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General Introduction

Fasting as a metabolic state

The fasted state refers to a distinct metabolic state that maintains homeostasis of an
organism in the absence of food, relying solely on stored energy. This distinguishes it from
the fed state, where the organism maintains vital chemical energy levels (ATP) and obtains
building blocks for structural components from ingested nutrients directly. Feeding and
fasting habits are rhythmically aligned to the 24-hour day-night cycle on earth and dictated
by food and water availability, activity and temperature (seasonality). Nowadays, humans
typically consume 3 to 5 meals and experience one over-night fasting bout per day, while
many animal species display interesting and more extreme feeding-fasting behaviors. For
instance, hummingbirds and shrews are known to require almost constant feeding, while
some python species require food only twice a year. Defined as absorptive (fed) and post-
absorptive (fasted) state, both states need to occur in sequence yet are mutually exclusive.
The switch from food to stored energy as primary fuel source therefore requires distinct
and evolutionarily conserved organ and cellular activities that drive adequate physiological,
morphological and behavioral adaptations to ensure survival [1].

Health benefits of fasting

Over the years a wealth of pre-clinical and clinical studies have examined the salutary
effects of various fasting regimens [2]—-[7]. Most of these studies used an intermittent
fasting (IF) design, in which either the daily over-night fasting window was extended, or
volunteers engaged in complete fasting for one or more days on a weekly or monthly basis.
Time-restricted feeding (TRF) protocols define daily eating windows of 6-12 hours, while in
alternate-day fasting (ADF) protocols study subjects undergo fasts of up to 48 hours
alternated with days of normal eating behavior. Periodic fasting (PF) protocols ascribe
fasting periods of several days per week or month, on a reoccurring basis. One example is
the 5:2 protocol, in which subjects fast for 2 days a week.

In preclinical studies, IF protocols were shown to extend life span, reduce body weight,
mitigate inflammation, improve glucose homeostasis and insulin sensitivity, and delay the
onset of disease in experimental models for diabetes, cardiovascular disease, neurological
disease and cancer [2]-[7]. In humans, these protocols normalize HbA1lc and glucose levels,
improve insulin sensitivity and blood lipid parameters, reduce blood pressure and also
induce weight loss, yet evidence for disease mitigation and life-span extension is currently
lacking [8], [9]. Inasmuch as fasting reduces caloric intake, it is not surprising that there is
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striking overlap in the salutary effects of the various fasting regimens and caloric restriction
(CR). It is widely accepted that daily CR — inducing weight loss — extends life-span and leads
to similar improvements in above mentioned health parameters in animal models [10], [11].
Human studies on CR corroborate improvements in cardiometabolic health parameters
[12], [13]. Long-term studies on rhesus monkeys at the University of Wisconsin and the
National Institute of Aging support the health and longevity benefits of CR, and suggest that
the life-extension effect may be translatable to humans [14]-[16]. The over-arching
question is whether the health promoting effects of fasting are inherent to the fasting
metabolism and therefore facilitated by reduced meal timing or are driven by weight loss
due to caloric intake below maintenance levels. This question has important clinical
implications, as long-term adherence to CR is low, and reductions in body weight are partly
driven by undesirable loss of fat-free mass [17]-[19].

The clear overlap in weight reduction and health promoting effects of the various fasting
protocols and CR suggest that the degree of weight loss is a potential determinant. Studies
that incorporated CR and ADF or PF groups mostly report comparable weight loss [8]. In
one ADF study where weight loss was different between the ADF and CR group, the
improvements in blood lipid parameters positively correlated with the degree of weight
loss [20]. Of note, in the same study, another ADF intervention group that was kept in
energy balance did not show improvements in metabolic health parameters, cumulatively
suggesting that improvements in ADF and PF interventions may depend on (the degree of)
weight loss.

A recent metanalysis also documented significant weight loss in most TRF trials [9].
However, Moon et al. uncovered that weight loss was only observed in diseased and obese
subjects undergoing TRF. A recent clinical trial indeed supports the notion that time-
restriction may facilitate a caloric deficit in obese subjects [19]. By contrast, in healthy
individuals, the meta-analysis reports improvements in metabolic parameters in the
absence of weight loss, suggesting that timing of food intake can modulate health. In
particular early dinner TRF was shown to improve insulin sensitivity, blood pressure and
oxidative stress in the absence of weight loss [21] and bolstered rhythmicity of circadian
genes in PBMCs [22]. These observations suggest that the mechanisms leading to
improvements in health parameters may ultimately be different between study
populations. For healthy subjects the improvements in health parameters may potentially
be explained by the notion that food intake as an environmental cue influences the
circadian rhythm. Misalignment between the circadian clock and metabolic processes, as
for example observed in shift workers, promotes the risk for type 2 diabetes and
cardiovascular disease [23], [24].
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Cumulatively, further studies are required to delineate how long and how often one has to
fast to elicit favorable changes and what the underlying mechanisms are that drive
improvements in diseased and healthy populations. Therefore, it is of high interest to
understand the transcriptional and translational regulatory mechanisms that govern the
transition from the fed state to the fasted state.

Key metabolic organs

Key metabolic organs to understand feeding-fasting cycles are the liver, muscle tissue,
adipose tissue and the brain.

The liver is the central nutrient processing and distributing organ in the body. It plays a
critical role in carbohydrate metabolism by breaking down glucose to produce ATP via
glycolysis. In the fed state, the liver converts part of the glucose into glycogen via
glycogenesis. When tissues are in demand of glucose during fasting conditions, the stored
glycogen can in turn be broken down via glycogenolysis to release glucose into the blood.
Under prolonged fasting, the liver utilizes non-carbohydrate precursors to synthesize
glucose via a process called gluconeogenesis in order to generate glucose for vital organs
such as the brain. The liver also plays a central role in lipid metabolism. It produces bile
acids required for the digestion of dietary triglycerides and the subsequent uptake of fatty
acids. Furthermore, the liver can take up fatty acids from the circulation, convert them into
triglycerides, and repackage them into very low-density lipoproteins (VLDLs). The VLDLs
provide fuel to several tissues including the heart and skeletal muscle. The liver generates
ATP for its own needs via glycolysis and oxidative phosphorylation using glucose and fatty
acids.

The central role of the adipose tissue is the storage of fatty acids as triglycerides within lipid
droplets. During lipolysis, the adipose tissue releases stored triglycerides back into the
circulation as free fatty acids. This supplies other tissues with fuel for oxidative
phosphorylation or the synthesis of structural lipids. The adipose tissue can generate ATP
via glycolysis and oxidative phosphorylation using glucose and fatty acids.

Skeletal muscle tissue provides the capacity for locomotion and has the highest ATP
requirement per tissue in the human body. To meet this requirement, skeletal muscle tissue
can utilize all energy substrates to generate ATP. The type of fuel used depends on the
intensity of the muscle activity, with glucose being the major sources during high-intensity
exercise and fatty acids during moderate to low intensity exercise. Although the muscle is
able to store glycogen, it cannot contribute to circulating glucose levels due to the absence
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of glucose 6-phosphatase. Once taken up into muscle, glucose is reserved for locomotion
activities.

The brain is the center of intellectual and nervous activity, yet neuronal cells have no
capacity to synthesize and thus store glycogen or triglycerides [25]. Additionally, to what
extent neurons metabolize fatty acids remains unclear. Alongside other non-neuronal cell
types, neurons express the machinery to transport and metabolize fatty acids and recent
studies suggests that at least medium-chain triglycerides may be metabolized [26], [27].
However, brain fatty acid pools do not always reflect plasma fatty acid pools, which
supports the alternative hypothesis that the blood-brain barrier acts as a metabolic barrier
for fatty acids [28], [29]. At least the latter scenario may call for a constant glucose supply
to neurons in order to maintain their function. This is supported by the observation that
glucose uptake into brain tissues is in fact mediated by insulin-insensitive GLUT1 and GLUT3
transporters [30], [31].

Fed-state physiology

The fed state commences with the ingestion of a meal. After digestion in the
gastrointestinal tract, glucose and amino acids are absorbed in the small intestine and pass
through enterocytes into the blood circulation via the portal vein. Free fatty acids (FFA) are
absorbed, re-esterified intro triglycerides (TG) and packaged into chylomicrons, and then
transported to the circulation via the lymph. In response to rising glucose levels, B-cells in
the pancreas release the hormone insulin. Insulin is a key hormone that signals the ‘fed’
state due to its numerous central functions in nutrient uptake and storage. It triggers the
uptake of glucose into liver, adipose and muscle tissue, and its utilization to produce ATP
via glycolysis. Furthermore, glucose is stored in the liver and muscle in the form of glycogen
(glycogenesis) while the opposing pathway, glycogenolysis, is inhibited. In the liver and
adipose tissue, excess glucose can also be converted to FFA via de novo lipogenesis. The
liver secretes FFA in the form of TG packed into very-low density lipoproteins. The oxidation
of FFA for ATP is generally low in most tissues when Insulin levels are high. Thus, in the fed
state, the adipose tissue remains the principal tissue for the uptake and storage of FFA in
the form of TG inside its characteristic lipid droplets. Lastly, the brain, as mentioned,
constantly metabolizes glucose and possibly certain FFA species. Conversely, amino acids
(AA) are mostly used for anabolic processes throughout the body when Insulin levels are
high. The flow of fuel in the fed state is depicted in Figure 1.
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Figure 1: Simplified overview of Fed state fuel flows. After ingestion of a meal, glucose enters the circulation
directly from the intestine. Fatty acids are re-esterified into triglycerides (TG), which enter the circulation via the
lymph inside chylomicrons. Under high insulin levels, in particular glucose is utilized for glycogenesis in liver and
skeletal muscle as well as ATP production in liver, skeletal muscle, brain and adipose tissue. In addition, excess
glucose can be stored as TG in lipid droplets via de novo lipogenesis. Chylomicrons supply liver, skeletal muscle
and adipose tissue with FFA. The liver contributes to circulating plasma TG levels by repackaging chylomicron-
derived free fatty acids (FFA) into very low density lipoproteins (VLDL). Under high insulin levels, FFA are mostly
stored as TG in adipose tissue lipid droplets. Amino acids (AA) are mostly used for anabolic processes under high
insulin conditions (not depicted).
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Chapter 1

Transition to fasted physiology — Phase |

The body transitions from the fed to the fasted state when the last meal is fully digested
and absorbed. Two main phases can be distinguished in this transition [32], [33].

In the first phase, hours after the meal, plasma glucose levels are no longer maintained
from ingested carbohydrates. It becomes the body’s prime priority to maintain adequate
glucose levels, in particular to supply the brain and CNS with energy substrates. Lowering
of blood glucose levels reduces the release of insulin while simultaneously increasing the
release of glucagon by the pancreas’ alpha cells. The drop in plasma insulin may occur
quicker than the rise in glucagon [34]. Glucagon is the key hormone of the fasted state, as
it directly stimulates the replenishment of plasma glucose levels. For one, the hormonal
switch from insulin to glucagon promotes hepatic glycogenolysis, leading to the breakdown
of glycogen that was stored during the fed state. In addition, gluconeogenic activity
increases [35]. By repeatedly probing forearm muscles in fasting men, Felig and Pozefsky
documented an increase in protein catabolism in the initial days of the fast, causing a net
increase in plasma amino acid levels [36]—[38]. Corroborated by recent studies, in particular
BCAA levels increase and possibly support hepatic ketogenesis (see following chapter) [39]-
[42]. Interestingly, not all amino acids increase in abundance in plasma. In what has been
coined the glucose-alanine or Cahill cycle, amino acids released via catabolic processes feed
into the de novo synthesis of alanine via transamination of liver glucose-derived pyruvate.
Alanine, a potent gluconeogenic amino acid, is secreted and shuttled back to the liver for
hepatic gluconeogenesis at very high rates, effectively reducing its plasma levels [43], [44].

Cumulatively, these observations illustrate that hepatic glycogenolysis and gluconeogenesis
are augmented and jointly maintain blood glucose levels. Together with other
gluconeogenic substrates like lactate, amino acids are readily liberated upon fasting to
maintain blood glucose levels. The extensive efforts to maintain glucose levels at the
expense of muscle mass are reflective of high basal requirements for glucose.
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Transition to the fasted physiology — Phase Il

While it is currently unknown precisely how much muscle mass is lost in the initial hours of
a fast, its uncontrolled catabolism for the maintenance of blood glucose levels is expected
to impede with the long-term survival of the fasting individual [32], [45]. Hence with the
extension of the fast from several hours into days, a second vital priority has to be the
preservation of muscle mass. Indeed, in this second phase , net plasma amino acid levels
and urinary nitrogen excretion decrease in fasting individuals [39]-[42], [46]. Alongside
declining plasma alanine levels, also alanine turnover declines, as determined by a recent
NMR tracer study by Shulman comparing 60h vs 12h fasted subjects [47]. In addition, the
average liver of an adult human can only hold approximately 0.2 kg of glycogen, which
depending on the level of physical activity can last between 12 to 24 hours. Tracer studies
attest to a gradual increase in the relative contribution of hepatic gluconeogenesis to blood
glucose levels [47]-[50]. Cahill and colleagues speculated that when hepatic glycogen
reserves are depleted, gluconeogenesis alone cannot maintain blood glucose levels. Indeed
total glucose production declines after 1 day of fasting [47]-[49], in line with reducing
plasma glucose levels (Figure 3A) [34], [39], [46], [51] and declining glucose clearance by
tissues such as muscle [52], [53]. Together these observations suggest that the body
reduces its dependence on glucose as the primary source of fuel when fasting beyond 24h.

One hallmark of this phase is the increasing reliance on B-oxidation to provide ATP.
Alongside a hormonal switch from insulin to glucagon, many other plasma hormone levels
change. Stress-hormones such as cortisol and epinephrine begin to rise [40], [54], [55],
while Leptin and T3 levels decline (Figure 3B) [34], [40], [41], [46], [56]. Cumulatively these
hormonal changes contribute to increased adipose tissue lipolysis. Free fatty acid and
glycerol levels increase after 24h of fasting, and continue to rise until approx. day 3 [34],
[46], [51]. Simultaneously, lipid turnover increases and plasma triglyceride levels start to
decline [57]. The respiratory quotient (RQ) approaches 0.7, indicating that B-oxidation
becomes the primary source of ATP in the liver, skeletal and heart muscle [53], [58]. TG
accumulation has been observed in tissues, for example in liver and muscle tissue [34], [48],
driven by the elevated plasma NEFA levels and concomitant tissue fatty acid uptake.

Another hallmark of the second phase is the induction of ketogenesis, resulting in the
formation of the ketone bodies acetoacetate (AcAc) and B-hydroxybutyrate (BOHB).
Despite the switch to B-oxidation, a basal rate of gluconeogenesis is still maintained to
supply for instance red blood cells with glucose [47], [49]. The main substrates for
gluconeogenesis at this stage are glycerol, co-released from the hydrolysis of triglycerides
in adipose tissue and hepatic TCA cycle intermediates such as oxaloacetate formed from
lactate or amino acid-derived pyruvate. Diverting oxaloacetate towards gluconeogenesis
results in reduction of TCA cycle activity in the liver [47]. In turn, acetyl-CoA molecules
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accumulate and “spill-over” into ketogenesis [59]. Two or 3 molecules of acetyl-CoA
condense into AcAc or BOHB respectively, which are released into the circulation as an
alternative energy substrate next to fatty acids. Reaching levels of up to 8 mM cumulatively,
AcAc and BOHB are increasingly oxidized in peripheral tissues via ketolysis, most
prominently by the brain. In 1967, Owen et al. catheterized the internal jugular bulb and
the carotid artery of fasting individuals and measured significant levels of ketone bodies
going in but not going out of the brain. They reported that after several weeks of fasting,
the brain derives up to 2/3™ of its energy requirements from the oxidation of ketone bodies
[60], [61]. This study laid the foundation for the notion that the formation ketone bodies is
a vital evolutionary mechanism to provide an alternative fuel source to glucose that may
spare amino acids and thereby increase chances for survival during prolonged fasts [32],
[61]. The preferential use of ketone bodies by the brain during the fasted state has since
been further quantified and visualized with PET scans [62], [63]. In addition, elevation of
fasting BOHB levels via infusion lowers uptake of glucose into forearm muscle and whole
body glucose oxidation [64]. Figure 2 depicts fuel flows during the fasted state. Figure 3
provides a longitudinal overview of typical plasma parameters during the feeding-fasting
transition in humans. Typical minimum and maximum values are summarized in Table 1.

