0.92 + 0.07 mmol/l at baseline and decreased to 0.67 + 0.05 mmol/I
after prolonged caloric restriction (P < 0.001, Figure 7.2A). Furthermore, liver enzymes, plasma
total cholesterol and plasma TG levels were significantly decreased after the VLCD compared to
baseline (Table 7.1, Figure 7.2).

Myocardial and hepatic triglyceride content

Typical myocardial 'THMR spectra of a patient at baseline and after caloric restriction are shown
in Figure 7.3. Myocardial TG content decreased from 0.88 + 0.12 (baseline) to 0.64 + 0.14% (after

the VLCD, P=0.019, Figure 7.2C, based on n= 11 successful myocardial spectral measurements).
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Figure 7.1. Fat stores and body mass index.

Example of a transversal slice at the level of the fifth lumbar vertebrae showing visceral and subcutaneous
fat depots, illustrating the effects of 16 weeks of caloric restriction in the same patient (A and B). Body
mass index (BMI) is decreased after prolonged caloric restriction (C).

Bars represent mean + standard error, * P < 0.001.
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Table 7.1. Metabolic response to 16 weeks of caloric restriction in obese patients with type 2
diabetes mellitus.

Fasting plasma concentrations Baseline After 16 weeks of caloric
restriction
Glucose (mmol/I) 11.4+£06 6.7 £ 0.6*
HbA1c (%) 79+04 6.7 £ 0.6
Insulin (mU/I) 39+92 10 £3t
AST (mmol/l) 44+5 27 £ 3t
ALT (mmol/I) 52+12 23+3%
YGT (mmol/l) 38+5 18 + 21
Total cholesterol (mmol/I) 5.7+0.5 48 +0.2%
Non-esterified fatty acids (mmol/l) 0.92 +0.07 0.67 £ 0.05*
TG (mmol/l) 2.1+£03 1.1+£0.1%
Leptin (ug/l) 21.5+4.3 7.6 +3.4*%
Adiponectin (mg/l) 52+0.7 78+1.1%
hs-CRP (mg/I) 185+4.2 7.5+2.0t

*P <0.001,1tP<0.01and # P < 0.05 vs baseline. Data are mean * standard error.

HbA1c = glycated hemoglobin, AST = aspartate aminotransferase, ALT = alanine aminotransferase, yGT =
gamma-glutamyl transferase, TG = triglyceride, hs-CRP = high-sensitive C-reactive protein, @ insulin (short
acting) was stopped >12 hours.

Concomitantly, hepatic TG content decreased from 21.2 + 4.2 to 3.0 £ 0.9%, respectively (P <
0.001, Figure 7.2D).

Myocardial systolic and diastolic function

Systolic blood pressure decreased from 144 + 8 to 118 £ 6 mmHg at baseline and after sub-
stantial weight loss respectively (P < 0.001). Diastolic blood pressure decreased from 81 + 2 at
baseline to 71 £ 2 mmHg after weight loss (P < 0.001). Heart rate was significantly decreased
after substantial weight loss (Table 7.2).

During caloric restriction myocardial function improved. Cardiac output decreased sig-
nificantly from 7971 + 601 ml/min at baseline to 6508 + 401 ml/min after prolonged caloric
restriction (P=0.001). Furthermore, LV mass was significantly decreased as well (from 118 + 7 to
99 + 6 g respectively, P < 0.001, Figure 7.4A). E/A ratio increased from 1.02 + 0.08 at baseline to
1.18 + 0.06 after the VLCD (P=0.019), reflecting improved diastolic function (Figure 7.4B).

DISCUSSION

This study demonstrates that prolonged caloric restriction decreases BMI and considerably
improves glucoregulation, associated with decreased myocardial TG content and beneficial
effects on blood pressure and myocardial function in insulin-treated obese patients with DM2.
The data prove that myocardial TG stores in obese patients with DM2 are flexible and amend-
able to therapeutic intervention by caloric restriction.
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Figure 7.2. Metabolic changes in at baseline and after 16 weeks caloric restriction.

Changes in plasma NEFAs (A), plasma TGs (B), and myocardial (C) and hepatic (D) TGs upon prolonged
caloric restriction.

VLCD = very low-calorie diet, TGs = triglycerides, NEFAs = non-esterified fatty acids.

Bars represent mean + standard error, * P < 0.001, ¥ P < 0.05.

Myocardial TG accumulation is the net result of excessive fatty acid uptake in relation to
oxidative fatty acid requirements. In animal experiments this increased myocardial TG pool is
associated with impaired myocardial function (5;6). In human studies, myocardial TG accumula-
tion is also associated with impaired myocardial function.

Forinstance, a post mortem study in obese patients with severe metabolic dysregulation and
heart failure documented myocardial lipid accumulation, which was higher in subjects suffering
from obesity and DM2 (25). Recently, McGavock et al. documented that in patients with DM2
myocardial TG content is increased, and suggested that myocardial TG accumulation precedes
overt changes in systolic function (2). Therefore, myocardial TG content may be an interesting
marker for the risk of non-ischemic heart disease, and a potential surrogate marker to assess
the effects of metabolic interventions on the heart. In rodents, the restoration of myocardial TG
metabolism is associated with improvements in cardiac function (6;26), in accordance with our
findings. Nonetheless, the improvement in myocardial function upon caloric restriction in the
present study can not merely be ascribed to the decreased myocardial TG stores, because there
were also major alterations in other factors that affect cardiac mass and function like BMI, and
blood pressure.
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Figure 7.3. Myocardial 'H magnetic resonance spectra.

Typical unsuppressed "H magnetic resonance spectra of the same patient at baseline and after 16 weeks
of caloric restriction (A). The starred boxes indicate the part of the spectrum where the myocardial
triglycerides (TGs) resonate, of which the suppressed spectra are shown in B.

VLCD = very low-calorie diet, ppm = parts per million.

Others reported beneficial effects of weight loss on cardiac function after bariatric surgery
(27) or a VLCD (28). Moreover, we found a decline in heart rate, which is beneficial as heart rate
is independently associated with increased mortality (29). In addition to this decreased heart
rate, we observed a decrease in cardiac output and LV mass, in line with previously reported
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Table 7.2. Intra-individual effects of 16 weeks of caloric restriction on systolic and diastolic function
in obese patients with type 2 diabetes mellitus.

Baseline After 16 weeks of caloric
restriction

Systolic blood pressure (mmHg) 144 +8 118 + 6*
Diastolic blood pressure (mmHg) 81+2 71+ 2%
Heart rate (bpm) 78+3 61+ 2%
LVEF (%) 57+2 58+2
Stroke volume (ml) 102+6 103+8
Stroke volume index (ml/m2) 45 +2 51+3%
Cardiac output (ml/min) 7971+ 601 6508 £4011
Cardiac Index (I/min/m?) 3.5+0.2 3.2+0.2
LV Mass (g) 1187 99 + 6%
LV mass index (g/m?) 53+3 49 + 3%
ED volume (ml) 177 +8 177 £ 11

*P<0.001,tP<0.01and # P < 0.05 vs baseline. Data are mean + standard error.
LVEF = left ventricular ejection fraction, LV = left ventricular, ED = end-diastolic, ES = end-systolic, E = early
filling phase, A = atrial filling phase, E/Ea = estimated LV filling pressure.

data (30). LV ejection fraction was normal and did not change after the intervention period,
in accordance with previous data showing that normal LV ejection fraction was unchanged 3
months after weight loss in obese subjects (31). LV mass is predictive of cardiovascular morbid-
ity and mortality and can be decreased by improvements in blood pressure (32). In addition,
the decrease we found in LV mass is influenced by the substantial weight loss (33) and possibly
by the improvements in insulin sensitivity (34). Due to the dramatic changes in body size, some
of the indexed values for LV dimensions were changed after the intervention period. LV mass
index decreased, whereas end-diastolic index was increased.