The maximal duration of the fast depends on the quantity of endogenous energy stores
when the fast starts. It is estimated that a 70 kg man with 15 kg of adipose tissue (140.000
kcal) could a survive a 70-90 day fast, based on a basal energy expenditure of 1800 kcal/day
[45]. Owen estimated that if the human body would not switch to fatty acids but instead
continues to mobilize amino acids for gluconeogenesis, a 70 kg man would only be able to
fast for 23-34 days [61]. The switch to fatty acids and ketones as fuel sources thus provides
a huge fitness advantage when food is scarce. For an obese man with 140 kg body weight
and 80 kg of adipose tissue, the above calculation extrapolates to 14 months of estimated
survival. In the 1960’s and 70’s two studies were performed that confirmed this estimation
by successfully fasting obese individuals for 249 resp. 382 days providing only water and
electrolytes [65], [66].
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acid driven gluconeogenesis (Cahill cycle) are utilized to maintain blood glucose levels. With the depletion of
hepatic glycogen stores hepatic glucose production declines after about 24h. High glucagon and low leptin levels
promote lipolysis and switch to fatty acids and ketone bodies to supply extrahepatic tissues with a source for ATP.
Continued gluconeogenic activity depletes the TCA cycle intermediate Oxaloacetate, which causes a buildup of
acetyl-CoA in hepatic mitochondria. These acetyl-CoA molecules condense to ketone bodies Acetoacetate and
beta-hydroxybutyrate and are avidly oxidized in extrahepatic tissues.

Table 1: Typical human plasma parameters in fed and fasted state [34], [40], [45]-[47], [51], [54]-[58], [66]-
[72], [74]-[79].

Substrate Fed Fasted

Glucose (mM) 5.0-8.0 2.0-4.5
NEFA (mM) 0.4-0.8 0.8-2.0
TG (mM) 1.5-2.4 03-1.1
Ketone bodies (mM) <01 0.5-7.0
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Figure 3: Changes in plasma parameters from fed state to various fasting-durations. A) Development of plasma
levels of Glucose, TG, FFA, Glycerol and ketone bodies BOHB and AcAc after feeding and various durations of
fasting. Glucose and TG progressively decline, while FFA, glycerol and ketone bodies increase. B) Plasma levels of
the hormones Insulin, Glucagon, Cortisol, Leptin, T3 and T4. Insulin, Leptin and T3 decline, while Glucagon and
Cortisol increase. T4 is not impacted by fasting. C) Color legend for plotted studies [34], [40], [46], [47], [51], [54]-
[58], [60], [66]—[77] Depicted are mean values only. Overnight reflects a 8-12h fast. Abbreviations: h hours, d days,
w weeks, mo months.
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Transcriptional regulation of hepatic gene expression during feeding-

fasting cycles by the transcription factor PPARa

Underlying the drastic changes seen in plasma parameters and the switch in fuel utilization
during feeding—fasting cycles are multiple mechanisms working hand in hand to regulate
required enzymes and pathways that facilitate the required adaptations. One such level of
control is the regulation of gene expression via transcription factors. Transcription factors
are proteins that are capable of selective binding to recognition sites on the DNA.
Subsequently, they recruit transcriptional co-activators or co-repressors, including
polymerases, to alter expression of target genes. More than 30 families of transcription
factors have been identified in humans so far [80]. One transcription factor that allows the
liver to fulfill its imperative role in the feeding—fasting transition is the peroxisome
proliferator-activated receptor alpha (PPARa) [81].

PPARa belongs to the family of peroxisome proliferator-activated receptors (PPAR) that
include PPARy and PPARS. While their expression profile discriminates them, PPARs share
a common mode of action. As nutrient-sensitive nuclear receptors, PPARs are activated via
ligand-binding of fatty acids and fatty acid derivatives. Upon activation, PPARs translocate
to the nucleus where they heterodimerize with retinoid X receptor (RXR), another nuclear
receptor. Subsequently, this complex binds to specific PPAR response elements (PPRE) in
the promoter region of target genes, which allows the recruitment of the transcriptional
machinery and thus the regulation of expression [81], [82].

Animal experiments were immensely conducive to our understanding of the role of this
transcription factor during fasting. When subjected to fasting, mice deficient in PPARa
present with dramatically altered plasma and liver parameters. Plasma levels of long chain
acyl-carnitines and free fatty acids are increased during fasting compared to wild-type mice.
Hepatic levels of these metabolites, including triglycerides, are also increased. On the other
hand, short chain acyl-carnitines, glucose and B-hydroxybutyrate levels in the plasma are
significantly reduced [81]. Already 20 years ago, these observations lead several research
groups to classify PPARa as a critical regulator of hepatic lipid metabolism. Dysfunctional or
absent PPARa signaling impairs the uptake and oxidation of fatty acids, preventing acetyl-
CoA formation and entry into the ketogenesis pathway. Free fatty acids instead are re-
esterified into triglycerides, leading to a fatty liver. Reduced blood glucose levels is likely
the result of augmented peripheral utilization to offset the lack of ketone bodies [83]—[86].

Transcriptomic studies have revealed that the metabolic changes mentioned above are
rooted in altered expression of numerous genes involved in fatty acid uptake (e.g. Cd36),
fatty acid activation (e.g. Fatp2, Fatp4), fatty acid binding (e.g. Fabp2, Fabp4), fatty acid
storage (e.g. Dgatl, Plins), as well as peroxisomal fatty acid oxidation (e.g. Acox1),
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mitochondrial B-oxidation (e.g. Cptl, Cpt2, Acads), and ketogenesis (e.g. Acatl, Hmgcs2,
Bdh1). Also, a limited number of genes involved in gluconeogenesis (e.g. Pcx, Gpd1, Gpd2)
and glycogenesis (Gys2) are regulated by PPARa. The catalogue of genes and pathways
currently known to be under control of PPARa has led to its designation as the “master
regulator of hepatic lipid metabolism” [81]. Importantly, the transcriptional regulatory
function of mouse PPARa seems to be largely conserved in humans [82].

However, evidence abounds that PPARa is not the sole regulator of hepatic glucose and
lipid metabolism. In particular, the transcription factor Cyclic AMP-responsive element-
binding protein 3 Like 3 (CREB3L3) has been shown to regulate several aspects of glucose
and lipid metabolism [87], [88]. It is highly expressed in the liver [89], is also induced during
fasting [90] and may physically interact and/or cooperate with PPARa to regulate target
genes [91], [92] such as Hmgcs2 [93]. Chapter 2 further characterized the interrelationship
between PPARa and CREB3L3 in regulating hepatic gene expression. To this end, whole
hepatic gene expression of PPARa/~, CREB3L3™~ and double knockout mice subjected to
fasting and ketogenic diet feeding was investigated. Depending on nutritional status both
transcription factors showed great plasticity in the degree of synergism and co-dependence
in regulating gene expression of target genes.
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Post-translational regulation of LPL by ANGPTL4 controls triglyceride

uptake into adipose tissue during feeding-fasting cycles

Changes in gene expression, as for example mediated by PPARa, ultimately impact
physiological parameters via alteration in enzyme abundances and activities. However,
transcriptional regulation is often not the most important, arguably because translational
or post-translational mechanisms allow for a speedier fine-tuning of enzymes and pathways
in specific physiological states. The relevance of translational or post-translational
mechanisms during fasting is exemplified by the lack of a transcriptional signature for the
lipolysis pathway in adipose tissue of fasting mice [94], yet the release of fatty acids from
adipose tissue is a key process during fasting. One protein that increases in abundance
during the fasted state and regulates the flow of triglycerides via a post-translational
mechanism is Angiopoietin-like 4 (ANGPTL4) [95], [96].

20 years ago, Angptl4 was identified as a PPARa and PPARy target gene with a potential
role during fasting [97], [98]. Originally named as fasting-induced adipose factor (FIAF),
genetic studies in mice subsequently illustrated the importance of ANGPTL4 in the
regulation of plasma triglyceride levels. Overexpression of Angptl4 and injection of
recombinant ANGPTL4 resulted in an increase in plasma TG levels, while knockout of
Angptl4 and administration of anti-ANGPTL4 antibodies reduced plasma TG levels in mice
[99]-[102]. Mechanistically, ANGPTL4 was shown to inhibit lipoprotein lipase (LPL) activity,
in vitro [99] and later in vivo [100], [103].

LPL belongs to a family of lipases that are generally involved in hydrolysis reactions of
triglycerides for digestion, uptake or oxidation. Secreted from various cell types including
adipose tissue, skeletal and heart muscle, LPL locates on the endothelial surface and
hydrolyses VLDL and chylomicron particles to accommodate the tissue specific
requirements for fatty acids [104], [105]. The pivotal role of LPL in this process is illustrated
by human genetic studies. LPL gain-of-function mutation carriers present with lower plasma
triglyceride levels while LPL loss-of-function mutation carriers suffer from familial
chylomicronemia syndrome (FCS), a condition marked by hypertriglyceridemia [106], [107].
Notably, plasma triglyceride levels are an independent risk factor for coronary artery
disease [108].

The activity of LPL is tightly regulated in a tissue-specific manner in response to
physiological stimuli such as fasting, physical activity, and cold exposure to account for
tissue-specific requirements for fuel [96]. Research over the past decade has shown that
ANGPTL4 inhibits lipoprotein lipase activity by unfolding its catalytic domain [109], and that
this regulation may occur in a cell-type specific fashion along the secretory route either
intracellularly [110], in the subendothelial space [111], [112], or on the endothelial surface

24



General Introduction

[102]. Several mice studies addressed the specific role of ANGPTL4 in the context of fasting.
Kroupa et al. found that Angptl/4 expression is highly sensitive to fasting and inversely
correlated to LPL activity. This correlation was lost in knockout animals [113]. Induction of
Angptl4 peaks after only 2h of food withdrawal and is rapidly downregulated upon
refeeding [95]. Furthermore, in whole body ANGPTL4-knockout animals, radiolabeled
intralipid and chylomicron injection shows increased TG clearance exclusively in adipose
tissues during fasting [95]. This finding is corroborated by studies in transgenic ANGPTL4
mice, which display reduced in TG clearance in the fasted but not in the fed state [114].
Cumulatively, these studies support the notion that ANGPTL4 functions locally to divert TG
away from the adipose tissue in the fasted state. It can be argued that this action promotes
the utilization of TG-derived fatty acids by non-adipose tissues and ultimately supports the
release of fatty acids from adipose tissue (futile cycle) and the whole-body shift to fatty acid
utilization.

Since most data on the physiological role of ANGPTL4 stems from mice studies, Chapter 3
of this thesis, was designed to confirm its role in human adipose tissue. After 24h of fasting,
ANGPTLA4 levels in human adipose tissue were determined alongside LPL activity. Chapter 4
further explores the intracellular degradation pathway of LPL by ANGPTL4 in mouse
adipocytes. Members of the proprotein convertase subtilisin/kexin (PCSK) protein family
have been implicated in the ANGPTL4-LPL pathway by prior research. Lastly, Chapter 5,
addresses potential safety concerns that emerged from mouse experiments in which the
suitability of ANGPTL4 as a potential target for the treatment of dyslipidemia had been
investigated. This study employed a more modest approach of whole-body inactivation of
ANGPTL4 than the original complete knockout and studied these mice after high-fat feeding
and fasting.

B-hydroxybutyrate as a novel fasting-associated signaling molecule

Fasting and caloric restriction-type interventions elicit a myriad of health benefits and are
expected to provide clinical benefit for prevention and treatment of metabolic disorders
including obesity and diabetes (see “Health benefits of fasting”) [6]. The two main ketone
bodies, B-hydroxybutyrate (BOHB) and acetoacetate (AcAc) serve as sensitive biomarkers
as they increase in abundance from around 100 uM in the fed state to up to 7 mM after
several days of fasting [32], [115].

In addition to serving as a substrate for ATP synthesis, research in the recent years unveiled
that BOHB may serve as a direct signaling molecule, potentially mediating some of the
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beneficial health effects of fasting [6], [59], [116]—-[125]. BOHB was shown to be a ligand for
G-protein coupled receptors GPR41 and GPR109A regulating in vitro adipocyte lipolysis
[126] and sympathetic activity [127]. Via the GPR109A signaling cascade BOHB was also
exerting anti-inflammatory effects in macrophages, primary hypothalamic and RPE cells
after LPS stimulation [128]—-[132]. Additionally, anti-inflammatory GPR109A-independent
effects have been documented via the reduction of NLRP3 inflammasome activation in
monocytes [133], hepatocytes [134] and neutrophils, mitigating NLRP3 mediated diseases
such as gout [135]. Yet, reports of BOHB inducing gene expression of pro-inflammatory
mediators as well as promoting growth of tumor cells in vivo and in vitro indicate that
BOHB’s effect may not always be beneficial [136]—[139].

Mice studies, in vitro and enzymatic assays provided evidence that BOHB may also exert
some of its effects by regulating gene expression via epigenetic mechanisms. The first
report was by Shimazu et al., correlating increased acetylation of histone H3 lysine residues
9 and 14 by BOHB to protection against oxidative stress in kidney via the induction of
FOXO03a, catalase and MnSOD [140]. While subsequent studies in neonatal hepatocytes,
brain microvascular endothelial cells and NB2a neuronal cells suggested conservation of
this mechanism in other cell types [141], [142], subsequent studies refuted BOHB as a
potent HDAC inhibitor [137], [143]. Instead studies in hepatocytes, cortical neurons,
myotubes and endothelial cells identified and confirmed that BOHB may serve itself as a
novel, transcriptionally-activating histone modification. In the absence of changes in
H3K9/14 levels, lysine B-hydroxybutyrylation was found in proximity to fasting-relevant
hepatic pathways including amino acid catabolism, circadian rhythm and PPAR signaling
[143], regulating BDNF expression [144] or hexokinase 2 [137].

Chapter 6 further characterizes the capacity of BOHB to regulate gene expression and
thereby serve as a direct signaling molecule during fasting. Primary mouse adipocytes,
macrophages, myotubes and hepatocytes with physiological concentrations of BOHB for 6h
and assessed gene expression via RNA-seq.

Outline of this thesis

Fasting, i.e. the abstinence from food intake, elicits a multi-organ response that maintains
the physiological homeostasis of an organism despite a constant requirement for energy.
An intricate network of evolutionarily conserved transcriptional, translational and post-
translational regulatory mechanisms underlie this adaptive response and provide the basis
for the survival of every fasting bout. In recent years, numerous studies have been
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conducted to study the potential health benefits of caloric restriction, time-restricted
eating and intermittent fasting. The goal of this thesis was to characterize a number of
transcriptional and translational regulatory mechanisms relevant to fasting. Their
uncovering and understanding in the context of basic animal and human physiology is
expected to provide new avenues for clinical mitigation of metabolic diseases.

Chapter 1 is an introductory chapter. Firstly, it summarizes the purported health benefits
of the various forms of fasting. Secondly, it highlights the key metabolic organs that
participate in the transition from the fed to the fasted state and the metabolic adaptations
that occurs in this process. In Chapter 2 of this thesis, the interrelationship of the
transcription factors PPARa and CREB3L3 in regulating the adaptive response of the liver to
feeding-fasting cycles was characterized. The results indicate great plasticity in the degree
of synergism and co-dependence between both transcription factors that was dependent
on nutritional status. Chapter 3 of this thesis describes a 24h fasting study in human
volunteers to investigate the mechanistic control of LPL and thereby triglyceride clearance.
Our results indicate that ANGPTL4 levels in human adipose tissue are increased by fasting,
likely via increased plasma cortisol and free fatty acids, and decreased plasma insulin,
resulting in decreased LPL activity. Chapter 4 examines the mechanism of action of
ANGPTL4 in mouse adipocytes. It is shown that ANGPTL4 promotes the intracellular
degradation of LPL by members of the proprotein convertase subtilisin/kexin (PCSK) protein
family. This regulation was feeding-fasting dependent. In Chapter 5, the mechanisms
underlying the adverse effect of whole-body inactivation of ANGPTL4 are studied using
Angptl4-hypomorphic and Angptl4 -/- mice. It was found that whole body inactivation of
ANGPTLA4 is not suitable as a clinical strategy for dyslipidemia. Chapter 6 explores whether
the ketone body B-hydroxybutyrate (BOHB) influences differentiation in vitro and regulates
genes expression in several primary cell types. Previous research indicated that BOHB may
be a fasting-specific signaling molecule. RNA sequencing of various primary cells after 6h
treatment revealed minimal effects of BOHB on gene expression, questioning BOHB’s
signaling role. Chapter 7 is a general discussion of the major outcomes of the previous
chapters, recommendations for future studies and a final conclusion.
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Chapter 2

Abstract

Peroxisome Proliferator-Activated receptor o (PPARa) and cAMP-Responsive Element
Binding Protein 3-Like 3 (CREB3L3) are transcription factors involved in the regulation of
lipid metabolism in the liver. The aim of the present study was to characterize the
interrelationship between PPARa and CREB3L3 in regulating hepatic gene expression. Male
wild-type, PPARa-/-, CREB3L3-/- and combined PPARa/CREB3L3-/- mice were subjected to
a 16-hour fast or 4 days of ketogenic diet. Whole genome expression analysis was
performed on liver samples. Under conditions of overnight fasting, the effects of PPARa
ablation and CREB3L3 ablation on plasma triglyceride, plasma B-hydroxybutyrate, and
hepatic gene expression were largely disparate, and showed only limited interdependence.
Gene and pathway analysis underscored the importance of CREB3L3 in regulating
(apo)lipoprotein metabolism, and of PPARa as master regulator of intracellular lipid
metabolism. A small number of genes, including Fgf21 and Mfsd2a, were under dual control
of PPARa and CREB3L3. By contrast, a strong interaction between PPARa and CREB3L3
ablation was observed during ketogenic diet feeding. Specifically, the pronounced effects
of CREB3L3 ablation on liver damage and hepatic gene expression during ketogenic diet
were almost completely abolished by the simultaneous ablation of PPARa. Loss of CREB3L3
influenced PPARa signalling in two major ways. Firstly, it reduced expression of PPARa and
its target genes involved in fatty acid oxidation and ketogenesis. In stark contrast, the
hepatoproliferative function of PPARa was markedly activated by loss of CREB3L3. These
data indicate that CREB3L3 ablation uncouples the hepatoproliferative and lipid metabolic
effects of PPARa. Overall, except for the shared regulation of a very limited number of
genes, the roles of PPARa and CREB3L3 in hepatic lipid metabolism are clearly distinct and
are highly dependent on dietary status.

Keywords: Liver; CREB3L3; PPARa; Fasting; Ketogenic diet; Transcriptomics
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Background

The liver plays a critical role in the metabolic response to changes in the diet. An important
regulatory mechanism in the control of metabolism is via changes in the expression of
relevant genes. Indeed, changes in nutrient composition and nutrient availability trigger
profound changes in the hepatic expression of numerous genes involved in glucose and lipid
metabolism. An important transcription factor that is involved in the adaptive response to
changes in nutrient supply is PPARa [1, 2]. PPARa is a member of the family of nuclear
receptors and part of the subfamily of Peroxisome Proliferators Activated Receptors, which
also includes PPARB/6 and PPARy [3]. The PPARs share a common mode of action that
involves heterodimerization with the nuclear receptor RXR (Retinoid X Receptor), followed
by binding of the PPAR-RXR complex to specific DNA sequences in the regulatory regions of
target genes [4-6]. Activation of transcription is triggered by binding of a ligand, which
include fatty acids and fatty acid derivatives such as eicosanoids and oxidized fatty acids, as
well as a variety of synthetic compounds collectively referred to as peroxisome proliferators

[7].

Evidence abounds indicating that PPARa is crucial for the transcriptional regulation of
hepatic lipid metabolism during fasting. Indeed, studies employing expression profiling of
whole body or liver-specific PPARa-/- mice have demonstrated that PPARa induces the
expression of hundreds of genes involved in nearly every branch of hepatic lipid metabolism
[8-12]. Hence, PPARa can be aptly described as the master regulator of hepatic lipid
metabolism, especially under conditions of elevated hepatic lipid load, as occurs during
fasting, high fat feeding, and a ketogenic diet. In line with this notion, the absence of PPARa
during fasting leads to a host of metabolic disturbances, including a fatty liver, elevated
plasma non-esterified fatty acids, hypoglycemia and hypoketonemia [8-12].

Cyclic AMP-responsive element-binding protein 3 Like 3 (CREB3L3, encoded by Creb3I13) is
a bZiP transcription factor that is highly expressed in the liver [13]. CREB3L3 is produced as
an ER precursor form and is proteolytically activated in the Golgi to liberate the N-terminal
portion that functions as a transcriptional activator [13]. Growing evidence implicates
CREB3L3 in the regulation of glucose and lipid metabolism in the liver [14]. Specifically,
CREB3L3 has been shown to stimulate gluconeogenesis [15] and glycogenolysis [16], plasma
triglyceride clearance [17], and lipid droplet formation [18].

Both PPARa and CREB3L3 are activated in the liver by fasting and play important roles in
the utilization of fatty acids for energy in the fasted state [8-10, 19]. Several lines of
evidence point to an interaction between PPARa- and CREB3L3-mediated gene regulation.
First, PPARa has been shown to regulate CREB3L3 expression in human and mouse
hepatocytes [20], likely via a PPRE located upstream of exon 3 [21], indicating that CREB3L3
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is a direct PPARa target gene. Second, there is strong evidence that PPARa and CREB3L3
cooperate in the regulation of certain genes such as Fgf21, encoding Fibroblast Growth
Factor 21. Specifically, PPARa and CREB3L3 physically interact to form a complex that binds
to an integrated CRE-PPAR-responsive element-binding motif in the Fgf21 gene promoter
[22]. The physical interaction between PPARa and CREB3L3 is enhanced by fasting and
dependent on CREB3L3 acetylation at K294 [23]. More recently, it was shown that during
fasting, PPARa and CREB3L3 also cooperate in the stimulation of hepatic gluconeogenesis
by targeting genes such as Pckl, encoding Phosphoenolpyruvate Carboxykinase 1 [16].
Other genes that are under dual control of PPARa and CREB3L3 in liver include Cidec,
encoding Cell Death Inducing DFFA Like Effector C [18, 24]. The data presented above
suggest that part of the effects of PPARa may be mediated by CREB3L3 and point towards
cooperativity in gene regulation by PPARa and CREB3L3. Based on the analysis of the
phenotype of single and combined PPARa-/- and CREB3L3-/- mice, it was proposed that
CREB3L3 co-operates with PPARa by directly and indirectly regulating the expression of
genes involved in fatty acid oxidation and ketogenesis [25].

To further characterize the cooperativity between PPARa and CREB3L3 in hepatic gene
regulation, we studied the effect of PPARa and CREB3L3 ablation, either individually or
combined, on overall hepatic gene regulation using whole genome expression profiling, in
mice after a 16-hour fast and after 4 days of ketogenic diet.

Results

Effect of PPARa and/or CREB3L3 ablation on fasting plasma metabolites

To study the potential interaction between PPARa and CREB3L3 in metabolic regulation in
the fasted state, we first performed basic metabolic measurements in wild-type, PPARa-/-,
CREB3L3-/-, and combined PPARa/CREB3L3-/- mice after 16 hours of fasting. Plasma
triglyceride levels were markedly elevated in the CREB3L3-/-, but not in the PPARa-/- mice
(Figure 1A). The hypertriglyceridemia in CREB3L3-/- mice was improved by the
simultaneous ablation of PPARaq, suggesting functional antagonism between PPARa and
CREB3L3 in plasma triglyceride regulation (Figure 1A). As previously shown [9], PPARa
ablation significantly increased plasma non-esterified fatty acid (NEFA) levels (Figure 1B),
and decreased B-hydroxybutyrate levels (Figure 1C). In agreement with our previous report
[19], NEFA and B-hydroxybutyrate levels were elevated in CREB3L3-/- mice, while levels in
PPAR0/CREB3L3-/- mice were similar to those in PPARa-/- mice (Figure 1B and 1C),
suggesting a dominant effect of PPARa ablation. Interestingly, liver triglyceride levels were
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elevated in both PPARa-/- and CREB3L3-/- mice compared with wild-type mice and were
highest in the combined PPARa/CREB3L3-/- mice (Figure 1D). Plasma FGF21 levels were
dramatically lower in PPARa-/-, CREB3L3-/-, and PPARa/CREB3L3-/- mice as compared with
wild-type mice (Figure 1E). These data indicate the pronounced impact of PPARa and
CREB3L3 deficiency on metabolic regulation during fasting.
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Figure 1. Effect of single and combined PPARa and CREB3L3 deficiency on metabolic parameters. PPARa-/-,
CREB3L3-/- and combined PPARa/CREB3L3-/- mice were subjected to a 16-hour fast. A) Plasma triglycerides. WT,
n=9; CREB3L3-/-, n=11; PPARa-/-, n=7; PPARa/CREB3L3-/-, n=6. B) Plasma non-esterified fatty acids (NEFA). WT,
n=9; CREB3L3-/-, n=11; PPARa-/-, n=8; PPARa/CREB3L3-/-, n=6. C) Plasma B-hydroxybutyrate. WT, n=9; CREB3L3-
/-, n=11; PPARa-/-, n=8; PPARa/CREB3L3-/-, n=6. D) Hepatic triglycerides. WT, n=7; CREB3L3-/-, n=9; PPARa-/-,
n=6; PPARa/CREB3L3-/-, n=6. E) Plasma Fibroblast Growth Factor 21. WT, n=5; CREB3L3-/-, n=8; PPARa-/-, n=4;
PPAR0/CREB3L3-/-, n=4. Error bars represent SEM. Asterisk indicates significant effect of CREB3L3 deficiency in
wild-type mice (blue vs. white bar) and in PPARa mice (purple vs red bar) according to Student’s t-test (¥*P<0.05,
**P<0.01, ***P<0.001). Pound sign indicates significant effect of PPARa deficiency in wild-type mice (red vs. white
bar) and in CREB3L3 mice (purple vs. blue bar) according to Student’s t-test (#P<0.05, ##P<0.01, ###P<0.001).
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Effects of PPARa and CREB3L3 ablation on hepatic gene expression in the fasted state are
largely independent

To study the potential interaction between PPARa and CREB3L3 in hepatic gene regulation
in the fasted state, whole genome expression analysis was performed on liver samples of
the four groups of mice after 16 hours of fasting. To study the magnitude of the effect of
PPARa and CREB3L3 ablation on liver gene expression, we performed Volcano plot analysis.
Interestingly, the effects of PPARa ablation were much more pronounced as compared to
CREB3L3 ablation (Figure 2A). The combined ablation of PPARa and CREB3L3 had the most
significant effect on gene regulation, pointing to a potential additive or synergistic effect of
PPARa and CREB3L3 ablation on hepatic gene expression. Analysis of the number of
significantly changed genes showed that in the fasted state, loss of PPARa altered the
expression of 1097 genes, of which 553 genes were upregulated and 544 genes were
downregulated (Figure 2B). Loss of CREB3L3 altered expression of 312 genes, of which 134
genes were upregulated and 178 genes were downregulated. Combined loss of PPARa and
CREB3L3 altered the expression of 1917 genes, of which 1064 genes were upregulated and
853 genes were downregulated (Figure 2B). The fact that the number of significantly
changed genes in the combined PPARa/CREB3L3-/- mice slightly exceeds the sum of
significantly changed genes in the PPARa-/- and CREB3L3-/- mice suggests a modest
synergistic effect of PPARa and CREB3L3 deficiency on hepatic gene regulation, dominated
by PPARa.

To study the potential similarity between the effect of PPARa and CREB3L3 deficiency on
liver gene expression, we performed principle component analysis (Figure 2C) and
hierarchical clustering (Figure 2D). Both analyses indicated the separate clustering of the
four experimental groups, with limited variation between the individual mice in each group,
and the more pronounced effect of PPARa deficiency compared to CREB3L3 deficiency. In
addition, both analyses showed that the whole genome effects of combined
PPARa/CREB3L3 deficiency are largely taken up by PPARa deficiency (Figure 2C, D).

Hierarchical biclustering of samples and genes visualized in a heatmap further supported
the conclusions reached above, showing the much more pronounced effect of PPARa
deficiency on hepatic gene expression and the more significant contribution of PPARa
towards the effect of combined PPARa/CREB3L3 deficiency (Figure 2E). The heat map also
shows that for certain genes, the effects of PPARa and CREB3L3 deficiency are additive and
seemingly independent, whereas for other genes the effect of PPARa and CREB3L3
deficiency appears to be synergistic and thus dependent.
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Figure 2. Largely independent effect of PPARa and CREB3L3 deficiency on hepatic gene expression in the fasted
state. A) Volcano plot showing the relation between mean signal log ratio (2log[fold-change], x-axis) and the -
10log of the IBMT P-value (y-axis) for the comparison between wild-type mice and PPARa-/- mice, CREB3L3-/- mice
and combined PPARa/CREB3L3-/- mice after a 16-hour fast. B) Number of genes meeting significance criteria (fold
change <-1.2 or>1.2 and IBMT P<0.001) for the comparison between wild-type mice and PPARa-/- mice, CREB3L3-
/- mice and combined PPARa/CREB3L3-/- mice after a 16-hour fast. Principle component analysis (C) and
hierarchical clustering (D) of transcriptomics data from livers of wild-type, PPARa-/-, CREB3L3-/-, and combined
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PPARa/CREB3L3-/- mice after a 16-hour fast. Distance criteria are based on Pearson correlation with average
linkage. An IQR (Inter Quartile Range) filter of 0.5 was applied. E) Hierarchical biclustering of samples and genes
visualized in a heatmap. Data were centered on wild-type mean. Clustering was done based on Pearson correlation
with average linkage. Red indicates upregulated, blue indicates downregulated. The region in the heatmap that is
suggestive of synergistic regulation by PPARa and CREB3L3 deficiency is indicated by a grey arrow.