The decrease in LV mass can directly influence left ventricular filling pressures, and, con-
sequently, parameters of left ventricular diastolic function (35). However, the presently used
estimation of LV filling pressures (E/Ea) showed no changes after prolonged caloric restriction.
Therefore, an alternative explanation for the increase in E/A ratio may be improved elastic
properties of the LV, in line with results from animal models, documenting the relation between
myocardial TG accumulation and myocardial function (5;6). One of the alternative mechanisms
may be that changes in plasma fatty acids change the calcium homeostasis in the myocardium
(36) which influences LV diastolic function (37). Furthermore, the present improvements in the
inflammatory parameter C-reactive protein may influence myocardial function as well (38).

Our study has some limitations. First, the study is descriptive and does not establish a causal
relation between myocardial TG accumulation and myocardial function, although the results
are in accordance with data obtained in different animal models of obesity and, additionally,
show the metabolic flexibility of the diabetic heart. Second, the sample size is relatively small.
However, the patients are their own control and the magnitude of the metabolic and functional
changes is illustrative as it indicates dynamic features of myocardial TG and diastolic function.
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Figure 7.4. Changes in myocardial function.
Intra-individual changes in left ventricular (LV) mass (A) and the ratio between the early filling phase and
the atrial filling phase (E/A ratio) upon progressive caloric restriction (B), * P < 0.001, ¥ P < 0.05.

In addition to the decrease in myocardial TG content, the VLCD dramatically decreased
hepatic TG content, associated with improvements in plasma lipid profile, and liver enzymes.
Moreover, insulin sensitivity was markedly increased after substantial weight loss in accordance
with previous studies (19;20;39;40). The improvement in hepatic TG content indicates that there
is a general reduction in ectopic deposition of TG in non-adipose tissues, including liver and the
heart.

CONCLUSIONS

In conclusion, prolonged caloric restriction in obese patients with DM2 decreases BMI and
improves glucoregulation associated with decreased myocardial TG content and improved LV
diastolic function. Therefore, myocardial TG stores in obese patients with DM2 are flexible and
amendable to therapeutic intervention by caloric restriction.
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SUMMARY

Objectives: Patients with type 1 diabetes mellitus (DM1) suffer from frequent episodes of hyper-
glycemia and high plasma levels of non-esterified fatty acids (NEFAs) despite insulin treatment.
The aim of this study was to evaluate the effects of partial insulin deprivation with resulting
hyperglycemia on myocardial triglyceride (TG) content and myocardial function in patients
with DM1.

Materials and methods: Myocardial TG content and left ventricular (LV) systolic and diastolic
function were measured in 10 patients with DM1 (mean + standard error glycated hemoglobin:
7.4 +0.2%) using "H magnetic resonance (MR) spectroscopy and MR imaging respectively dur-
ing optimal glucoregulation and after 24 hours of partial insulin deprivation to induce plasma
glucose levels between 15 and 20 mmol/I.

Results: Mean insulin infusion rate was 45 + 5 units per 24 hours at baseline, whereas it was
27 £ 5 units per 24 hours during hyperglycemic conditions (P < 0.001). During partial insulin
deprivation plasma 24-hour glucose levels increased from 8.4 + 0.6 to 15.9 £ 0.8 mmol/I (P <
0.001), and plasma NEFA levels from 0.31 + 0.05 to 0.46 + 0.07 mmol/l (P = 0.015). This hyperg-
lycemic dysregulation had no effects on myocardial TG content (0.31 + 0.04 and 0.34 + 0.06%,
respectively, P = 0.587) and LV systolic or diastolic function.

Conclusions: Short-term hyperglycemic dysregulation, frequently observed in patients with
DMT1, does not modulate myocardial TG content or myocardial function, despite considerable
metabolic adaptations. Apparently, the heart is protected from short-term metabolic effects of
hyperglycemic dysregulation in patients with DM1 with respect to myocardial TG content and
myocardial function.



Myocardial Effects of Hyperglycemia

INTRODUCTION

Intensive insulin treatment is the cornerstone of therapy of patients with type 1 diabetes mel-
litus (DM1). Nonetheless, this treatment is not fully able to restore glucoregulation to normal,
and patients with DM1 suffer from frequent episodes of less optimal metabolic regulation,
reflected in short- or longer lasting episodes of hyperglycemia. These problems in optimaliza-
tion of glucoregulation may also result in altered lipid metabolism. For instance, an increased
amount of intramyocellular lipid content was observed in the soleus and tibialis anterior
muscles in patients with DM1 compared to controls (1). In these patients with DM1 there was an
association between intramyocellular lipid content and the degree of glucoregulation reflected
by glycated hemoglobin (HbA1c) values (1). These findings suggest a major role of metabolic
dysregulation in the induction of abnormal intramyocellular lipid accumulation in DM1.

The metabolic effects of DM1 also extend to the heart. Studies with positron emission
tomography have documented that patients with DM1 exhibit increased myocardial fatty acid
utilization and oxidation, whereas myocardial glucose utilization is reduced (2;3). Myocardial
substrate metabolism in these patients is influenced by plasma insulin and non-esterified
fatty acid (NEFA) levels (4). The authors studied patients with DM1 during euglycemia, hyper-
lipidemia, and a hyperinsulinemic-euglycemic clamp and concluded that insulin and plasma
NEFA levels can regulate the intramyocardial fate of fatty acids in humans with DM1. Therefore,
it is likely that cardiac metabolism is also affected by episodes of metabolic dysregulation in
patients with DM1.

In several conditions there is a discrepancy between fatty acid uptake and fatty acid utiliza-
tion in the heart, reflected in alterations in myocardial triglyceride (TG) content. For instance,
we documented that caloric restriction induces a dose-dependent increase in plasma NEFA
levels and myocardial TG content in healthy subjects (5). Therefore, myocardial TG content is
not fixed, but can be modulated depending on metabolic conditions. Moreover, this increase
in myocardial TG content during caloric restriction was associated with impaired diastolic func-
tion (5;6). In accordance, in animal experiments myocardial TG accumulation is associated with
impaired myocardial function (7;8), via routes involving fatty acid derivatives (9-11). Therefore,
we hypothesized that episodes of metabolic dysregulation in patients with DM1 due to insuf-
ficient insulin provision may also modulate myocardial TG content and possibly myocardial
function.

The primary aim of the present study was to evaluate the effects of short-term metabolic
dysregulation, caused by insufficient insulin provision, on myocardial TG content and myocar-
dial function in patients with DM1, otherwise well-controlled by continuous insulin pumps.
For this purpose, the subjects were studied twice, during intensive insulin treatment and, on
a separate occasion, after 24 hours of a ~50% reduction in baseline insulin infusions, result-
ing in hyperglycemia. Myocardial TG content and myocardial function were measured using
hydrogen 1 magnetic resonance spectroscopy ("HMRS) and magnetic resonance (MR) imaging,
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respectively. To assess the tissue-specificity of the potential changes in myocardial TG content,
we also measured hepatic TG content on the two occasions with THMRS.