A limited number of genes is commonly downregulated by PPARa and CREB3L3 deficiency
in liver during fasting

The Venn diagram of significantly downregulated genes (Figure 3A) and scatter plot analysis
(Figure 3B) confirmed that, in general, the effects of PPARa and CREB3L3 deficiency are
disparate, with only a limited number of genes showing similar regulation in PPARa-/- and
CREB3L3-/- mice. The list of 34 genes that were significantly downregulated in livers of
PPARa-/-, CREB3L3-/-, and PPARa/CREB3L3-/- mice is presented in Supplemental Table 1.
This list includes Fgf21, which is known to be under dual control of PPARa and CREB3L3,
and Mfsd2a, a gene involved in lysophospholipid transport that is known to be under
control of PPARa but not CREB3L3 [33, 34]. To examine whether any of these 34 genes may
be directly regulated by PPARa, we determined the effect of the PPARa agonist Wy-14,643
on gene expression in the liver (Figure 3C). To examine whether any of these 34 genes may
be directly regulated by CREB3L3, we determined the effect of adenoviral-mediated
CREB3L3 overexpression on gene expression in the liver (Figure 3C). The results suggest that
several of the 34 genes may be direct targets of both PPARa and CREB3L3, as they are
markedly upregulated by PPARa and CREB3L3 activation. These genes include Fgf21,
Mfsd2a, Xrcc3, Suclgl, Tmem184a and Sel1/3.
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Figure 3. Limited overlap in effects of PPARa and CREB3L3 deficiency on hepatic gene expression in the fasted
state. A) Venn diagram showing overlap in downregulated genes in PPARa-/-, CREB3L3-/-, and combined
PPARa/CREB3L3-/- mice, in comparison with wild-type mice (IBMT P-value<0.001). B) Correlation plot showing
gene expression changes in CREB3L3-/- mice in relation to wild-type mice (x-axis) and in PPARa-/- mice in relation
to wild-type mice (y-axis) (expressed as signal log ratio, SLR). C) Comparative gene expression analysis in liver of
wild-type, PPARa-/-, CREB3L3-/-, and combined PPARa/CREB3L3-/- mice after 16-hour fast. For comparison, gene
expression changes in mouse liver after PPARa activation by 5-day treatment with the agonist Wy-14,643 are
shown (GSE8316) [51], as well as gene expression changes in mouse liver after adenoviral-mediated over
expression of CREB3L3. Asterisk indicates significantly different from control conditions according to IBMT P-
value<0.001. The 34 genes shown are the commonly downregulated genes in livers of PPARa-/-, CREB3L3-/-, and
PPARa/CREB3L3-/- mice in the fasted state (IBMT P-value<0.001).
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To further explore the differential impact of PPARa and CREB3L3 deficiency on hepatic gene
expression, the top 40 most significantly downregulated genes in each condition (PPARa-/-
, CREB3L3-/-, and PPAR0/CREB3L3-/-) were taken and visualized in a heatmap (Figure 4).
The top 40 list of most significantly downregulated genes in the CREB3L3-/- mice contains
the known CREB3L3 targets Cidec, Apoa4, and Fgf21. A relatively large portion of the genes
downregulated in the CREB3L3-/- mice were also downregulated in the PPARa-/- mice and,
especially, in the combined PPARa/CREB3L3-/- mice. For PPARa, only a very small portion
of the genes downregulated in the PPARa-/- mice were also downregulated in the CREB3L3-
/- mice, the exception being Fgf21, Mfsd2a, and Mtnrla. Other typical PPARa target genes
such as Retsat, Cy4al4, Plin5, Fabp1, Acaalb and Ehhadh were exclusively downregulated
in the PPARa-/- mice. For nearly all genes shown, the downregulation in the PPARa-/- mice
was copied in the combined PPARa/CREB3L3-/- mice. The top 40 list of most significantly
downregulated genes in the PPARo/CREB3L3-/- mice represents a combination of genes
mainly controlled by PPARa (Vnn1, Cyp4al4, Krt23, Slc27a1), by CREB3L3 (Cidec, Fabp2), or
both (Fgf21, Mfsd2a, Mtnrla) (Figure 4).

A limited number of genes has been identified as direct or putative target of CREB3L3. The
expression levels of these genes are illustrated in figure 5, showing that CREB3L3 deficiency
leads to significant downregulation of genes involved in lipoprotein metabolism (Apoc2,
Apoa5s, Apoal, Scarbl), lipid storage (Cidec), fatty acid binding (Fabp2), fatty acid
desaturation and elongation (Fads1, Fads2, Elovl2, Elovi5), gluconeogenesis (Pck1, G6pc),
and fatty acid oxidation (Cptla). Most of these genes were not or minimally affected by
PPARa deficiency. Together, these data indicate that in the fasted state CREB3L3 and PPARa
regulate different sets of genes, with some notable exceptions, suggesting that the
transcription factors largely operate independently.

Figure 4. PPARa and CREB3L3 mostly regulate distinct genes in liver in the fasted state. Comparative gene
expression analysis in liver of wild-type, PPARa-/-, CREB3L3-/-, and combined PPARa/CREB3L3-/- mice after a 16-
hour fast, showing the top 50 most highly downregulated genes in CREB3L3-/- mice (left panel), PPARa-/- mice
(middle panel), and combined PPARa/CREB3L3-/- (right panel) in the form a heatmap, using the mean expression
of each group. Red indicates upregulated, blue indicates downregulated.
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Figure 5. Microarray gene expression of selected genes previously shown to be under control of CREB3L3. All
are significantly downregulated in liver of fasted CREB3L3-/- mice as compared to fasted wild-type mice (IBMT P-
value<0.001). Asterisk indicates significant effect of CREB3L3 deficiency in wild-type mice (blue vs. white bar) and
in PPARa mice (purple vs red bar) according to Student’s t-test (¥*P<0.05, **P<0.01, ***P<0.001). Pound sign
indicates significant effect of PPARa deficiency in wild-type mice (red vs. white bar) and in CREB3L3 mice (purple
vs. blue bar) according to Student’s t-test (#P<0.05, ##P<0.01, ###P<0.001).
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CREB3L3 deficiency leads to downregulation of genesets related to lipoprotein and lipid
transport

To gain more insight into the functional differences between PPARa and CREB3L3
deficiency, we compared the effects of PPARa and CREB3L3 deficiency at the level of
pathways using geneset enrichment analysis (Figure 6A). Deficiency of PPARa led to the
downregulation of numerous genesets that are known to be controlled by PPARa, mainly
representing genesets related to peroxisomal and mitochondrial fatty acid catabolism and
the electron transport chain. By contrast, deficiency of CREB3L3 led to the downregulation
of genesets related to lipoprotein and lipid transport, as well as several genesets connected
to immunity (Figure 6B). At the pathway level, minimal overlap was observed between the
effect of PPARa and CREB3L3 deficiency (Figure 6C). In fact, out of 98 genesets that were
significantly downregulated in PPARa-/- mice, only one geneset, named branched chain
amino acid catabolism, was also downregulated in the CREB3L3-/- mice (Figure 6C). The
commonly enriched genes within the geneset branched chain amino acid catabolism
included Auh, Hibch, Hibadh, Acad8, Ivd, and Hsd17B10.

Consistent with the notion that the effects of combined PPARa/CREB3L3 deficiency are
largely taken up by PPARa deficiency, the far majority of genesets downregulated in the
combined PPARa/CREB3L3-/- mice were also downregulated in the PPARa-/- mice (Figure
6D). Indeed, the enrichment scores of the most highly downregulated genesets in the
combined PPARa/CREB3L3-/- mice were very similar in the single PPARa-/- mice, suggesting
that the functional impact of combined PPARa/CREB3L3-/- deficiency is mostly accounted
for by deficiency of PPARa. The exception were two genesets related to lipoprotein and
lipid transport, which had similar enrichment scores in the combined PPARa/CREB3L3-/-
mice and single CREB3L3-/- mice (Figure 6D), suggesting that the regulation of these two
genesets is driven by CREB3L3 deficiency.

Deficiency of PPARa led to the upregulation of genesets related to the unfolded protein
response and inflammatory signalling (Supplemental Figure 1A). By contrast, deficiency of
CREB3L3 led to upregulation of genesets related to cholesterol synthesis and protein
translation (Supplemental Figure 1B). Consistent with this result, genes involved in
cholesterol metabolism feature prominently among the top 40 most highly upregulated
genes in CREB3L3-/- mice (Supplemental Figure 1C).

Overall, the above analyses indicate that the effects of PPARa and CREB3L3 deficiency on
hepatic gene expression during fasting are very distinct. Only a limited number of genes is
under regulation of both PPARa and CREB3L3. The PPARa/CREB3L3-/- mice reflect the
combined effect of especially PPARa and to a lesser extent CREB3L3 deficiency, showing a
minor degree of synergism.
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Effect of PPARa and/or CREB3L3 deficiency on plasma metabolites during ketogenic diet

To further explore the cooperativity between PPARa and CREB3L3 in hepatic gene
regulation, we compared the effect of PPARa and CREB3L3 deficiency under the condition
of a ketogenic diet. Previously, this diet was shown to provoke a pronounced hepatic
phenotype in CREB3L3-/- mice, characterized by hepatomegaly and signs of steatohepatitis
[19, 25]. No difference in bodyweight between the four genotypes was observed before the
start of the study (Figure 7A). Four days of ketogenic diet induced pronounced weight loss
in all groups, which was most pronounced in the PPARa-/- mice and combined
PPARa/CREB3L3-/- mice (Figure 7B). Interestingly, compared to the wild-type mice, the liver
to body weight ratio was modestly increased in the PPARa-/- mice and combined
PPARa/CREB3L3-/- mice, yet was highest in the CREB3L3-/- mice, suggesting hepatomegaly
(Figure 7C) [19, 25]. Compared to the other three groups, CREB3L3-/- mice fed a ketogenic
diet for 4 days also exhibited markedly elevated plasma alanine aminotransferase (ALT)
activity (Figure 7D), suggesting liver damage. Plasma ALT levels were below 30 IU/L in all
groups before starting the ketogenic diet (not shown). Elevated plasma ALT was
accompanied by elevated liver and plasma triglycerides in CREB3L3-/- mice (Figure 7E,F).
These parameters were also increased in the PPARa-/- mice. Plasma FGF21 levels followed
a very different pattern and were about 50% decreased in the CREB3L3-/- mice, more than
90% decreased in the PPARa-/- mice, and nearly 99% decreased in the PPARa/CREB3L3-/-
mice (Figure 7G). Overall, these data are in line with a previous report [25].

To study the magnitude of the effect of PPARa and CREB3L3 deficiency during ketogenic
diet on liver gene expression, we performed Volcano plot analysis (Figure 8A). In contrast
to what was observed in the fasted state, the effects of CREB3L3 deficiency during ketogenic
diet were more pronounced as compared to PPARa deficiency. Strikingly, the effect of
combined deficiency of PPARa and CREB3L3 on hepatic gene expression was less
pronounced as compared to deficiency of only CREB3L3. Analysis of the number of
significantly changed genes showed that loss of CREB3L3 altered the expression of 5878
genes, of which 3490 genes were upregulated and 2388 genes were downregulated (Figure
8B). Loss of PPARa altered expression of 2843 genes, of which 1616 genes were upregulated
and 1227 genes were downregulated. Combined loss of PPARa and CREB3L3 altered the
expression of 3707 genes, of which 1996 genes were upregulated and 1711 genes were
downregulated. These observations indicate that deficiency of PPARa mitigates the effect
of CREB3L3 deficiency on hepatic gene expression.
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Figure 6. PPARa and CREB3L3 regulate distinct pathways in the liver in the fasted state. A) Top 10 downregulated
genesets in liver of PPARa-/- compared with wild-type mice, determined by gene set enrichment analysis. B) Top
10 downregulated genesets in liver of CREB3L3-/- compared with wild-type mice, determined by gene set
enrichment analysis. Genesets were ranked according to normalized enrichment score (NES). C) Venn diagram
showing overlap in downregulated genesets (FDR g-value<0.1) in PPARa-/-, CREB3L3-/-, and combined
PPARa/CREB3L3-/- mice, in comparison with wild-type mice. D) Top 20 downregulated gene sets in liver of
combined PPARa/CREB3L3-/- mice compared with wild-type mice, determined by gene set enrichment analysis
and ranked according to NES (purple). The NES of the same genesets for the comparison between wild-type and
PPARa-/- (red) or CREB3L3-/- (blue) mice is shown as well.

Effects of CREB3L3 deficiency on hepatic gene expression during ketogenic diet are
dependent on PPARa

To study the similarity between the three different genetic models in liver gene expression,
we performed principle component analysis (Figure 8C) and hierarchical clustering (Figure
8D). Principle component analysis and hierarchical clustering of samples showed that the
CREB3L3-/- mice formed a distinct cluster, underscoring the profound effect of CREB3L3
deficiency on hepatic gene expression during ketogenic diet. Surprisingly, the PPARa-/-
mice and combined PPARa/CREB3L3-/- mice clustered together and were very distinct from
the CREB3L3-/- mice. Hierarchical biclustering of samples and genes visualized in a heatmap
further confirmed that at the level of hepatic gene expression, the PPARa-/- mice and
combined PPARa/CREB3L3-/- mice were nearly indistinguishable, whereas the CREB3L3-/-
mice showed a very different gene expression profile (Figure 8E). These data thus show that
deficiency of CREB3L3 has no effect on hepatic gene expression in the absence of PPARaq,
indicating that the major liver phenotype triggered by CREB3L3 deficiency during ketogenic
diet is dependent on PPARa.

Scatter plot analysis confirmed that the effects of PPARa and CREB3L3 deficiency on hepatic
gene expression are very dissimilar, whereas the effect of PPARa deficiency and combined
PPARo/CREB3L3 deficiency are similar (Supplemental Figure 2A). Venn diagram of
significantly changed genes confirmed that deficiency of CREB3L3 leads to the up- and
downregulation of a large set of genes that are not affected in the PPARa-/- or
PPARa/CREB3L3-/- mice (Supplemental Figure 2B).
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Figure 7. Effect of single and combined PPARa and CREB3L3 deficiency on metabolic parameters. PPARa-/-,
CREB3L3-/- and combined PPARa/CREB3L3-/- mice were subjected to a 4 day ketogenic diet. A) Bodyweight before
the ketogenic diet. WT, n=15; CREB3L3-/-, n=12; PPARa-/-, n=9; PPARa/CREB3L3-/-, n=10. B) Percentage
bodyweight loss caused by the ketogenic diet. WT, n=15; CREB3L3-/-, n=12; PPARa-/-, n=10; PPARa/CREB3L3-/-,
n=10. C) Liver weight as percentage of total bodyweight. WT, n=15; CREB3L3-/-, n=12; PPARa-/-, n=9;
PPARa/CREB3L3-/-, n=10. D) Plasma alanine aminotransferase activity. WT, n=15; CREB3L3-/-, n=12; PPARa-/-,
n=5; PPARa/CREB3L3-/-, n=6. E) Hepatic triglycerides. WT, n=10; CREB3L3-/-, n=7; PPARa-/-, n=5; PPARa,/CREB3L3-
/-, n=6. F) Plasma triglycerides. WT, n=10; CREB3L3-/-, n=7; PPARa-/-, n=5; PPARa/CREB3L3-/-, n=5. G) Plasma
Fibroblast Growth Factor 21. WT, n=9; CREB3L3-/-, n=7; PPARa-/-, n=9; PPARa/CREB3L3-/-, n=5. Error bars
represent SEM. Asterisk indicates significant effect of CREB3L3 deficiency in wild-type mice (blue vs. white bar)
and in PPARa mice (purple vs red bar) according to Student’s t-test (*P<0.05, **P<0.01, ***P<0.001). Pound sign
indicates significant effect of PPARa deficiency in wild-type mice (red vs. white bar) and in CREB3L3 mice (purple
vs. blue bar) according to Student’s t-test (#P<0.05, ##P<0.01, ###P<0.001).
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Figure 8. PPARa deficiency mitigates effect of CREB3L3 deficiency on hepatic gene expression during ketogenic
diet. A) Volcano plot showing the relation between signal log ratio (log[fold-change], x-axis) and the -'°log of the
IBMT P-value (y-axis) for the comparison between wild-type mice and PPARa-/- mice, CREB3L3-/- mice and
combined PPARa/CREB3L3-/- mice after 4 days of ketogenic diet. B) Number of genes meeting significance criteria
(fold change<-1.2 or >1.2 and IBMT P<0.001) for the comparison between wild-type mice and PPARa-/- mice,
CREB3L3-/- mice and combined PPARa/CREB3L3-/- mice after 4 days of ketogenic diet. Principle component
analysis (C) and hierarchical clustering (D) of transcriptomics data from liver of wild-type, PPARa-/-, CREB3L3-/-,
and combined PPARa/CREB3L3-/- mice after a 4 day ketogenic diet. E) Hierarchical biclustering of samples and
genes visualized in a heatmap. An IQR (Inter Quartile Range) filter of 0.5 was applied. Red indicates upregulated,

blue indicates downregulated.
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Induction of mitogenic genes in CREB3L3-/- mice during ketogenic diet is mediated by
PPARa

To obtain more insight into the functional pathways affected by CREB3L3 deficiency on
ketogenic diet, we performed gene set enrichment analysis. Surprisingly, many of the most
highly downregulated genesets represented pathways of fatty acid and/or amino acid
metabolism, including peroxisome, PPARa targets, and fatty acid degradation (Figure 9A).
Enrichment scores for these latter genesets were similar in the PPARa-/- and
PPARa/CREB3L3-/- mice (Figure 9A). A heatmap of the geneset PPARa targets shows the
consistent downregulation of PPARa target genes across the 3 groups of mice (Figure 9B).
These data suggest that CREB3L3 deficiency, as well as PPARa deficiency and combined
PPARa/CREB3L3 deficiency, leads to reduced PPARa activity. In line with these data, the
PPARa mRNA expression level was markedly reduced in the CREB3L3-/- mice (Figure 9C).

Gene set enrichment analysis also underscored the dramatic effect of CREB3L3 deficiency
on hepatic gene expression. Indeed, 538 genesets met the statistical significance cut-off of
FDR g-value<0.05, covering numerous biological processes, including immunity, cellular
stress pathways, and DNA/RNA-related processes (not shown). Intriguingly, the 20 most
upregulated genesets were all related to cell cycle/mitosis (Figure 10A). Enrichment scores
for these genesets were much lower in the PPARa-/- and PPARa/CREB3L3-/- mice,
indicating the selective induction of cell cycle/mitosis-related genes in the CREB3L3-/- mice
(Figure 10A). A heatmap of the most enriched genes within the geneset Cell.Cycle.Mitotic
demonstrates the pronounced upregulation of cell cycle genes in the CREB3L3-/- mice
(Figure 10B). Strikingly, the upregulation is completely abolished upon additional deficiency
of PPARq, suggesting that PPARa mediates the induction of cell cycle genes in CREB3L3-/-
mice on ketogenic diet (Figure 10B). Consistent with the upregulation of cell cycle upon
CREB3L3 deficiency, many of the most highly induced genes in the CREB3L3-/- mice on
ketogenic diet were related to cell cycle (Figure 10C). Again, the upregulation of these genes
was almost completely abolished in the PPARa-/- mice.

In line with the known mitogenic effect of PPARa activation on hepatocyte proliferation,
pharmacological activation of PPARa in vivo has been shown to cause the induction of
numerous genes and proteins involved in cell cycle control [35], which is specifically
mediated by mouse PPARa and not human PPARa [36]. Previously, we found that treating
mice with the specific PPARa agonist Wy-14,643 markedly induced numerous genesets
related to cell cycle [2]. A heatmap of the most highly enriched genes in the geneset
Mitotic.M.M.G1 phase underscores the marked induction of cell cycle-related genes by Wy-
14,643, which is entirely PPARa dependent (Figure 10D). Strikingly, most of these genes are
also highly upregulated in the CREB3L3-/- mice on ketogenic diet, which again is entirely
PPARa dependent (Figure 10D), indicating that the pronounced upregulation of the cell
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cycle in CREB3L3-/- mice is mediated by PPARa. Taken together, these data indicate that
CREB3L3 deficiency uncouples the hepatoproliferative and lipid metabolic effects of PPARa.
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Figure 9. CREB3L3 deficiency during ketogenic diet leads to downregulation of PPARa targets. A) Top 20
downregulated genesets in liver of CREB3L3-/- mice compared with wild-type mice, determined by gene set
enrichment analysis and ranked according to normalized enrichment score (NES)(blue). The NES of the same
genesets for the comparison between wild-type and PPARa-/- (red) or combined PPARa/CREB3L3-/- (purple) mice
is shown as well. B) Comparative gene expression analysis in liver of wild-type, PPARa-/-, CREB3L3-/-, and
combined PPARa/CREB3L3-/- mice after a 4-day ketogenic diet. The genes shown are the 20 most highly enriched
genes in CREB3L3-/- mice vs. wild-type mice that are part of the geneset PPARA targets. Red indicates upregulated,
blue indicates downregulated. C) Mean PPARa mRNA expression level in liver of wild-type and CREB3L3-/- mice
after a 4-day ketogenic diet. Asterisk indicates significantly different from wild-type mice according to Student’s t-
test (P<0.001).
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Figure 10. CREB3L3 deficiency during ketogenic diet leads to upregulation of the cell cycle. A) Top 20 upregulated
genesets in liver of CREB3L3-/- mice compared with wild-type mice, determined by gene set enrichment analysis
and ranked according to normalized enrichment score (NES)(blue). The NES of the same genesets for the
comparison between wild-type and PPARa-/- (red) or combined PPARa,/CREB3L3-/- (purple) mice is shown as well.
B) Comparative gene expression analysis in liver of wild-type, PPARa-/-, CREB3L3-/-, and combined
PPARa/CREB3L3-/- mice after a 4-day ketogenic diet. The genes shown are the 20 most highly enriched genes in
CREB3L3-/- mice vs. wild-type mice that are part of the geneset CELL.CYCLE.MITOTIC. C) Comparative gene
expression analysis in liver of wild-type, PPARa-/-, CREB3L3-/-, and combined PPARa/CREB3L3-/- mice after a 4-
day ketogenic diet, showing the top 40 most highly upregulated genes in CREB3L3-/- mice. D) Comparative gene
expression analysis in liver of wild-type mice, wild-type mice treated with Wy-14,643 for 5 days, PPARa-/- mice,
and PPARa-/- treated with Wy-14,643 for 5 days (left panel), and wild-type, PPARa-/-, CREB3L3-/-, and combined
PPARa/CREB3L3-/- mice after a 4-day ketogenic diet (right panel). The genes shown are the 20 most highly
enriched genes upon Wy-14.643 treatment that are part of the geneset MITOTIC.M.M.G1 PHASE. Red indicates
upregulated, blue indicates downregulated.

Discussion

In this paper we studied the effect of individual and combined PPARa and CREB3L3
deficiency on hepatic gene expression after a 16-hour fast and a 4-day ketogenic diet. Under
conditions of overnight fasting, the effect of PPARa deficiency and CREB3L3 deficiency on
hepatic gene expression are largely independent, and only show a very limited degree of
synergism. A small number of genes is under dual control of PPARa and CREB3L3, including
Fgf21 and Mfsd2a. Our data do not support a strong co-dependence of PPARa and CREB3L3
in hepatic gene regulation during fasting. By contrast, a strong interaction between PPARa
and CREB3L3 exists during ketogenic diet feeding. Previously, it was shown that CREB3L3-
/- mice on a ketogenic diet exhibit a strong phenotype characterized by hepatomegaly and
steatohepatitis, and elevated expression of inflammatory marker genes [19, 25]. Here,
using whole genome expression profiling, we corroborate these findings. In addition, we
show that deficiency of CREB3L3 has virtually no effect on hepatic gene expression in the
absence of PPARq, indicating that the major liver phenotype triggered by CREB3L3
deficiency during ketogenic diet is dependent on PPARa. Furthermore, we find that
CREB3L3 has a dual impact on PPARa signalling during ketogenic diet. On the one hand,
CREB3L3 deficiency leads to reduced expression of PPARa and PPARa target genes involved
in fatty acid oxidation and ketogenesis. On the other hand, CREB3L3 deficiency leads to the
marked activation of the hepatoproliferative effect of PPARa. Overall, our data suggest that
CREB3L3 deficiency during ketogenic diet uncouples the mitogenic and lipid metabolic
effects of PPARa in the liver.

Itis unclear how CREB3L3 deficiency promotes liver damage and hepatoproliferation during
ketogenic diet and how this effect is dependent on PPARa. It could be envisioned that
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deficiency of CREB3L3 disrupts a certain metabolic pathway, such as fatty acid oxidation or
fatty acid elongation and desaturation, leading to accumulation of intermediate lipid
species that ligand-activate PPARa and specifically stimulate the mitogenic action of PPARa.
In addition, these lipid species may promote liver damage. Additionally, it is possible that
CREB3L3 deficiency alters a specific metabolic pathway, possibly involving accumulation of
damaging intermediates, and that these effects are dependent on an enzyme/factor whose
expression is maintained by PPARa. Insofar as CREB3L3 and PPARa regulate the expression
of many genes, it is not possible to pinpoint the exact causal gene(s) downstream of
CREB3L3 and PPARa.

Other examples exist of the uncoupling of the mitogenic and metabolic actions of PPARa.
For example, human PPARa upregulates genes involved in fatty acid oxidation but not the
cell cycle, as shown by studies in mice carrying human PPARa [36, 37]. Another example is
the activation of mouse PPARa by dietary n-3 poly-unsaturated fatty acids, which leads to
upregulation of PPARa targets involved in lipid metabolism but does not trigger hepatocyte
proliferation [38]. These findings strongly indicate that the mechanisms by which PPARa
affects lipid metabolism and hepatocyte proliferation are distinct [36, 37]. Mechanistically,
how ligand-activated PPARa could selectively activate mitogenic and not metabolic
pathways is unclear but could be related to the SPPARM concept [39-41]. According to this
concept, different PPAR agonists have only partially overlapping effects on gene expression
based on selective receptor-coregulator interactions. Borrowing from this notion, it can be
hypothesized that the epigenetic mechanisms that drive the PPARa-dependent activation
of genes involved in fatty acid oxidation and ketogenesis are different from the epigenetic
mechanisms that support the induction of mitogenic pathways by PPARa, and additionally
that these mechanisms are differentially affected by CREB3L3 deficiency.

Our data indicate that the roles of PPARa and CREB3L3 in the fasted state are very distinct,
showing minimal overlap in target gene regulation (Figure 11A). As shown by previous
whole genome expression analyses and supported by the present paper, PPARa governs
the expression of a large number of genes involved in fatty acid oxidation and ketogenesis,
as well as other pathways of intracellular and extracellular lipid metabolism [2]. Reduced
fatty acid oxidation and ketogenesis causes the commonly observed fasting-induced
hypoketonemia and elevated plasma free fatty acid levels in PPARa-/- mice [9-11, 42]. In
the liver, the non-oxidized fatty acids are diverted towards re-esterification, explaining the
fasting-induced steatosis in PPARa-/- mice [9-11, 42]. By contrast, CREB3L3 targets
apolipoproteins, including Apoa4, Apoc2, Apoa5, and Apoal [17, 43]. Reduced expression
of the lipoprotein lipase activators Apoc2 and Apoa5, and of Fgf21, which at
pharmacological doses has been shown to stimulate plasma triglyceride clearance [44],
likely explains the elevated plasma triglyceride levels in CREB3L3-/- mice via reduced plasma
triglyceride clearance [17, 25, 43, 45]. This is in line with our previous observation that
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CREB3L3 deficiency does not significantly influence triglyceride secretion [19]. Besides
targeting lipoprotein metabolism, CREB3L3 regulates a relatively small number of genes
involved in several distinct metabolic pathways, including Fabp2 (fatty acid binding), Cidec
(lipid storage), fatty acid desaturation (Fads1, Fads2), fatty acid elongation (ElovI2, Elovi5),
and gluconeogenesis (G6pc, Pck1) (Figure 11A) [15-18]. Our data do not support the notion
that CREB3L3 has an important role during fasting in regulating genes involved in fatty acid
oxidation, with the exception of Cptla and Hsd17b10. This is supported by our previous
data, showing a lack of effect of CREB3L3 deficiency on ex vivo fatty acid oxidation and fatty
acid oxidation genes [19]. In contrast, Nakagawa and colleagues observed that CREB3L3
deficiency in the fasted state reduced expression of many genes involved in fatty acid
oxidation, showing synergy with PPARa [25]. The reason for this discrepancy is not clear,
but could be related to the different duration of fasting (16 hours vs. 24 hours).
Interestingly, Cpt1la expression was not downregulated in the fasted state in PPARa-/- mice,
which we had also observed in another set of samples [12], despite it being considered as
the prototypical PPARa target gene. It can be hypothesized that the stimulatory effect of
PPARa agonists on Cptla expression may be partly mediated by induction of CREB3L3.

An intriguing question is why CREB3L3 deficiency leads to a pronounced phenotype in mice
fed a ketogenic but has much more limited effects in fasted mice. Direct comparison of
hepatic gene expression in wild-type mice after fasting and ketogenic diet showed that
expression of SREBP1 and its target genes involved in lipogenesis and cholesterogenesis
was much higher after the ketogenic diet than after fasting (not shown). Previously, it was
shown that CREB3L3 is a negative regulator of SREBP-1c production and hepatic lipogenesis
[46], which is in line with our observation that genes involved in
lipogenesis/cholesterogenesis are highly elevated in CREB3L3-/- mice under regular fasting
conditions. Hence, placing CREB3L3-/- mice on a ketogenic diet is expected to lead to
markedly increased lipogenesis/cholesterogenesis, which in turn may lead to the
generation of a specific (set of) lipids that could trigger the mitogenic effect of PPARa
(Figure 11B). The upregulation of cholesterogenesis upon CREB3L3 deficiency in the fasted
state is seemingly at odds with a previous study that suggested that CREB3L3 stimulates
lipogenesis and cholesterogenesis [47]. However, closer inspection at the individual gene
levels shows substantial correspondence and indicates that CREB3L3 downregulates SREBP-
dependent genes.

Despite lower expression of Cidec, which promotes lipid droplet formation [48, 49], PPARa-
/-, CREB3L3-/-, and PPARa/CREB3L3-/- mice have elevated hepatic triglyceride levels.
Similarly, expression of Plin5, which also promotes hepatic fat storage [50], is lower in
PPARa-/- mice, despite these mice showing more pronounced steatosis. Accordingly, these
data suggest that the elevated hepatic triglycerides in the PPARa-/-, CREB3L3-/-, and
PPARa/CREB3L3-/- mice are not mediated by changes in Cidec and Plin5 expression. It
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should be noted that an increase in liver triglycerides does not necessarily have to be
accompanied by elevated hepatic expression of Cidec and/or Plin5.

One limitation of our study is that we used whole body PPARa-/- and CREB3L3-/- mice.
Ideally, it would have been better to use liver-specific PPARa and CREB3L3 deficient mice.
Nevertheless, due to the high expression of PPARa and CREB3L3 in liver, we believe the
results presented here reflect the hepatic function of the two transcription factors [2, 13].
An additional limitation is that we did not unveil the molecular details of the interaction
between PPARa and CREB3L3 during ketogenic diet. These aspects should be further
addressed in future studies.

Conclusion

We find that PPARa and CREB3L3 regulate distinct genes in the liver during fasting, with the
exception of a limited number of common targets such as Fgf21. Strikingly, deficiency of
CREB3L3 in mice during ketogenic diet uncouples the hepatoproliferative and metabolic
effects of PPARa. Our data underscore the distinct functions of PPARa and CREB3L3 in the
regulation of hepatic gene expression.
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Figure 11. PPARa and CREB3L3 cooperate to regulate hepatic lipid metabolism. A) The cartoon illustrates the
distinct roles of CREB3L3 and PPARa in the regulation of hepatic lipid metabolism during fasting. CREB3L3
stimulates genes involved in lipoprotein metabolism (Apoc2, Apoa5, Apoal), lipid storage (Cidec), fatty acid

binding (Fabp2), fatty acid desaturation and elongation (Fadsl, Fads2, Elovi2, Elovl5), gluconeogenesis

(Pck1,G6pc), and fatty acid oxidation (Cptla, Hsd17b10). PPARa stimulates genes involved in peroxisomal fatty
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microsomal fatty acid oxidation (Cyp4a10, Cyp4al4), fatty acid binding and (de)activation (Fabp1, Acsl5, Acotl),
triglyceride hydrolysis (Plin5, Fitm1, GOs2, Mgll). Genes significantly decreased in CREB3L3-/- mice in the fasted
state are in blue (IBMT P-value<0.001). Genes significantly decreased in PPARa-/- mice in the fasted state are in

red. Genes significantly decreased in both genotypes are shown in green.
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B) Overview of the effect of CREB3L3 deficiency after 4 days of ketogenic diet feeding. It is hypothesized that

CREB3L3 deficiency during ketogenic diet leads to accumulation of certain lipid species that (ligand) activate

PPARa. In turn, PPARa activation leads to hepatocyte proliferation and hepatomegaly. Additional effects of
CREB3L3 deficiency include steatosis and enhanced liver damage.
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Methods

Animal experiments

CREB3L3-/- mice were backcrossed onto a C57BL/6 background at least 10 times [17].
PPARa-/- mice that had been backcrossed on a pure C57BI/6J background for more than 10
generations were acquired from Jackson Laboratories (no. 008154, B6;129S4-
Pparatm1Gonz/J) [26]. The two lines were interbred to generate combined
PPARo/CREB3L3-/- mice. Mice were housed in a specific pathogen free facility at the Weill
Cornell Medical College on a 12h light/dark cycles and fed ad libitum standard chow diet
(PicoLab Rodent diet 20, #5058, Lab diet). The four different mouse lines (wild-type, PPARa-
/-, CREB3L3-/-, and PPARa/CREB3L3-/-) were either fasted for 16 hours or fed a ketogenic
diet for 4 days (# F3666, Bio-Serv). The mice used for experiments were all male and
approximately 8 weeks old. The euthanasia was carried out at around 10 a.m., with the
ketogenic diet group being non-fasted (ad libitum fed). Blood was collected via orbital
puncture under isoflurane anaesthesia. Immediately thereafter, the mice were euthanized
by cervical dislocation. Tissues were excised and immediately frozen in liquid nitrogen
followed by storage at -80°C.