MATERIALS AND METHODS

Patients

We studied 10 (mean age + standard error: 41 + 11 years), C-peptide negative patients with
DM1 (5 men, HbA1c 7.4 + 0.2%). The sample size was based on our previous experiments in
healthy subjects, in which we observed a statistical power of 0.89 for detecting a mean increase
in myocardial TG content of 0.23% in 10 subjects (5). The mean duration of DM1 was 21.7 + 2.3
years. All subjects used insulin treatment by insulin pump therapy (continuous subcutaneous
insulin infusion) and used frequent self monitoring of blood glucose levels. A screening visit was
performed with a medical history, physical examination and routine laboratory tests. Exclusion
criteria were: smoking, an abnormal electrocardiogram (ECG), hypertension, active retinopathy,
the use of other medication known to influence lipolysis and/or glucose metabolism (especially
thiazolidinediones) or renal (microalbuminuria <30 mg/24h, normal creatinin levels), hepatic
or other endocrine disease. Furthermore, obese subjects (body mass index > 30 kg/m?) were
excluded.

The experimental protocol was approved by the institutional ethical committee and all
subjects signed informed consent prior to participation.

Study design

The study consisted of 2 study occasions separated by a washout period of at least 2 weeks.
The baseline study was done after a period, in which subjects aimed at optimal blood glucose
levels by intensive insulin treatment by insulin pump therapy, combined with frequent assess-
ments of blood glucose levels. The subjects documented their (normal) caloric intake and were
restricted from alcohol. Patients were also instructed to document their basal and bolus insulin
infusions. The second occasion was performed after ~50% reduction in both basal and bolus
insulin infusions during 24 hours, compared with the first study, in order to maintain hypergly-
cemia between 15 and 20 mmol/I. The 3 days prior to evaluation, patients were again instructed
to maintain the same caloric intake as for baseline measurements.

Blood glucose levels were monitored from 3 days prior to baseline and hyperglycemic mea-
surements with a continuous glucose monitoring system (Metronic MiniMed Inc., Northridge,
CA, USA). Furthermore, patients self-measured and documented their plasma glucose levels
and ensured blood glucose levels remained < 20 mmol/l during targeted partial insulin
deprivation. When blood glucose levels raised above 20 mmol/I patients were instructed to
infuse insulin to maintain levels between 15 mmol/l and 20 mmol/I. At each study occasion,



Myocardial Effects of Hyperglycemia

post absorptive blood samples were obtained and we performed "THMRS and MR imaging. The

sequence between the 2 occasions was assigned by balanced assignment.

"H magnetic resonance spectroscopy of the heart and the liver

All MR measurements were performed on a 1.5-Tesla Gyroscan ACS-NT MR imaging scanner
(Philips Medical Systems, Best, The Netherlands) with patients in the supine position at rest. MR
data was obtained in the afternoon. For 'THMRS measurements, a body coil for radiofrequency
transmission and a surface coil for signal receiving were used. A point resolved spatially localized
spectroscopic pulse sequence was used to acquire single-voxel (8-ml) spectra. The myocardial
voxel was placed in the myocardial septum on standard four-chamber and short-axis images at
end-systole, avoiding contamination with epicardial fat. Data acquisition was double-triggered
using ECG triggering and navigator echoes, to minimize breathing artifacts (12). For the liver,
voxel sites were matched at the study occasions (by using the twelfth thoracic vertebra as an
anatomical landmark), avoiding vascular structures and bile ducts. Water-suppressed spectra
with 128 averages were collected to detect weak lipid signals from the heart, and suppressed
spectra with 64 averages were acquired from the liver. Spectral parameters included: repetition
time (TR) of at least 3000 ms, and an echo time (TE) of 26 ms. 1024 Data points were collected
using a 1000-Hz spectral width. Unsuppressed spectra with 4 averages were acquired in the
same voxel, using the same parameters except for a TR of 10000 ms to be used as an internal
standard. Spectra were analyzed using the advanced magnetic resonance algorithm in the
Java-based MR user interface software (jJMRUI version 2.2 (13)), as described earlier (12). Peak
estimates of lipid resonances of myocardial and hepatic TGs at 1.3 parts per million (ppm) and
0.9 ppm were summed and calculated as a percentage of the unsuppressed water signal (TGs/

water x 100).

Left ventricular function

Imaging was performed using a body coil for radiofrequency transmission and a 5-element
synergy coil for signal receiving. To assess systolic function, the heart was imaged in the
short-axis orientation using an ECG-triggered, sensitivity-encoding balanced steady-state free
procession sequence with breath-holds. Imaging parameters were: field of view = 400 x 320
mm, reconstructed matrix size = 256 x 256, slice thickness = 10 mm, slice gap = 0 mm, flip
angle=35°%TE=1.7ms, TR=3.4msand 12 to 14 slices (dependent on the heart size). Temporal
resolution was 25 to 39 ms, depending on the heart rate. Dedicated post processing software
(MASS®, Medis, Leiden, The Netherlands) was used to assess left ventricular (LV) ejection fraction
(EF) as described previously (14). To assess LV diastolic function, an ECG-gated, free-breathing
gradient-echo sequence with velocity encoding was performed to measure blood flow across
the mitral valve (15;16). Imaging parameters were: TE = 4.8 ms, TR = 14 ms, flip angle = 20°, slice
thickness = 8 mm, field of view = 350 mm?, matrix size = 256 x 256, velocity encoding = 100
cm/s and scan percentage = 80%. Flow velocities in early diastole (E) and at atrial contraction
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(A) were measured and their peak flow ratio was calculated (E/A ratio) using FLOW® (Medis,
Leiden, The Netherlands). Furthermore, we calculated the deceleration of the early filling phase
(E deceleration). During MR imaging, blood pressure and heart rate were measured with an
automatic device (Dinamap DPC100X, Freiburg, Germany).

Assays

Plasma glucose concentrations were measured by a continuous glucose monitoring system
(Metronic MiniMed Inc., Northridge, CA, USA) and/ or (when not applicable) by the patients
own device (at least each 2 hours during daytime and at 4-hour intervals during night time).

Plasma levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (AP), y-glutamyl transferase (yGT), total cholesterol (TC) and TG concentrations
were measured on a fully automated P800 analyzer (Roche, Almere, The Netherlands). Plasma
NEFA levels were measured by using a commercial kit (NEFA-C; Wako Chemicals, Neuss,
Germany). HbA1c levels were measured with an HPLC system (Variant, Biomed, Hercules, CA,
USA).

Statistical analysis

Statistical comparisons were performed with SPSS, version 14.0 (SPSS Inc., Chicago, I, USA).
Baseline measurements and measurements during partial insulin deprivation were compared
by paired t-tests. Data are shown as mean =+ standard error. P < 0.05 was considered to reflect
significant differences.

RESULTS

Metabolic effects

Patient characteristics at baseline and during hyperglycemia are shown in Table 8.1. Mean
insulin infusion rate was 45 + 5 units per 24 hours during the control study, whereas it was only
27 + 5 units per 24 hours during partial insulin deprivation (P < 0.001). During partial insulin
deprivation, hyperglycemic dysregulation was present in all patients. Mean plasma 24-hour
glucose was 8.4 + 0.6 mmol/l during the control study which increased to 15.9 + 0.8 mmol/I
during partial insulin deprivation (P < 0.001). Concomitantly, plasma NEFA levels increased from
0.31£0.05 to 0.46 = 0.07 mmol/l (P=0.015). Furthermore, plasma AP concentrations increased
from 79 + 6 to 88 + 4 U/l (P = 0.008) and plasma AST concentrations decreased from 37 + 4 to
28 £ 3 U/l (P=0.004).