For the adenoviral-mediated CREB3L3 overexpression, two-month-old male mice were
injected intravenously via the tail vein at a dose of 3 x 1079 particles of the adenoviruses
per g body weight in 0.15 ml of saline. Mice injected with GFP-expressing adenovirus were
used as control. Mice were euthanized four days after adenovirus injection and livers of
three mice per group were used for whole genome expression profiling as detailed below.
All animal experiments were approved by the Institutional Animal Care and Use Committee
at Weill Cornell Medical College (Protocol #2012—0048) and performed in accordance with
the approved guidelines.

Biochemical assays

Plasma triglycerides, non-esterified fatty acids, ketone bodies, alanine aminotransferase,
and FGF21 concentrations were determined using assay kits (Serum Triglyceride
Determination Kit, Sigma; NEFA-HR (2), Wako Chemicals; Autokit Total Ketone Bodies,
Wako Chemicals; ALT Kit, Bio-Quant; Mouse/Rat FGF-21 Quantikine ELISA Kit, R&D Systems;
Human FGF-21 Quantikine ELISA Kit, R&D Systems). Lipids were extracted from liver tissues
with chloroform/methanol mixture (2:1 v/v), as described previously [27].
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Transcriptomics

Microarray analysis was performed on liver samples using 3-4 biological replicates per
group. Total RNA was extracted from cells using TRIzol reagent (Life Technologies, Bleiswijk,
The Netherlands) and subsequently purified using the RNeasy Micro kit (Qiagen, Venlo, The
Netherlands). RNA integrity was verified with RNA 6000 Nano chips on an Agilent 2100
bioanalyzer (Agilent Technologies, Amsterdam, The Netherlands). Purified RNA (100 ng)
was labelled with the Ambion WT expression kit (Carlsbad, CA) and hybridized to an
Affymetrix Mouse Gene 1.1 ST array plate (Affymetrix, Santa Clara, CA). Hybridization,
washing, and scanning were carried out on an Affymetrix GeneTitan platform according to
the manufacturer’s instructions. Normalized expression estimates were obtained from the
raw intensity values applying the robust multi-array analysis preprocessing algorithm
available in the Bioconductor library AffyPLM with default settings [28, 29]. Probe sets were
defined according to Dai et al. [30]. In this method probes are assigned to Entrez IDs as a
unique gene identifier. In this study, probes were reorganized based on the Entrez Gene
database, build 37, version 1 (remapped CDF v22). The P values were calculated using an
Intensity-Based Moderated T-statistic (IBMT) [31]. Genes were defined as significantly
changed when P <0.001.

Gene set enrichment analysis (GSEA) was used to identify gene sets that were enriched
among the upregulated or downregulated genes [32]. Genes were ranked based on the
IBMT-statistic and subsequently analyzed for over- or underrepresentation in predefined
gene sets derived from Gene Ontology, KEGG, National Cancer Institute, PFAM, Biocarta,
Reactome and WikiPathways pathway databases. Only gene sets consisting of more than
15 and fewer than 500 genes were taken into account. Statistical significance of GSEA
results was determined using 1,000 permutations.

Statistical Analysis

Statistical analysis of the transcriptomics data was performed as described in the previous
paragraph. Statistical analysis of the other parameters was performed by two-way ANOVA
and Student’s t-test. Data are presented as mean + SEM. P<0.05 was considered statistically
significant.
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Supplemental Material

Supplemental Table 1. List of 34 genes that were significantly downregulated in livers of PPARa-/-, CREB3L3-/-,
and PPARa/CREB3L3-/- mice in the fasted state (IBMT P- value<0.001).

Mfsd2a Major Facilitator Superfamily Domain Containing 2A

Mtnrla Melatonin Receptor 1A

Fgf21 Fibroblast Growth Factor 21

Lamb3 Laminin Subunit Beta 3

Sema5sb Semaphorin 5B

Xrcc3 X-Ray Repair Cross Complementing 3

D630045J12Rik RIKEN cDNA D630045J12 gene

Crip2 Cysteine Rich Protein 2

TIr12 Toll-like Receptor 12

Srebf1 Sterol Regulatory Element Binding Transcription Factor 1

Kcnk1 Potassium Two Pore Domain Channel Subfamily K Member 1 ‘:
Tmem28 Transmembrane Protein 28 9
Rtfdc1 Replication Termination Factor 2 %
Dpy19I3 Dpy-19 Like C-Mannosyltransferase 3 S
Hsd17b10 Hydroxysteroid 17-Beta Dehydrogenase 10

Gm10851 Predicted gene 10851

Sntg2 Syntrophin Gamma 2

Tram2 Translocation Associated Membrane Protein 2

Tmem134 Transmembrane Protein 134

Suclg1 Succinate-CoA Ligase Alpha Subunit

Sulf2 Sulfatase 2

Fam?73b Mitoguardin 2

Nat1 N-acetyl transferase 1

Tmem184a Transmembrane protein 184a

Sun2 Sad1 and UNC84 domain containing 2

Sel1l3 Sel-1 suppressor of lin-12-like 3 (C. elegans)

Cog4 Component Of Oligomeric Golgi Complex 4

Rtn4ip1 Reticulon 4 Interacting Protein 1

Rmdn3 Regulator Of Microtubule Dynamics 3

Nsmf NMDA Receptor Synaptonuclear Signaling And Neuronal Migration Factor

Ldha Lactate dehydrogenase A

Ak2 Adenylate kinase 2

St3gal3 ST3 beta-galactoside alpha-2,3-sialyltransferase 3

Oard1 O-acyl-ADP-ribose deacylase 1
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Supplemental Table 2. Specific functions of the genes connected to cell cycle illustrated in figures 10B and C.

Cenpe, Centrosome-associated
protein E

required for stable spindle microtubule capture at
kinetochores

Promoting cell
cycle
progression

role in cell growth and migration, and in cytokinesis

Mastl, microtubule-associated Possibly Pro
serine/threonine kinase
Nuf2, NDC80 kinetochore complex Yeast Nuf2 disappears from the centromere during Likely pro
component NUF2 meiotic prophase when centromeres lose their
connection to the spindle pole body, and plays a
regulatory role in chromosome segregation
Rrm2 catalyzes the formation of deoxyribonucleotides from Pro
ribonucleotides
Bub1, BUB1 mitotic checkpoint The encoded protein functions in part by Pro
serine/threonine kinase phosphorylating members of the mitotic checkpoint
complex and activating the spindle checkpoint
Ncapg, non-SMC condensin | subunit of condensin complex, which is involved in Likely pro
complex subunit G condensation and stabilization of chromosomes during
mitosis
Kif2c, Kinesin family member 2¢ depolymerize microtubules at the plus end, thereby Pro
promoting mitotic chromosome segregation
Birc5, baculoviral IAP repeat inhibitor of apoptosis (IAP) gene family, which encode Possibly Pro
containing 5 negative regulatory proteins that prevent apoptotic cell
death
Incep, inner centromere protein Pro
Cdk1 Pro
Aurka, aurora kinase A involved in microtubule formation and/or stabilization Pro
at the spindle pole during chromosome segregation
Aurkb, same as Aurka Pro
Kntcl, kinetochore associated 1 involved in mechanisms to ensure proper chromosome Pro
segregation
Kif23, kinesin family member 23 This protein has been shown to cross-bridge antiparallel | Pro
microtubules and drive microtubule movement in vitro
Top2a, DNA topoisomerase Il alpha Pro
Cenpf, centromere protein F Pro
Zwilch, zwilch kinetochore protein Likely Pro
Casc5, kinetochore scaffold interacts with at least 5 different kinetochore proteins Likely Pro
and two checkpoint kinases
Cdcas8, cell division cycle associated Spindle formation Pro
8
Cdca5 — same as Cdca8 Pro
Ube2c, ubiquitin conjugating The encoded protein is required for the destruction of Pro
enzyme E2 C mitotic cyclins and for cell cycle progression
Prcl, protein regulator of present at high levels during the S and G2/M phases of Pro
cytokinesis 1 mitosis but its levels drop dramatically when the cell
exits mitosis and enters the G1 phase. It is located in
the nucleus during interphase, becomes associated with
mitotic spindles in a highly dynamic manner during
mitosis, and localizes to the cell mid-body during
cytokinesis. This protein has been shown to be a
substrate of several cyclin-dependent kinases (CDKs). It
is necessary for polarizing parallel microtubules and
concentrating the factors responsible for contractile
ring assembly
Anln, anillin actin binding protein This gene encodes an actin-binding protein that plays a Likely Pro
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Ccna2, cyclin A2 his protein binds and activates cyclin-dependent kinase Pro
2 and thus promotes transition through G1/S and G2/M
Mki67, marker of proliferation Ki-67 “necessary for cellular proliferation” Possibly Pro
PIk1, polo like kinase 1 Depletion of this protein in cancer cells dramatically Pro
inhibited cell proliferation and induced apoptosis
Tpx2, microtubule nucleation factor controls spindle integrity, genome stability Likely Pro
Foxm1, forkhead box M1 The encoded protein is phosphorylated in M phase and Pro
regulates the expression of several cell cycle genes,
such as cyclin B1 and cyclin D1
$100a11, S100 calcium binding involved in the regulation of a number of cellular Possibly Pro
protein A1l processes such as cell cycle progression and
differentiation
Ccnb2, cyclin B2 essential components of the cell cycle regulatory Likely pro
machinery
Cep55, centrosomal protein 55 Possibly Pro
Empl, epithelial membrane protein ? ~
1 @
Racgap1l, Rac GTPase activating This protein plays a regulatory role in cytokinesis, cell Possibly Pro e
protein growth, and differentiation g
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Supplemental figure 1. PPARa and CREB3L3 regulate distinct pathways in liver during fasting. Top 10 upregulated
gene sets in liver of (A) PPARa-/- mice and (B) CREB3L3-/- mice compared to wildtype mice, as determined by gene
set enrichment analysis. Gene sets were ranked according to normalized enrichment score. C) Comparative gene
expression analysis in liver of wildtype, PPARa-/-, CREB3L3- /-, and PPARa/CREB3L3-/- mice after a 16h fast,
showing the top 40 most highly upregulated genes in PPARa-/- mice (left panel) and CREB3L3-/- mice (right panel).
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Supplemental figure 2. Similar effects of PPARa and combined PPARa/CREB3L3 ablation on hepatic gene
expression. A) Correlation plot showing comparative hepatic gene expression changes in PPARa- /-, CREB3L3-/-,
and combined PPARa/CREB3L3-/- mice in relation to wildtype mice after a 4 day ketogenic diet (expressed as signal
log ratio, SLR). B) Venn diagram showing overlap in upregulated genes (left panel) and downregulated genes (right
panel) in PPARa-/-, CREB3L3- /-, and combined PPARa/CREB3L3-/- mice, in comparison with wildtype mice (IBMT
P value<0.001).
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Abstract

Objective: Studies in mice have shown that the decrease in lipoprotein lipase (LPL) activity
in adipose tissue upon fasting is mediated by induction of the inhibitor ANGPTL4. Here, we
aimed to validate this concept in humans by determining the effect of a prolonged fast on
ANGPTL4 and LPL gene and protein expression in human subcutaneous adipose tissue.

Methods: To that end, twenty-three volunteers ate a standardized meal at 18.00h and
fasted until 20.00h the next day. Blood was drawn and periumbilical adipose tissue biopsies
were collected 2h and 26h after the meal.

Results: Consistent with previous mouse data, LPL activity in human adipose tissue was
significantly decreased by fasting (-60%), concurrent with increased ANGPTL4 mRNA (+90%)
and decreased ANGPTL8 mRNA (-94%). ANGPTL4 protein levels in adipose tissue were also
significantly increased by fasting (+46%), whereas LPL mRNA and protein levels remained
unchanged. In agreement with the adipose tissue data, plasma ANGPTL4 levels increased
upon fasting (+100%), whereas plasma ANGPTLS8 decreased (-79%). Insulin, levels of which
significantly decreased upon fasting, downregulated ANGPTL4 mRNA and protein in
primary human adipocytes. By contrast, cortisol, levels of which significantly increased
upon fasting, upregulated ANGPTL4 mRNA and protein in primary human adipocytes, as did
fatty acids.

Conclusion: ANGPTL4 levels in human adipose tissue are increased by fasting, likely via
increased plasma cortisol and free fatty acids and decreased plasma insulin, resulting in
decreased LPL activity.

This clinical trial was registered with identifier NCT03757767.
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Introduction

Elevated plasma triglyceride levels are associated with elevated risk of atherosclerotic
cardiovascular disease [1]-[4]. Triglycerides are mainly transported in the blood as part of
intestine-derived chylomicrons and liver-derived very-low density lipoproteins (VLDLs). The
triglycerides in these lipoprotein particles are cleared from the bloodstream through the
action of lipoprotein lipase (LPL) [5], [6]. Adipocytes and myocytes produce and secrete
large amounts of LPL, which is subsequently transported to the luminal side of the capillary
endothelium by glycosylphosphatidylinositol-anchored high-density lipoprotein binding
protein 1 (GPIHBP1) [7]-[9]. As a result, mutations in GPIHBP1 or LPL can lead to severe
hypertriglyceridemia. In line with the physiological fluctuations in lipid requirement in
various tissues, the activity of LPL is highly variable. For example, LPL activity in adipose
tissue is decreased by fasting to reduce lipid storage [10]-[15]. Besides regulation via
changes in LPL gene transcription, LPL activity is primarily controlled at the post-
translational level [12], [13], [16], [17]. Key factors involved in post-translational regulation
of LPL include fatty acids, which inhibit LPL via product inhibition [18], and the
apolipoproteins C1, C2, C3 and A5. In addition, LPL is regulated by three members of the
Angiopoietin-like protein family (ANGPTL): ANGPTL3, ANGPTL4 and ANGPTLS [19].

The current literature places ANGPTL3, ANGPTL4 and ANGPTL8 at the center of the
physiological partitioning of circulating triglycerides among various metabolic tissues [19],
[20]. ANGPTL3 is secreted by the liver as a complex with ANGPTL8 and regulates
postprandial LPL activity in adipose tissue and muscle in an endocrine fashion [21], [22].
Whereas the production of ANGPTL3 is relatively insensitive to feeding and fasting, the
synthesis of ANGPTLS is highly induced by feeding, which is mediated by insulin [23]. After
feeding, the combined action of ANGPTL3/ANGPTLS reduces the clearance of plasma
triglycerides in brown adipose tissue, heart, and muscle, thereby rerouting plasma
triglycerides to white adipose tissue and ensuring the replenishment of triglyceride stores
[21], [22], [24], [25]. By contrast, ANGPTL4 has emerged as the dominant regulator of LPL
activity in the fasted state. Befitting its original name fasting-induced adipose factor (FIAF),
Angptl4 was cloned as a fasting-induced gene in murine adipose tissue and liver [26].
Subsequent studies demonstrated that ANGPTL4 inhibits LPL activity and raises plasma
triglyceride levels in mice [27]-[29]. Olivecrona found that Angpt/l4 mRNA in rat adipose
tissue turns over rapidly and that changes in Angptl4 mRNA expression are inversely
correlated to LPL activity, both during the fed-to-fasted and fasted-to-fed transitions [30].
Consistent with a predominant role of ANGPTL4 during fasting, transgenic ANGPTL4
overexpression markedly reduces plasma triglyceride clearance in mice in the fasted but
not in the fed state, leading to a reduced uptake of TG-derived fatty acids by numerous
tissues such as adipose tissue [31]. Conversely, ANGPTL4 deficiency in mice is associated
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with enhanced clearance of plasma triglycerides and uptake of TG-derived fatty acids into
adipose tissue in the fasted state [32]. Furthermore, the fasting-induced decrease in
adipose tissue LPL activity was abolished in Angptl4-/- mice, indicating that ANGPTL4
mediates the repression of LPL activity during fasting [14]. ANGPTL4 inhibits LPL activity by
promoting LPL unfolding via direct protein-protein interactions [33]. In mouse adipose
tissue, this action of ANGPTL4 triggers LPL cleavage and subsequent degradation [34], [35].
The existence of a mechanism regulating LPL degradation/turnover during fasting and
requiring the induction of a gene separate from Lp/ was already suggested prior to the
cloning of ANGPTL4 [13], [16].

The predominant role of ANGPTL4 in LPL regulation during fasting is likely at least partly
related to the upregulation of ANGPTL4 mRNA and protein levels in mouse adipose tissue
by fasting [14], [26], [32], [34], [35]. In addition, recent evidence suggests that the inhibitory
effect of ANGPTL4 on LPL is counteracted by ANGPTLS, levels of which decrease in adipose
tissue during fasting [36]. At the whole body level, the upregulation of ANGPTL4 during
fasting ensures that triglycerides are directed to non-adipose tissues to be used as fuel
rather than being stored. The importance of ANGPTL4 in the regulation of human plasma
triglyceride metabolism is supported by human genetic studies, which have shown that
carriers of the E40K mutation and other inactivating variants have reduced plasma
triglyceride concentrations and reduced risk of coronary artery disease [37], [38]. The
crucial role of ANGPTL4 in governing plasma lipid levels in mice and humans has made
ANGPTL4 an attractive therapeutic target for correcting dyslipidemia and associated
cardiovascular disorders.

While there is overwhelming support for the role of ANGPTL4 as a fasting-induced inhibitor
of LPL activity in rodent adipose tissue, evidence on ANGPTL4 in human adipose tissue is
lacking. We have previously shown that human plasma ANGPTLA4 levels increase with caloric
restriction and during extended fasting [39] and that tissue ANGPTL4 and LPL protein levels
negatively correlate in a cross-sectional analysis of human adipose tissue samples [40].
However, whether fasting influences ANGPTL4 protein levels and LPL activity in human
adipose tissue remains unclear. Accordingly, the primary objective of this study is to
determine the effect of a prolonged fast on ANGPTL4 gene and protein expression in human
subcutaneous adipose tissue. An additional aim is to study the effect of a prolonged fast on
LPL gene expression, LPL protein expression, and on LPL activity in subcutaneous adipose
tissue. To characterize the mechanisms for the regulation of ANGPTL4 by fasting in human
adipose tissue, we performed in vitro studies using primary human adipocytes.
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Materials and methods

FASTING study

The FASTING study was approved by the Medical Ethics Committee of Wageningen
University and registered at ClinicalTrials.gov, identifier: NCT03757767. In short, 24 healthy
volunteers aged 40-70 years (median age 55 years) with a BMI of 22-30 kg/m? (median BMI
25 kg/m?) were asked to consume a standardized meal until full (ad libitum), consisting of
22 energy% protein, 24 energy% fat, 51 energy% carbohydrate and 476 kJ per 100 gram.
Two hours after consumption of the standardized meal, blood samples and a subcutaneous
adipose tissue biopsy were taken. Twenty-four hours later, a second subcutaneous adipose
tissue biopsy was taken and again blood samples were drawn. After consumption of the
standardized meal until after the second measurements, subjects were only allowed to
drink water. The subcutaneous adipose tissue samples were obtained by needle biopsy
from the periumbilical area under local anesthesia. The samples were rinsed to eliminate
blood and were immediately frozen in liquid nitrogen. All samples were stored in aliquots
at -80°C.

Isolation and differentiation of human stromal vascular fraction

Anonymous samples of subcutaneous and visceral adipose tissue were collected from the
abdominal region of patients undergoing elective cosmetic surgery at the Amsterdam
Plastic Surgery, Amsterdam, The Netherlands (subcutaneous) or bariatric surgery for weight
management at the Department of Bariatric Surgery, Rijnstate Hospital/Vitalys Clinic,
Arnhem, The Netherlands (visceral). All study subjects gave written informed consent for
the use of the tissue.

Material was collected in DMEM supplemented with 1% PS and 1% bovine serum albumin
(BSA; Sigma-Aldrich). Upon arrival in the lab, the material was minced with scissors
immediately and digested in collagenase-containing medium (DMEM with 3.2 mM CaCl2,
1.5 mg/ml collagenase type Il (C6885, Sigma-Aldrich), 10% FBS, 0.5% BSA, and 15 mM
HEPES) for 45-60 min at 37°C, with occasional vortexing. Cells were filtered through a 100-
um cell strainer (Falcon) to remove remaining cell clumps and lymph nodes. The cell
suspension subsequently was centrifuged at 1600 rpm for 10 min and the pellet was
resuspended in erythrocyte lysis buffer (155 mM NH,Cl, 12 mM NaHCOs, 0.1 mM EDTA).
Upon incubation for 2 min at room temperature, cells were centrifuged at 1200 rpm for 5
min and the pelleted cells were resuspended in Growth medium (DMEM + 10% FBS + 1%
P/S) and plated.
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Upon confluence, the stromal vascular fraction (SVF) from subcutaneous origin were
differentiated according to the standard protocol for 3T3-L1 cells with addition of 1 pM
rosiglitazone [41]. Briefly, confluent SVFs were plated in 1:1 surface ratio, and
differentiation was induced 2 days afterwards by switching to a differentiation induction
cocktail (DMEM containing 10% FBS, 1% P/S, 0.5 mM isobutylmethylxanthine, 1 uM
dexamethasone, 7 pug/ml insulin and 1 uM rosiglitazone) for 3 days. Subsequently, cells
were maintained in Growth medium with addition of 7 pug/mL insulin for 3-6 days and
switched to Growth medium only for 3 days, after which experiments have been
performed. Average rate of differentiation was at least 80% as determined by eye.

SVFs from visceral origin were differentiated according to the 3D protocol described by
Emont et al. [42] due to the very low differentiation rate of visceral preadipocytes when
differentiated in a 2D well format. Briefly, pre-adipocytes were seeded at a concentration
of 300,000 cells/500 pL collagen gel in a 24-well plate format. Pre-adipocytes were
resuspended in Growth medium to a concentration of 6x10° cells/mL, of which, per well,
50 pL were mixed with 100 puL 5x DMEM (Biozol, #1-25K34-1), 50 uL FBS and 50 pL 0.1N
NaOH and 250 pL collagen solution (Corning, #354249), in this order, to create the 3D gel.
After each step the solution was carefully mixed by pipetting up and down. Collagen
solution was previously diluted to 8 mg/mL with 0.02N Acetic acid. The 3D gel was allowed
to polymerize for 10-20 min in the incubator after which 0.5 mL of Growth medium were
added per well. Differentiation was induced the next day according to the protocol
described for the differentiation of subcutaneous pre-adipocytes. All cells were maintained
in a humidified incubator at 37 2C with 5% CO..

Cell culture treatments

Treatments of primary cells were done within 2 days after reaching differentiation. Cells
were maintained in DMEM containing 10% FBS and 1% P/S until treatment with insulin (500
nM), cortisol (1 uM), dexamethasone (1 uM), or a mixture of oleate and palmitate (2:1, 300
UM total) for 24h. In a separate experiment, primary cells were incubated with 40 pug/mL
cycloheximide for indicated durations. All compounds were from Sigma-Aldrich.

RNA isolation & Quantitative real-time PCR

Total RNA from subcutaneous adipose tissue from the FASTING study was isolated using
TRIzol reagent (Thermo Fisher Scientific, the Netherlands) and purified using the Qiagen
RNeasy Mini kit (Qiagen, the Netherlands). Total RNA from in vitro studies was isolated
homogenizing in TRIzol (Thermo Fisher Scientific) either with a Qiagen Tissue Lyser Il
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(Qiagen, Venlo, The Netherlands) (visceral) or by pipetting up and down (subcutaneous).
Reverse transcription was performed using the iScript™ cDNA Synthesis Kit (Biorad, the
Netherlands) according to the manufacturer’s protocol using 400-750 ng RNA for in vitro
studies and 350 ng from human adipose tissue. Quantitative PCR amplifications were done
on a CFX 384 Bio-Rad thermal cycler (Bio-Rad, the Netherlands) using SensiMix PCR
reagents (Bioline, GC Biotech, the Netherlands). Gene expression values were normalized
to one of housekeeping genes. Primer sequences of genes are provided in Supplemental
Table 1.

Western blots

Protein lysates were made of subcutaneous adipose tissue from participants included in the
FASTING study. The material was lysed in RIPA lysis buffer (25 mM Tris-HCl pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium; deoxycholate, 0.1% SDS; Thermo Fisher Scientific, the
Netherlands) supplemented with protease and phosphatase inhibitors (Roche, The
Netherlands) to make 20% protein lysates. After a 30-minute incubation on ice, the lysates
were spun down at 13.000 rpm at 4 °C for 15 min in order to get rid of non-dissolved
material and fat. Following the transfer of the infranatant to a clean tube, this procedure
was repeated twice to get rid of excess fat. Protein concentrations of lysates were
determined with BCA reagent (Thermo Fisher Scientific, the Netherlands). Next, lysates
were mixed with 4x LSB loading buffer and denatured at 95 °C for 5 minutes. For each
participant, 10 pg of protein was loaded per lane on 26- wells Criterion 8-16% TGX gels (Bio-
Rad, the Netherlands) and separated by SDS gel electrophoresis. Separated proteins were
transferred to a PVDF membrane by means of a Transblot Turbo System (Bio-Rad, the
Netherlands). Primary antibodies (goat anti-human LPL antibody (Santa Cruz Biotechnology,
#Y-20) and rabbit anti-human ANGPTL4 antibody (1187) [43] were used at a ratio of 1:1000
(#Y-20) or 1:5000 (1187). Rabbit anti-human GAPDH was used at 1:2000 (Cell signaling,
#2118). All primary antibodies were incubated overnight at 4 °C. Corresponding secondary
antibodies (HRP-conjugated) (Sigma-Aldrich, the Netherlands) were used at a 1:5000
dilution. All incubations were done in Tris-buffered saline, pH 7.5, with 0.1% Tween-20 (TBS-
T) and 5% dry milk, whereas all washing steps were done in TBS-T without dry milk. Blots
were visualized using the ChemiDoc MP system and Clarity ECL substrate (Bio-Rad, the
Netherlands). Quantification of bands was performed using ImageLab software (Bio-Rad,
the Netherlands).
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Quantification of plasma parameters

Blood samples were collected in EDTA-coated tubes and centrifuged at 4°C for 15 min at
10000 g. Plasma was collected and stored at -80°C. Measurements of plasma levels of non-
esterified fatty acids (NEFA) and beta-hydroxybutyrate were performed using kits from
WAKO Diagnostics (Cat: 3055 and 417-73501/413-73601, WAKO Diagnostics, Germany)
according to the manufacturer’s protocol. Glucose, insulin, and triglycerides as well as total-
, HDL-, and LDL-cholesterol were determined in lithium heparin plasma samples by hospital
Gelderse Vallei, Ede, The Netherlands.

Plasma ANGPTL4 concentrations were determined using the ELISA kit from R&D systems
(Cat: DY3485, R&D systems, the Netherlands) according to the manufacturer’s protocol.
Plasma Cortisol concentrations were determined using the ELISA kit from R&D systems (Cat:
KGE008B R&D systems, the Netherlands) according to the manufacturer’s protocol.

Plasma ANGPTL8 concentrations were determined by a sandwich ELISA assay using two
monoclonal antibodies: a capture antibody to the N-terminal domain and detection
antibody to the C-terminal domain (Hobbs, manuscript in preparation).

LPL activity measurements

Frozen subcutaneous adipose tissues biopsies were homogenized in 9 volumes of buffer at
pH 8.2 containing 0.025 M ammonia, 1% Triton X-100, 0.1% SDS and protease inhibitor
cocktail tablets (Complete Mini, Roche Diagnosis, Germany) using a Polytron PT 3000
Homogenizer (Kinematica). The homogenates were centrifuged for 15 min at 10,000 rpm,
4°C. Aliquots of the supernatants were used for determination of LPL activity as previously
described using a phospholipid-stabilized emulsion of soy bean triacylglycerols and 3H-oleic
acid-labeled triolein with the same composition as Intralipid 10% (Fresenius Kabi, Uppsala,
Sweden) [13]. The incubation was at 25°C for 100 or 120 min. One milliunit of enzyme
activity corresponds to 1 nmol of fatty acids released per min. Enzyme activity is expressed
per g wet tissue weight. Protein contents in homogenates of adipose tissue were measured
using Markwell’s modified Lowry method [44].

Statistical analyses

Differences in plasma parameters, LPL activity, and subcutaneous adipose tissue gene
expression between the fed and fasted state were evaluated using a paired Student’s t-test.
Individuals are always represented by the same color in the various fed-fasted line graphs.
Differences in gene expression in the primary adipocytes were evaluated by unpaired
Student’s t-test. P-values < 0.05 were considered statistically significant.
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Results

Between October and December 2018, 38 individuals were assessed for eligibility of which
14 were excluded from participation (Figure 1). The remaining 24 participants were invited
to the research facilities for the FASTING study. One participant dropped out of the study,
due to personal reasons that were not related to the study. The remaining 23 participants
completed the study.

The main objective of this study was to determine the effect of a prolonged fast on
ANGPTL4 gene and protein expression in human subcutaneous adipose tissue, and to link
these effects with changes in LPL expression and activity. To that end, 23 healthy middle-
aged men and women underwent a 24h fast. Participants received a standardized meal at
18.00h, followed by blood sampling and collection of an adipose tissue biopsy at 20.00h,
representing the fed state. At 20.00h the next day, a second blood sample and adipose
tissue biopsy were collected. Accordingly, the two blood samples and adipose tissue
biopsies were taken at the same time, thereby avoiding the potential influence of circadian
rhythmicity. The participant characteristics are listed in Table 1.

Table 1: Participants characteristics

[ Assessed for eligibility (n =38) ] Participants, n 24
0, 0,
Excluded (n=14) Gender, n males (%) 8(33%)
+ Not meeting inclusion criteria (n=8) Age, years 43-71
— + Declinedto participate (n=2) Weight, kg 76.5 +10.5
« Other reasons (n=4) ’
BMI, kg/m? 25.3+2.4
Plasma cholesterol, mM 5.76 £ 0.96
Allocated (n=24) HDL cholesterol, mM 1.68+0.32
LDL cholesterol, mM 3.02+0.84

Drop out (n=1)
» Personal reasons not related to
the intervention study (n=1)

Analysis (n=23)

Figure 1: Flow chart of the FASTING study.
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Fasting significantly increased plasma levels of non-esterified fatty acids and B-
hydroxybutyrate, and significantly decreased plasma triglycerides (Figure 2). The direction
of the change is consistent with the known stimulatory effect of fasting on adipose tissue
lipolysis and hepatic ketogenesis, and the inhibitory effect on plasma triglyceride secretion.
Plasma glucose levels showed a more mixed response with most individuals showing a
decrease, while 6 individuals showed an increase (Figure 2). Overall, these parameters
confirm compliance to the fasting protocol.

In agreement with data from rats and mice [14], fasting led to a marked decrease in adipose
tissue LPL activity (-60%, p<0.001) (Figure 3A), which was consistently observed in all
participants. To determine the potential cause of the decrease in LPL activity, we measured
the mRNA levels of LPL, ANGPTL4 and ANGPTL8 by gPCR in a subsection of the participants.
LPL mRNA was slightly lower after the 24h fast but the difference did not reach statistical
significance (Figure 3B). In most but not all individuals, adipose ANGPTL4 mRNA levels went
up by fasting, with a mean increase of nearly two-fold (+90%, p<0.001). By contrast,
ANGPTL8 mRNA levels went down drastically by fasting (-94%, p<0.001) (Figure 3B).
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Figure 2: Influence of fasting on plasma metabolites. Plasma concentrations of non-esterified fatty acids (NEFA),
B-hydroxybutyrate, triacylglycerol (TAG) and glucose after 2h (Fed) and 26h (Fasted) of fasting. Each line
represents one individual. Individuals are depicted in the same color in all figures. Bars represent group means (N
=23).
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Figure 3: Fasting reduces LPL activity and increases ANGPTL4 mRNA expression in human adipose tissue
biopsies. A) LPL activity measured in subcutaneous adipose tissue samples collected after 2h (Fed) and 26h
(Fasted) of fasting. Every line represents one individual and bars represent group means (N = 23). B) Relative mRNA
levels for LPL, ANGPTL4 and ANGPTLS in subcutaneous adipose tissue biopsies collected after 2h (Fed) and 26h
(Fasted) of fasting, as determined by qPCR. Each line represents one individual and bars represent group means
(N = 16). Individuals are depicted in the same color in all figures. The lower number of samples is due to limited
availability of biopsy material. Statistical differences were assessed using the paired Student’s t-test.