Myocardial and hepatic triglyceride content

Myocardial TG content was 0.31 + 0.04% at baseline and did not change during hyperglycemic
dysregulation (0.34 + 0.06%, P = 0.587). In addition, hepatic TG content did not change during
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Table 8.1 Metabolic parameters at baseline and after insulin reduction.

Variable Baseline Hyperglycemia
Age (yrs) 41+3

HbA1c (%) 74+0.2

Body mass index (kg/m?) 23.5+06 23.0+0.8
Plasma mean 24 hour glucose (mmol/I) 84+06 15.9 £ 0.8%
Plasma mean 24 hour insulin (U/1) 45+5 27 + 5%
Plasma AP (mmol/Il) 79+6 88 + 4t
Plasma AST (mmol/I) 37+4 28 £ 3t
Plasma ALT (mmol/I) 24+3 21+3
Plasma yGT (mmol/I) 21+2 22+3
Plasma cholesterol (mmol/l) 43+0.2 44+0.2
Plasma non-esterified fatty acids (mmol/l) 0.31+£0.05 0.46 £ 0.07+
Plasma TGs (mmol/I) 1.03+£0.24 0.85 +0.49
Liver TG content (%) 0.77 £0.09 0.84+0.11
Myocardial TG content (%) 0.31+0.04 0.34+0.06

P <0.001, # P < 0.05 vs baseline. Data are mean * standard error.
HbA1c = glycated hemoglobin, AP = alkaline phosphatase, AST = aspartate aminotransferase, ALT =
alanine aminotransferase, yGT = gamma-glutanyl transferase, TG = triglyceride.

hyperglycemic dysregulation (0.77 + 0.09% at baseline vs 0.84 + 0.11% under hyperglycemic

conditions, P=0.400).

Left ventricular function

Systolic and diastolic blood pressures and LVEF were unchanged during hyperglycemic dys-
regulation (Table 8.2). Furthermore, E deceleration did not change (4.4 ml/s? x 103 at baseline
vs 4.5 ml/s? x 1073 during hyperglycemic conditions P=0.777). E/A ratio was also unaffected (1.9

+ 0.2 at baseline vs 1.9 + 0.3 during hyperglycemic dysregulation, P = 0.854).

Table 8.2. Parameters of myocardial function at baseline and during hyperglycemia.

Variable Baseline Hyperglycemia
Systolic blood pressure (mmHg) 114+4 118+5
Diastolic blood pressure (mmHg) 68+3 73+3
Heart rate (bpm) 63+1 60 +3

LV Ejection fraction (%) 58+ 1 59+2

E peak filling rate (ml/s) 475 + 21 467 + 20

E deceleration (ml/s?2 x 10°3) 44+04 45+03

A peak filling rate (ml/s) 267 =21 254 +38

E/A peak ratio 1.9+£0.2 1.9+03

Data are mean = standard error.

LV = left ventricular, E = early filling phase, A = atrial filling phase.
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DISCUSSION

The present study was designed to study clinically relevant episodes of hyperglycemic dys-
regulation, frequently observed in patients with DM1. The study shows that hyperglycemic
dysregulation for 24 hours does not influence myocardial TG content or myocardial function,
despite considerable metabolic alterations. Moreover, hepatic TG content was not affected by
short-term partial insulin deprivation in patients with DM1.

Hyperglycemic dysregulation did not alter LV (diastolic) heart function in the present study.
Others could not document conclusive effects of hyperglycemia on myocardial blood flow (17)
and vascular function (18). To our knowledge, this is the first study to document the effects
of short-term hyperglycemic dysregulation on LV myocardial function in humans in vivo.
Although our results suggest that short-term hyperglycemia does not alter myocardial function
or myocardial TG content, we can not exclude the possibility that prolongation of the duration
of partial insulin deprivation beyond 24 hours might have resulted in changes in cardiac func-
tion and myocardial TG accumulation. Nonetheless, the present study reflects a realistic clinical
situation, as short-term hyperglycemic dysregulation frequently occurs in patients with DM1.

The present study was initiated, since we anticipated that partial insulin deprivation would
also result in changes in myocardial TG content, possibly associated with changes in myocardial
function. Targeted hypoinsulinemia in patients with DM1 indeed increased plasma levels of
NEFAs by increasing adipose tissue lipolysis, resembling the effects of caloric restriction on
plasma NEFA levels in healthy subjects (5;6). During caloric restriction, the resulting increased
availability of plasma NEFAs considerably exceeds the oxidative requirements of fatty acids (19).
In accordance with those observations, caloric restriction induces myocardial TG accumulation
in healthy subjects (5;6;20). Moreover, in obesity and type 2 diabetes mellitus chronically
elevated plasma NEFA levels are associated with increased myocardial TG content (21). These
increased TG stores are associated with impaired myocardial function (22;23). In the present
study in patients with DM1, insulin deficiency was introduced by targeted reduction of intensive
insulin therapy. This resulted in considerable hyperglycemia and increased NEFA levels, but this
excess of plasma energy substrates apparently did not result in myocardial TG accumulation.

Patients with DM1 have considerably altered myocardial glucose and fatty acid metabolism.
Myocardial fatty acid utilization is increased in patients with DM1 compared to healthy subjects
(2). Moreover, a larger proportion of myocardial fatty acid utilization is oxidized in patients
with DM1, whereas myocardial glucose uptake is considerably lower in patients compared
to controls (2;4). These changes protect the heart to substrate overflow of the myocardium.
Accordingly, in the present study, myocardial TG content was not different in patients with
DM1 from the values we observed in previous studies in healthy subjects (5;6;12). However, in
healthy subjects myocardial function and TG content rapidly adapt to changes in nutritional
intake, associated with considerable changes in plasma levels of NEFAs.
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Hepatic TG content was measured to study the potential organ differential distribution of
fatty acids between the heart and the liver as has been observed before (5;6). Baseline values
of hepatic TG content were in the normal range in this particular cohort of patients, probably
due to the intensive insulin treatment in these subjects, also reflected in relatively low HbA1c
levels. Nonetheless, partial insulin deficiency resulted in changes in hepatic functions although
dissociated from the unchanged hepatic TG content. We observed an increase in plasma AP
levels and a decrease in AST levels during hyperglycemic dysregulation. Apparently, in this
study, hepatic TG content is not a good parameter reflecting changes in hepatic metabolism,
other than reflecting the net balance between fatty acid uptake, de novo lipogenesis, fatty acid

oxidation and very low-density lipoprotein TG secretion.

CONCLUSIONS

In conclusion, the present study shows that short-term hyperglycemic dysregulation, which
is frequently observed in patients with DM1, does not alter myocardial TG content or LV func-
tion, despite considerable metabolic adaptations. The study for the first time documents the
myocardial effects of hyperglycemic dysregulation in patients with DM1. Apparently, the heart
is protected from short-term metabolic effects of hyperglycemic dysregulation in patients with
DM1 with respect to myocardial TG content and myocardial function.
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General Discussion

In this thesis we evaluated the relation between myocardial triglyceride (TG) content and myo-
cardial function in healthy subjects and in patients with type 1 diabetes mellitus (DM1) and
patients with type 2 diabetes mellitus (DM2). We performed interventional studies to test the
flexibility of myocardial TG stores in relation to myocardial function, using innovative magnetic
resonance (MR) techniques. In this chapter, the following issues are addressed:

+ Relevance and measurement of myocardial triglycerides

«  Flexibility of ectopic triglyceride stores

«  Relevance of myocardial triglycerides for myocardial function
+  Myocardial triglycerides in clinical interventions

RELEVANCE AND MEASUREMENT OF MYOCARDIAL TRIGLYCERIDES

In a variety of animal models, myocardial TG accumulation is related to obesity and diabetes.
Moreover, myocardial TG accumulation is associated with impaired myocardial function (1-6).
Although increased TG stores per se are most likely inert, they are associated with increased lev-
els of fatty acid derivatives. The exact mechanisms of the detrimental effects of accumulation
of fatty acid derivatives on myocardial function are not fully elucidated, but include interactions
with biochemical and molecular pathways and lipoapoptosis (3;4;7;8). Furthermore, cardiac
function improves in rats upon treatment with drugs that decrease TG stores in the heart (4).

In humans, myocardial TG content is increased in obesity and DM2 (9-11), indicating that
it may be an interesting marker for metabolic disease. However, the number of publications
on myocardial TG stores in humans is limited, due to the challenging techniques needed to
quantify myocardial TGs (12). Nonetheless, the evaluation of myocardial TG stores is of interest,
as TGs provide a direct substrate for myocardial metabolism (13;14). Furthermore, metabolic
alterations such as seen in DM1 and DM2 and obesity influence myocardial functional param-
eters by altering myocardial substrate utilization (10;15-19).

The first aim of this thesis was to optimize the technique of hydrogen 1 magnetic resonance
spectroscopy ("HMRS) to make it suitable for the assessment of myocardial TG stores in humans
in vivo. In chapter 2 we describe the need for respiratory motion compensation using naviga-
tor echoes and volume tracking (20;21) for adequate spectral resolution (optimized shimming)
and reproducible quantification of myocardial proton spectra in a study on reproducibility in
healthy subjects. "HMR spectra are obtained from the interventricular spectrum to avoid spec-
tral contamination with epicardial (extracellular) fat. Data selection is triggered on end-systole
by using electrocardiogram (ECG) signals. Quantification is performed with dedicated software
(22), with incorporated prior knowledge (23), and myocardial TG content can be quantified
as a percentage of the completely relaxed (unsuppressed) water signal. The data provided in
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chapter 2 indicate that this dual compensation for cardiac and respiratory motion considerably
decreased the variability of the measurements of myocardial TG content.

Implications and perspective

Respiratory navigator-gated and ECG-triggered 'HMRS of the human heart provides a tool to
accurately assess myocardial TG stores and thereby allows using it in metabolic studies and
relate it to parameters of myocardial function.

We developed "THMRS at 1.5-Tesla. It would, however, be interesting to optimize the method
also for 3 Tesla, as this increased magnetic field strength will theoretically improve signal-to-
noise ratio and allows further discrimination between different metabolites.

FLEXIBILITY OF ECTOPIC TRIGLYCERIDE STORES

Healthy subjects

In general, virtually all TGs are stored in adipose tissue. However, a very small fraction is stored
in non-adipose tissues like the heart (10), liver (24) and skeletal muscle (25). In this thesis we
have focused on myocardial TG stores, but in the interventional studies we also assessed
hepatic TG content, being extra cardiac location of TG accumulation in non-adipose tissue. The
tissue-specific distribution of TGs in non-adipose tissues is influenced by dietary factors like
caloric restriction (26-28) and high-fat diet (29;30). Therefore, we aimed to study the metabolic
flexibility of myocardial (and hepatic) TG stores during different dietary regimes in healthy
subjects. We studied the effects of short-term partial (chapter 3) and complete (chapter 4)
starvation and the effects of a short-term high-fat diet (chapter 5) on myocardial and hepatic
TG stores. Changes in dietary composition influence myocardial substrate selection and may
therefore influence myocardial TG stores. For the heart, we documented a dose-dependent
increase in myocardial TG content upon progressive caloric restriction associated with a dose-
dependent increase in plasma non-esterified fatty acids (NEFAs). Although the mechanisms by
which caloric restriction induces myocardial TG accumulation can not be derived from the study
design, it is likely that the heart has a need for a slightly physiologically increased TG pool, to
accommodate sufficient adenosine-triphosphate (ATP) production when blood glucose levels
are low. This is in line with results by Reingold et al. and Johnson et al., who documented an
increase in intracellular TG stores in the heart and in skeletal muscle after short-term fasting
in healthy subjects (30;31). Increased ectopic TG stores in obesity and diabetes mellitus are
associated with decreased insulin sensitivity and organ dysfunction (9;10;19;25;32), whereas in
healthy subjects during caloric restriction it reflects a new equilibrium between the uptake and
utilization of glucose and fatty acids. It is therefore of upmost importance to dissociate these
physiological processes from the pathologically elevated plasma lipids and its consequences
in metabolic disease. Interestingly, we also found tissue-specific effects of caloric restriction.
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As hepatic TG content decreased after partial starvation, but was unchanged after complete
starvation, we have shown that redistribution of endogenous TG stores is tissue-specific. Our
results in the liver are in line with results of Westerbacka et al. who showed that a low-fat diet

decreases hepatic TG stores (33).

Implications and perspective

Myocardial TG stores are not fixed, but flexible and amendable to caloric restriction in healthy
subjects. Myocardial TG stores are physiologically and dose-dependently increased upon pro-
gressive caloric restriction. Redistribution of endogenous TG stores is tissue-specific, since the
liver TG stores respond differentially compared to the myocardial TG stores. The data document
physiological variations of TG stores in non-adipose tissues.

Future studies could address the myocardial and hepatic effects of diets of different (euca-
loric) nutritional composition. Furthermore, it would be interesting to study the reversibility of

the effects of progressive caloric restriction in healthy subjects, which is likely to be present.

A high-fat diet is another model to increase plasma levels of TGs and NEFAs. A high-fat diet
increases skeletal muscle TG stores (30) and hepatic TG content (33), associated with insulin
resistance (34;35). In accordance, we documented an increase in plasma TG and NEFA concen-
trations and an increase in hepatic TG content after a 3-day hypercaloric, high-fat diet (chapter
5). In contrast, however, this high-fat diet did not alter myocardial TG content. Our results after
3 days of high-fat feeding are in concordance with the results obtained by Reingold et al., who
showed that a single high-fat meal did not alter myocardial TG content (31). Apparently, caloric
restriction and high-fat feeding differentially affect myocardial TG content, even though these
two conditions similarly increased plasma fatty acid levels. However, these two conditions were
discrepant in dietary caloric content and macronutrient composition, which may underlie the
discrepant effect on myocardial TG accumulation (36). A long term, hypercaloric, high-fat dietary
intake induces obesity and, thereby, influences hepatic and myocardial TG stores (37;38). We
can not exclude the possibility that during short-term high-fat feeding fatty acid oxidation in
the heart increases, together with increased fatty acid uptake, with the net result of unchanged
myocardial TG stores. In the condition of caloric restriction, the increased myocardial TG stores
indicate that fatty acid uptake exceeds myocardial fatty acid oxidation rates. It is presently
unclear what the factors are underlying these discrepancies between fatty acid uptake and
oxidation during high-fat feeding and (partial) starvation.

Implications and perspective

A high-fat diet does not increase myocardial TG content in the short-term, whereas hepatic TG
stores rapidly increase. Therefore, a high-fat diet induces differential, tissue-specific responses
of TG and/or fatty acid partitioning among non-adipose organs.
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In future studies it would be interesting to perform positron emission tomography studies
with palmitate tracers during a high-fat diet, to obtain data on fatty acid uptake and oxidation
in the myocardium. This would allow discriminating between the contribution of altered uptake
and oxidation of fatty acids to myocardial TG stores.

Patients with type 2 diabetes mellitus

Myocardial metabolism is altered in patients with DM2 (15;18). Specifically, the heart of patients
with DM2 relies more on fatty acids (6), primarily due to increased fatty acid levels (16;39),
associated with increased lipolysis of TGs contained in adipose tissue. DM2 is associated with
increased myocardial TG levels (9-11). In chapter 6, we evaluated the myocardial flexibility of
these increased myocardial TG stores in patients with DM2. For this study we recruited patients
with DM2 who were well-controlled and without comorbidities. This allowed us to study in vivo
the effects of physiological dietary interventions in a clinically relevant group of patients. We
applied short-term partial caloric restriction by a very low-calorie diet (VLCD) in these patients
and found an increase in myocardial TG stores. Furthermore, in patients with DM2, the VLCD did
not alter hepatic TG stores, indicating tissue-specific effects of a VLCD in patients with DM2. In
the same group of patients we also evaluated the combination of VLCD with the anti-lipolytic
drug acipimox. In patients with DM2 acipimox decreases plasma fatty acid levels (40-42) and
skeletal muscle TG content (43;44) and may improve insulin sensitivity (40;41;43;45). However,
acipimox is not suitable as therapy as there is a rebound effect on plasma fatty acid levels during
long term administration (46). We used acipimox to decrease fatty acid levels during short-term
caloric restriction by a VLCD to assess the contribution of increased plasma fatty acid levels to
increased myocardial TG stores. We found that acipimox prevented myocardial TG accumulation
during caloric restriction associated with the targeted decrease in plasma fatty acid levels. This
observation indicates that the effect of caloric restriction on myocardial TG stores is mediated,
at least in part, by the increase in plasma fatty acid levels induced by caloric restriction.

Implications and perspective
Upon short-term partial caloric restriction, myocardial TG stores increase in patients with DM2.
These effects are at least in part mediated by the increase in plasma fatty acid levels induced by
caloric restriction. These data illustrate that myocardial TG stores in patients with DM2 are not
fixed, but flexible upon physiological, nutritional interventions.

Future studies should address the effects of lipid lowering therapy in patients with DM2 as
our studies suggest a possible role for lipid lowering therapy in patients with elevated plasma
fatty acid levels.
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RELEVANCE OF MYOCARDIAL TRIGLYCERIDES FOR MYOCARDIAL FUNCTION

It has been suggested that increased myocardial TG accumulation in patients with impaired
glucose tolerance and DM2 precedes the onset of profound systolic dysfunction (10;47). Fur-
thermore, in animal studies myocardial TG content has been linked to myocardial function in
various models, including hyperleptinemia (1), obesity (4) and heart failure (2). In this thesis we
have shown that changes in myocardial TG content are associated with changes in diastolic left
ventricular function. During progressive caloric restriction in healthy subjects, MR parameters
of diastolic function decrease dose-dependently, associated with progressive myocardial TG
accumulation, providing circumstantial evidence in humans for the observations in animal
models of myocardial lipotoxicity. For example, myocardial TG content may affect myocardial
function via changes in calcium homeostasis and lipoapoptosis induced by accumulation of
damaging ceramides (7). Moreover, myocardial function can be affected also directly by caloric
restriction as it may induce membrane remodeling (48) which affects myocardial diastolic func-
tion (49). However, during partial starvation the decrease in diastolic function was correlated
with the increase in myocardial TG content. In line with this, others reported myocardial TG
accumulation in obesity, associated with changes in left ventricular mass (10;11). The main
question in relation to our observations is to which extent increased availability of fatty acid
derivatives, reflected in increased myocardial TG stores, contribute to the observed alterations
in myocardial function.

In patients with DM2 we found that administration of acipimox during a VLCD prevents the
myocardial metabolic and functional alterations induced by caloric restriction, suggesting arole
for lipid lowering therapy in patients with elevated levels of plasma lipids. This might lead to a
decrease myocardial TG stores and possibly improve myocardial function. In skeletal muscle, for
example, acipimox decreases intracellular TG content associated with improvements in insulin
sensitivity (44). Furthermore, in selected patient groups with DM2, treatment with pioglitazone
has salutary effects on hepatic and myocardial TG stores (50).

Implications and perspective

Changes in myocardial TG content are associated with changes in myocardial function in
healthy subjects and in patients with DM2. These data indicate that myocardial TG content is
a relevant metabolic marker for myocardial function. As anti-lipolytic therapy with acipimox
during caloric restriction prevents the negative effects of partial caloric restriction on diastolic
myocardial function, there may be a role for anti-lipolytic therapy in myocardial dysfunction in
patients with DM2.

Future studies should be performed to assess the effects of anti-lipolytic therapy on the
relation between myocardial TG stores and myocardial function. Measurement of myocardial
TGs may provide an interesting marker for risk assessment of myocardial function in different
patient groups.
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MYOCARDIAL TRIGLYCERIDES IN CLINICAL INTERVENTIONS

Effects of prolonged caloric restriction in patients with type 2 diabetes mellitus

The last part of this thesis describes the effects of two clinical interventions on myocardial TGs
and myocardial function. In obese patients with DM2 myocardial TG stores are increased (10)
and obesity negatively influences myocardial diastolic function (51). In these patients, therapy
should be aimed at decreasing body weight. In accordance, improvements in myocardial geo-
metrics have been documented after bariatric surgery (52;53). Another possibility to achieve
substantial weight loss is by using a VLCD (54;55) In chapter 7 we describe the effects of
prolonged caloric restriction using a VLCD in obese patients with DM2. This treatment induces
substantial weight loss in these patients, associated with considerable metabolic improve-
ments and improved myocardial diastolic function. This dietary intervention resulted in a
decrease in ectopic TG stores, including the liver and the heart. The study design does not allow
to assess the direct relation between myocardial TG stores and myocardial function. However,
as TG stores are also flexible in severely obese, dysregulated patients with DM2, quantification
of myocardial TG content may be an interesting new marker to assess the effects of metabolic
interventions on the heart. Furthermore, the data suggest that even in obese, hyperglycemic
patients myocardial TG stores are amendable to caloric restriction.

Implications and perspective

Myocardial TG content decreases upon prolonged caloric restriction in obese patients with
DM?2, associated with functional improvements.

As myocardial TG content is amendable to therapeutic interventions, measurement of
myocardial TGs may be used in future studies to assess the metabolic effects of different inter-
ventions on the heart.

Hyperglycemic dysregulation in patients with type 1 diabetes mellitus

Patients with DM1 suffer from frequent episodes of hyperglycemia. The metabolic conse-
quences also involve changes in lipid metabolism. Specifically, hyperglycemic dysregulation
in DM1 is the result of relative hypoinsulinemia. During hyperglycemia, plasma levels of
NEFAs also increase as adipose tissue lipolysis increases during insulin deficiency. These
metabolic alterations influence myocardial substrate selection (56). However, the functional
consequences of these metabolic alterations are not fully elucidated. Some studies reported
alterations in vascular function during hyperglycemia (57) whereas others could not document
changes in myocardial blood flow (58). Nonetheless, in our study described in chapter 8 we
aimed to mimic the clinically relevant condition of short-term hyperglycemia in patients with
DM1 by decreasing the infused exogenous insulin for one day. Despite considerable increases
in plasma glucose levels and plasma levels of NEFAs this hyperglycemic dysregulation had no
effects on myocardial TG content and myocardial left ventricular function. We can not exclude
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the possibility that the duration of hyperglycemic dysregulation for one day is not long enough
to induce detectable changes in myocardial TG content and myocardial function. Nonetheless,
the results are clinically relevant, since this duration mimics short-term hyperglycemia such as
frequently observed in patients with DM1. Apparently, the heart is protected from deleterious
effects of short-term hyperglycemic dysregulation in these patients with DM1, at least with
respect to myocardial TG content and left ventricular function. This is also supported by the fact
that myocardial TG content was not different in the patients with DM1 in chapter 8 compared
to the healthy subjects in chapter 3, 4 and 5. Apparently, the imperfections of glucoregulation
present in patients with DM1, reflected in higher levels of glycated hemoglobin than those pres-
ent in healthy subjects, are not associated with increased hepatic and myocardial TG stores.

Implications and perspective

The heart of patients with DM1 is protected from the short-term effects of hyperglycemic
dysregulation, at least with respect to myocardial TG content and myocardial function.

Our results can not be extrapolated to hyperglycemic dysregulation that exists for a longer
period. Therefore, it would be interesting to assess the effects of hyperglycemia that exists for
more than one day.

GENERAL CONCLUSIONS

The studies described in this thesis aimed to clarify the relation between myocardial TG con-
tent and left ventricular function in different metabolic conditions, in healthy subjects and in
patients with DM1 and patients with DM2.

We have shown that:

1. Myocardial TG content can accurately and reproducibly be quantified with THMRS.

2. Myocardial TG content is not fixed, as we have shown flexibility upon different dietary
interventions, in healthy subjects and in patients with DM2.

3. Caloric restriction and a high-fat diet induce tissue-specific effects on TG redistribution in
the heart and the liver, indicating organ specific adaptations.

4. Changes in myocardial TG content are associated with changes in left ventricular function.
The increases in myocardial TG stores induced by partial caloric deprivation are at least in
part caused by increased plasma NEFA levels, since acipimox prevents myocardial TG accu-
mulation and decreased diastolic function during short-term caloric restriction in patients
with DM2.

6. Prolonged caloric restriction in obese, hyperglycemic patients with DM2 decreases myocar-
dial TG content and improves myocardial function.
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7. Short-term hyperglycemic dysregulation, which is frequently present in patients with DM1,
does not change myocardial TG content or myocardial function, suggesting that the heart
is protected from these short-term metabolic alterations.

Therefore, increased myocardial TG content is associated with altered myocardial function. It
reflects a discrepancy between fatty acid uptake and fatty acid oxidation and most likely reflects
increased intracellular availability of fatty acid derivatives, which alter structure and function
of the myocardium. The observations described in this thesis indicate that these studies on
the relation between myocardial TG content and myocardial function should be extended to
patients with myocardial dysfunction in order to establish to which extent metabolic interven-

tions may improve myocardial function in these patients.
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In this thesis we focused on the functional and metabolic consequences of myocardial tri-
glyceride (TG) accumulation in healthy subjects and in patients with diabetes mellitus. Ectopic
accumulation of TGs is associated with organ dysfunction in metabolic disease in experimental
animal studies. These organs include the heart, the liver and skeletal muscle. For the heart,
translational studies in humans are scarce, mainly due to the difficulty of the assessment of
myocardial TG content in humans, in vivo.

Therefore, it remains unclear to what extent the observations in animal experiments can
be extended to humans. Furthermore, the physiological and pathophysiological relevance of

myocardial TG accumulation for myocardial function is unknown.

In Chapter 2 we describe a non-invasive method, using hydrogen 1 magnetic resonance spec-
troscopy ("THMRS), to accurately and reproducibly measure myocardial TG content in humans,
in vivo. We observed improved spectral resolution and an improved intraclass correlation
coefficient for the assessment of myocardial TG content when spectroscopic measurements
were performed with respiratory motion correction compared to spectra obtained without

respiratory motion compensation.

Diabetes mellitus and obesity are associated with increased plasma non-esterified fatty acid
(NEFA) levels, myocardial TG accumulation, and myocardial dysfunction. Because a very low-
calorie diet (VLCD) also increases plasma NEFA levels, we studied the effect of a short-term
VLCD on myocardial TG content and cardiac function in healthy subjects in Chapter 3. We found
increased myocardial TG content and a decrease in left ventricular diastolic function. Moreover,

hepatic TG content decreased, indicating organ-specific effects of a VLCD.

In animal studies high plasma levels of NEFAs are associated with increased myocardial TG stores
and impaired myocardial function. Caloric restriction increases the delivery of fatty acids to the
myocardium. We have therefore evaluated the effects of progressive caloric restriction in healthy
subjects in Chapter 4. Upon progressive caloric restriction we documented a dose-dependent
increase in plasma levels of NEFAs and myocardial TG content, and a dose-dependent decrease

in left ventricular diastolic function.

Short-term high-fat diets increase TG content in skeletal muscle. Moreover, a high-fat diet
induces myocardial TG accumulation and myocardial dysfunction in animal models. We stud-
ied the effects of a short-term high-fat diet in healthy individuals in Chapter 5. We found no
changes in myocardial TG content and no effects on left ventricular function. However, hepatic
TG content increased. The data document physiological and organ-specific adaptation of TG

content during a high-fat diet.
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Myocardial metabolism in patients with type 2 diabetes mellitus (DM2) is heavily dependent on
fatty acids. Furthermore, in animals and in humans this increased fatty acid reliability has been
associated with structural changes in the diabetic myocardium and with myocardial dysfunc-
tion. Therefore we have evaluated the effects of a short-term VLCD in patients with DM2 in
Chapter 6, to test the myocardial flexibility in these patients. We have shown that myocardial
TGs increase after a VLCD, associated with a decrease in left ventricular diastolic function.
Furthermore, anti-lipolytic therapy with acipimox during the VLCD prevented these changes in
myocardial TG stores and myocardial function. Hepatic TG content was unchanged after both
the interventions. The study illustrates the flexibility of myocardial TG stores and myocardial
function in patients with DM2. Moreover, the data implicate the relevance of plasma NEFAs as
mediators of the cardiac effects of a VLCD in patients with DM2.

In Chapter 7 we evaluated the effects of therapeutic weight loss in obese, insulin-treated
patients with DM2. Obesity and DM2 are major risk factors for cardiovascular disease, and
prolonged caloric restriction has shown to induce weight loss and improve glycemic control. In
this study we evaluated the effects of prolonged caloric restriction on myocardial and hepatic
TG content and on myocardial function. Upon substantial weight loss there were considerable
metabolic improvements in glucose and fat metabolism, associated with decreased myocardial
TG content and a decrease in hepatic TG stores. Furthermore, myocardial diastolic function
improved. The data show that in these obese patients with DM2, myocardial TG stores are flex-
ible and amendable to therapeutic intervention by caloric restriction.

Patients with type 1 diabetes mellitus (DM1) suffer from frequent episodes of hyperglycemic
dysregulation, due to imperfections in exogenous insulin treatment, which mimics endog-
enous insulin secretion. These episodes of hyperglycemia are accompanied by perturbations
in lipid metabolism as well. We have therefore evaluated the effects of controlled, short-term
hyperglycemia in patients with DM1 in Chapter 8. Despite hyperglycemic dysregulation by
partial insulin deprivation and the increase in plasma NEFA levels, myocardial TG content and
myocardial function did not change. Apparently, the heart is protected from short-term meta-
bolic effects of partial insulin deprivation in patients with DM1.

In conclusion, myocardial TGs can be accurately measured in humans with 'THMRS. Myocardial
TG stores are flexible in healthy subjects and in patients with DM2 upon differences in dietary
nutritional intake. Changes in myocardial TG content are associated with changes in left ven-
tricular function. Myocardial TGs reflect the discrepancy between fatty acid uptake and fatty
acid oxidation and most likely reflect increased intracellular availability of fatty acid derivatives,
which alter structure and function of the myocardium. Redistribution of TGs is tissue-specific,
since TGs in the heart and the liver do not always show the same responses to physiological
interventions. In patients with DM1, the heart is protected from short-term metabolic effects
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of hyperglycemic dysregulation, with respect to myocardial TG accumulation and alterations in
myocardial function.
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Dit proefschrift beschrijft de functionele en metabole gevolgen van triglyceriden (TG) stape-
ling in het hart, in gezonde proefpersonen en in patiénten met diabetes mellitus. Ectopische
stapeling van TG is geassocieerd met orgaandysfunctie bij metabole ziekten in experimentele
dierstudies, onder andere in het hart, de lever en skeletspieren. Weinig is echter bekend over
de gevolgen van myocardiale TG stapeling bij mensen, met name door de moeilijkheid van de
bepaling van TG in het hart in vivo.

Het is om deze reden onduidelijk, in hoeverre de bevindingen gedaan in dierstudies kunnen
worden doorgetrokken naar mensen. Daarnaast is het fysiologische en pathofysiologische
belang van TG stapeling in het hart in relatie tot de hartspierfunctie onbekend.

Hoofdstuk 2 beschrijft een niet-invasieve methode, met 'H magnetic resonance spectroscopie
("HMRS), waarmee in mensen, in vivo, betrouwbaar en reproduceerbaar de hoeveelheid myo-
cardiale TG kan worden bepaald. De spectrale resolutie en de intraklasse correlatie coéfficient
waren beter als de spectra werden gemeten met ademhalingscorrectie, vergeleken met spectra
gemeten zonder ademhalingscorrectie.

Diabetes mellitus en overgewicht zijn geassocieerd met verhoogde vrije vetzuren (VVZ) in het
plasma, stapeling van TG in het hart en cardiale dysfunctie. Omdat een zeer laag calorisch dieet
(ZLCD) de VVZ in het plasma ook verhoogt, is in Hoofdstuk 3 het effect van een kortdurend
ZLCD op de hoeveelheid TG in het hart en de linker ventrikel functie in gezonde vrijwilligers
bestudeerd. De hoeveelheid myocardiale TG nam toe, samen met een afname in de diastoli-
sche functie. Daarnaast nam de hoeveelheid hepatische TG af, wijzend op orgaan-specifieke

effecten van een ZLCD.

In diermodellen zijn hoge spiegels van VVZ in het plasma geassocieerd met een toegenomen
hoeveelheid myocardiale TG en een afgenomen diastolische functie. Calorierestrictie verhoogt
het aanbod van vetzuren aan het hart. Daarom is in Hoofdstuk 4 gekeken naar de effecten van
progressieve calorierestrictie in gezonde vrijwilligers. Tijdens deze progressieve calorierestrictie
namen de VVZ in het plasma en de TG in het hart dosis-afhankelijk toe. Tegelijkertijd nam de
diastolische functie dosis-afhankelijk af.

Kortdurende diéten met veel vet verhogen de hoeveelheid TG in skeletspieren. Daarnaast
verhoogt een dieet met veel vet de hoeveelheid TG in het hart en induceert het myocardiale
dysfunctie in diermodellen. De effecten van een kortdurende hoge vetbelasting in gezonde
vrijwilligers zijn bestudeerd in Hoofdstuk 5. Het kortdurende dieet had geen effect op de hoe-
veelheid TG in het hart en de linker ventrikel functie. De hepatische TG namen wel toe. De data
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beschrijven fysiologische en orgaan-specifieke aanpassingen van de hoeveelheid TG tijdens
een vetbelasting.

Het cardiale metabolisme van patiénten met type 2 diabetes mellitus (DM2) is vooral afhankelijk
van vetzuren. In dieren en mensen is deze toegenomen afhankelijkheid van vetzuren geassoci-
eerd met structurele veranderingen in het diabetische hart en met cardiale dysfunctie. Om de
flexibiliteit van TG in het hart te bestuderen is in Hoofdstuk 6 gekeken naar de effecten van van
een kortdurend ZLCD in patiénten met DM2. De hoeveelheid myocardiale TG nam toe, terwijl
de diastolische functie van de linker ventrikel afnam. Daarnaast bleek dat anti-lipolytische the-
rapie met acipimox tijdens het ZLCD deze effecten op de hoeveelheid TG en de hartspierfunctie
kon voorkomen. De hoeveelheid TG in de lever was onveranderd na beide interventies. De
studie illustreert de flexibiliteit van myocardiale TG en hartspierfunctie in patiénten met DM2.
Daarnaast benadrukken de data de relevantie van de effecten van vetzuren in het bloed op het
hart tijdens een ZLCD bij patiénten met DM2.

In Hoofdstuk 7 worden de effecten van therapeutisch gewichtsverlies in insuline-behandelde
patiénten met DM2 en overgewicht beschreven. Overgewicht en DM2 zijn belangrijke risi-
cofactoren voor cardiovasculaire ziekten, en langdurige calorierestrictie induceert gewichts-
verlies en verbetert de glycemische conditie. In deze studie zijn de effecten van langdurige
calorierestrictie op de hoeveelheid myocardiale TG, de hoeveelheid hepatische TG en op de
hartspierfunctie geévalueerd.Tijdens substantieel gewichtsvelies traden er duidelijke metabole
verbeteringen op, samen met een afname van de hoeveelheid TG in het hart en een afname
van de hoeveelheid hepatische TG. Daarnaast verbeterde de diastolische functie van de linker
ventrikel. De data laten zien dat de myocardiale TG en de hartspierfunctie in obese patiénten
met DM2 flexibel zijn, en zich aanpassen tijdens een therapeutische interventie bestaande uit

calorierestrictie.

Patiénten met type 1 diabetes mellitus (DM1) ondervinden regelmatig episodes van hyper-
glycemische dysregulatie, door de suboptimale behandeling met exogeen insuline, wat de
endogene insulinesecretie nabootst. De hyperglycemische episodes gaan samen met veran-
deringen in het vetmetabolisme. Om deze reden is in Hoofdstuk 8 gekeken naar de effecten
van gecontroleerde, kortdurende hyperglycemie in patiénten met DM1. Ondanks de hyper-
glycemische dysregulatie, geinduceerd door partiéle insuline deprivatie, en de toename van
VVZ in het plasma, waren de hoeveelheid myocardiale TG en de hartspierfunctie onveranderd.
Blijkbaar is het hart van patiénten met DM1 beschermd tegen de kortdurende effecten van
partiéle insuline deprivatie.

Concluderend kunnen myocardiale TG betrouwbaar gemeten worden met "THMRS. Myocardiale
TG zijn flexibel in gezonde vrijwilligers en in patiénten met DM2 tijdens veranderingen in de
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dietaire inname. Veranderingen in myocardiale TG zijn geassocieerd met veranderingen in de
functie van de linker ventrikel. Myocardiale TG zijn een reflectie van de discrepantie tussen de
opname en oxidatie van vetzuren in het hart, en waarschijnlijk van de intracellulaire beschik-
baarheid van vetzuur intermediairen, welke de structuur en functie van het hart kunnen aantas-
ten. Redistributie van TG is orgaan-specifiek, omdat TG in het hart en in de lever onafhankelijk
een respons laten zien tijdens fysiologische interventies. Het hart van patiénten met DM1 is
beschermd tegen de metabole effecten van kortdurende hyperglycemische dysregulatie, met
betrekking tot de hoeveelheid myocardiale TG en de linker ventrikel functie.
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