To determine if the increase in ANGPTL4 mRNA by fasting was accompanied by an increase
in ANGPTL4 protein, we assessed ANGPTL4 protein levels in the subcutaneous adipose
tissue biopsies using Western blot. As shown previously [43], only full length ANGPTL4 was
detectable in human adipose tissue, which is in contrast to human liver where we observed
substantial N-terminal ANGPTL4 cleavage product (Supplemental figure 1A). In most but
not all individuals, the level of full length ANGPTL4 protein increased upon fasting (+46%,
p<0.05). Conversely, the mean LPL protein level was lower after fasting, although this
decrease did not reach statistical significance (Figure 4A,B). To determine if changes in
ANGPTL4 mRNA and protein levels were associated with changes in plasma ANGPTLA4 levels,
we measured the plasma ANGPTL4 concentration before and after fasting using ELISA. In
agreement with previous data [39], plasma ANGPTL4 concentrations went up in all
participants (+100%, p<0.001) (Figure 4C). As the ANGPTL4 ELISA only measures full length
and C-terminal ANGPTL4 [45], we also determined plasma levels of N-terminal ANGPTL4 by
Western blot. Fasting modestly yet significantly induced plasma N-terminal ANGPTL4 levels
(+15%, p<0.05) (Figure 4D). By contrast, plasma ANGPTL8 concentrations were decreased
by fasting in all participants (-79%, p<0.001) (Figure 4E).
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Figure 4: Fasting increases ANGPTL4 protein in human adipose tissue and plasma. A) Representative Western
blots for ANGPTL4, LPL, GAPDH and HSP90 in subcutaneous adipose tissue samples of 6 individuals collected after
2h (Fed) and 26h (Fasted) of fasting. B) Quantitative analysis of ANGPTL4 and LPL protein levels in subcutaneous
adipose tissue normalized to GAPDH. Each line represents one individual and bars representing group means (N =
19 resp. 20. C) Plasma levels of ANGPTL4 after 2h (Fed) and 26h (Fasted) of fasting as determined by ELISA (N =
23). D) Plasma levels of N-terminal ANGPTL4 after 2h (Fed) and 26h (Fasted) of fasting as determined by Western
blot (N = 23). E) Plasma levels of ANGPTL8 after 2h (Fed) and 26h (Fasted) of fasting as determined by ELISA (N =
23). Individuals are depicted in the same color in all figures.

The expression of ANGPTL4 in adipose tissue of mice is known to be under control of various
stimuli and transcriptional regulators. For instance, ANGPTL4 expression was previously
found to be repressed by insulin [46]. In our study, fasting drastically reduced plasma levels
of insulin (-95%, p<0.001) (Figure 5A), suggesting the increase in adipose ANGPTL4 levels
during fasting might be related to the decline in plasma insulin. To investigate whether
insulin lowers ANGPTL4 expression in vivo, we extracted data from a transcriptomics
dataset of adipose tissue biopsies from human subjects before and after 3 hours
intravenously maintained euglycemic hyperinsulinemia [47]. Strikingly, ANGPTL4 mRNA

88



Fasting induces ANGPTL4 and reduces LPL activity in human adipose tissue

levels were markedly reduced by insulin in vivo in both insulin-sensitive and resistant
individuals (Figure 5B). By contrast, ANGPTL8 mRNA levels went up, especially in the insulin-
sensitive individuals (Figure 5B). These data support a possible role of insulin in the
regulation of ANGPTL4 expression in human adipose tissue during fasting, but do not
indicate whether insulin has a direct role in regulating ANGPTL4 in human adipose tissue.
To address this question, we cultured primary human adipocytes. In these cells, full length
ANGPTLA4 protein was easily detectable by immunoblot, whereas N-terminal ANGPTL4 was
absent (Supplemental figure 1B). The lack of ANGPTL4 cleavage in cultured human
adipocytes is supported by experiments in human Lisa-2 adipocytes (Supplemental figure
1C) and SGBS adipocytes [43], [48]. Levels of ANGPTL4 protein declined rapidly after
treatment with cycloheximide, indicating that ANGPTL4 has a fast turnover in human
adipocytes (Figure 5C, D).

In primary adipocytes from visceral and subcutaneous adipose tissue, insulin significantly
reduced ANGPTL4 mRNA after 24h treatment (Figure 5E). In visceral adipocytes, insulin also
markedly decreased ANGPTL4 protein levels (Figure 5F). In line with data from mouse
adipocytes [35], [46], these data indicate the insulin directly suppresses ANGPTL4 gene and
protein expression in human adipocytes. Besides insulin, another factor that may be
involved in regulating ANGPTL4 levels during fasting is cortisol. Fasting significantly
increased plasma cortisol concentrations in the human volunteers (Figure 6A). In the
primary human adipocytes, cortisol as well as dexamethasone significantly increased
ANGPTL4 mRNA and protein levels (Figure 6B). Interestingly, free fatty acids, plasma levels
of which were elevated during fasting (Figure 2), also increased ANGPTL4 mRNA and protein
levels (Figure 6B). These data suggest that the increase in ANGPTL4 production in adipose
tissue upon fasting is likely mediated by increased plasma cortisol and free fatty acids, and
decreased plasma insulin.

Consistent with the increase in ANGPTL8 mRNA levels in adipose tissue after insulin
infusion, insulin markedly increased ANGPTL8 mRNA levels in primary human adipocytes
(Figure 6C). Cortisol and dexamethasone also induced ANGPTL8 mRNA but to a smaller
extent. Intriguingly, LPL mRNA levels in the primary human adipocytes were significantly
increased by insulin, cortisol, and dexamethasone (Figure 6C).

As ANGPTL4 and ANGPTLS8 are regulated by insulin, we hypothesized that ANGPTL4 and
ANGPTL8 mRNA levels in human adipose tissue may respond to weight loss, which is known
to increase insulin sensitivity. To that end, we analyzed adipose gene expression data from
subjects before and after 5 weeks on a very-low-calorie diet (500 Kcal/day), followed by a
4-week weight maintenance diet based on their individual energy requirements [49].
Intriguingly, after 5 weeks of very-low-calorie diet, when subjects were in a hypocaloric
state and actively losing weight, ANGPTL4 and ANGPTL8 mRNA levels were significantly
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increased and decreased, respectively. By contrast, after weight loss and in a eucaloric state
of weight stability, ANGPTL4 and ANGPTL8 mRNA had returned to pre-weight loss values.
LPL mRNA largely followed ANGPTL8 mRNA. These data indicate that ANGPTL4, ANGPTLS,
and LPL mRNA in human adipose tissue are not affected by weight loss as such but respond

to a negative energy balance.
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Figure 5: Insulin downregulates ANGPTL4 in vivo and in vitro. A) Plasma insulin concentration after 2h (Fed) and

26h (Fasted) of fasting. Each line represents one individual. Individuals are depicted in the same color in all figures.
Bars represent group means (N = 23). B) Adipose tissue mRNA levels of ANGPTL4 and ANGPTLS8 in insulin-sensitive
(blue lines) and insulin-resistant (orange lines) subjects before and after a hyperinsulinemic clamp. Data were
extracted from GSE26637. C) Western blot for ANGPTL4 and GAPDH in primary human subcutaneous adipocytes
treated with cycloheximide for different durations. D) Quantification of the ANGPTL4 levels relative to GAPDH. E)
ANGPTL4 mRNA in primary human visceral and subcutaneous adipocytes treated with 500 nM insulin for 24h. F)
Western blot for ANGPTL4 and HSP90 in primary human visceral adipocytes treated with insulin. HSP90 was
blotted as a loading control. Statistical differences for in vitro experiments were assessed using the unpaired

Student’s t-test. *p<0.05, relative to control treatment.
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Figure 6: Corticosteroids and fatty acids upregulate ANGPTL4 primary human adipocytes. A) Plasma cortisol
concentration after 2h (Fed) and 26h (Fasted) of fasting. Each line represents one individual. Individuals are
depicted in the same color in all figures. Bars represent group means (N = 23). ANGPTL4 mRNA (B) and ANGPTL4
protein levels (C) in primary human visceral adipocytes treated with cortisol (1 M), dexamethasone (1 uM), or a
mixture of oleate and palmitate (2:1, 300 uM total) for 24h. HSP90 was blotted as a loading control. D) LPL and
ANGPTL8 mRNA in primary human subcutaneous adipocytes treated with insulin (500 nM), cortisol (1 uM), or
dexamethasone (1 uM) for 24h. Statistical differences for in vitro experiments were assessed using the unpaired
Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, relative to control treatment.
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Discussion

In this paper we show that a 24h fast in human volunteers markedly reduces LPL activity in
subcutaneous adipose tissue, concomitant with significant increases in adipose tissue
ANGPTL4 mRNA, adipose tissue ANGPTL4 protein, and plasma ANGPTLA4 levels. By contrast,
fasting decreases adipose tissue ANGPTL8 mRNA and plasma ANGPTLS levels. In cultured
human adipocytes, insulin significantly decreased ANGPTL4 mRNA and protein, whereas
cortisol and fatty acids had the opposite effect. Inasmuch as plasma insulin levels decrease
upon fasting, and plasma cortisol and free fatty acid levels increase upon fasting, the
increase in ANGPTL4 production in adipose tissue upon fasting is likely mediated by changes
in these factors. Overall, our results strongly support the notion derived from studies in
rodents that local upregulation of ANGPTL4 mediates the decrease in LPL activity and
associated lipid storage in adipose tissue during fasting in humans. Consistent with its role
as rapidly inducible regulator of LPL activity during fasting, we found that ANGPTL4 protein
in human adipocytes turns over rapidly, at a rate that is faster than the turnover rate of LPL
protein and activity determined in rat adipose tissue [13], [14].

LPL activity controls plasma triglyceride clearance [6]. The activity of LPL is differentially
regulated in various tissues in accordance with the local physiological needs for fatty acids.
In agreement with observations made in rodents [10]—-[14], studies in human volunteers
have shown that LPL activity in adipose tissue is reduced by fasting [50]—[54], thereby
diverting circulating triglycerides to other tissues. An important and previously unaddressed
question was whether the fasting-induced decrease in adipose LPL activity in humans is
driven by corresponding changes in LPL expression or whether it is mainly due to a post-
translational mechanism via ANGPTL4. Biochemical studies combined with studies in mice
have shown that ANGPTL4 is upregulated by fasting in mouse adipose tissue [14], [26], [32],
[35] and promotes the unfolding of LPL [33], thereby activating the intracellular cleavage
and subsequent degradation of LPL [34], [35]. The present data indicate that ANGPTL4 is
upregulated by fasting in human adipose tissue, concurrent with a marked decrease in LPL
activity and a lack of change in LPL mRNA. Although the human data are inevitably
correlative, they are highly consistent with conservation of the post-translational control of
adipose tissue LPL activity during fasting between rodents and humans via ANGPTLA4.

Previously, we showed that ANGPTL4 promotes the degradation of LPL in adipose tissue of
mice, thereby reducing the amount of LPL available on the capillary surface [34]. We also
found that ANGPTL4 and LPL protein levels negatively correlate in a cross-sectional analysis
of human adipose tissue samples from obese individuals [40]. In this study, we observed
that the increase in ANGPTL4 protein levels in human adipose tissue upon fasting was not
paralleled by a significant decrease in LPL protein. A number of possibilities may explain
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these findings. First, the method of detecting LPL via immunoblot may not be sufficiently
precise to pick up small changes in LPL levels. Here, it should be noted that the mean LPL
protein level was lower after fasting but this change did not reach statistical significance.
Second, the immunoblot may measure the wrong LPL pool. Here, it would have been useful
to be able to distinguish between EndoH-sensitive and EndoH-resistant LPL, which in mouse
adipose tissue can be used to differentiate between inactive ER-resident LPL and active LPL
in the Golgi and on the cell surface, respectively. However, we were unable to visualize
EndoH-sensitive and EndoH-resistant LPL in human adipose tissue. Hence, it is possible that
in human adipose tissue, most of the immunoreactive LPL is inactive and in the ER. Third,
the timing of sampling of the adipose tissue biopsies in relation to the meal may not have
been optimal. Indeed, in mice, the level of LPL protein in adipose tissue is higher in the refed
state than in the ad libitum fed state [34]. Fourth, it cannot be excluded that in human
adipocytes, ANGPTL4 only unfolds LPL and inhibits LPL activity, but does not regulate LPL
degradation and LPL protein levels.

A number of factors may contribute to the upregulation of ANGPTL4 mRNA and protein
levels in human adipose tissue during fasting. Expression of ANGPTL4 in mouse or human
adipocytes is known to be regulated via several different signals, including hypoxia
(stimulatory), insulin (inhibitory) [35], [46], glucocorticoids (stimulatory) [55], tumor
necrosis factor a (stimulatory) [56], and PPARy agonists (stimulatory) [43]. We show that
ANGPTLA4 levels in human adipocytes are also increased by fatty acids, confirming regulation
in other cell types [39], [57]. In addition, we find that ANGPTL4 levels in human adipocytes
are decreased and increased by insulin and glucocorticoids, respectively. Induction by
glucocorticoids is mediated by binding of the glucocorticoid receptor to the 3’-untranslated
region of exon 7 [55]. Inhibition of Angptl4 expression by insulin in mouse adipocytes is
likely mediated by the PI3K/Foxol pathway [46]. Overall, the data suggest that the
increased ANGPTL4 production in adipose tissue upon fasting is likely mediated by changes
in plasma levels of insulin, cortisol, and fatty acids.

Intriguingly, ANGPTL4 was less sensitive to the suppressive effect of insulin in subcutaneous
adipocytes than visceral adipocytes. This is in line with our previous finding that ANGPTL4
mMRNA levels are higher in subcutaneous adipose tissue than in visceral adipose tissue [40],
which in turn is in agreement with the finding that the LPL activity/mass ratio is lower in
subcutaneous than visceral adipose tissue [58]. Why insulin less effectively lowers ANGPTL4
in subcutaneous adipocytes is not clear.

Clearance of plasma triglycerides is promoted by insulin. Accordingly, the impaired action
of insulin in type 2 diabetes leads to reduced plasma triglyceride clearance, which in turn
contributes to elevated post-prandial lipid excursions and fasting dyslipidemia [59]. Taking
into consideration the repression of adipocyte ANGPTL4 mRNA by insulin [35], [46],
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upregulation of ANGPTL4 in insulin resistance may contribute to the postprandial
dyslipidemia in insulin-resistant individuals via inhibition of LPL. In support, type 2 diabetics
present with elevated circulating ANGPTL4 levels [60]. Contradicting this scenario, however,
the reduction in adipose ANGPTL4 mRNA during a hyperinsulinemic clamp was similar in
insulin-sensitive and resistant individuals. In addition, weight loss, despite an improvement
in insulin sensitivity, did not influence ANGPTL4 mRNA levels in human adipose tissue.
Existing data on the relation between insulin resistance and adipose tissue LPL activity are
mixed as well. In a group of 26 subjects varying in insulin sensitivity, insulin resistance was
negatively correlated with adipose tissue LPL activity [61]. Consistent with these data, in
type 2 diabetic men, adipose tissue LPL activity was significantly reduced compared to
matched non-diabetic subjects, while the differences were more modest in women [62]. By
contrast, Olivecrona found that the induction of adipose tissue LPL activity with feeding was
similar in type 2 diabetes patients and matched healthy controls, suggesting that
dysregulation of adipose LPL is not involved in the postprandial hypertriglyceridaemia in
type 2 diabetes [63]. Overall, these data make it difficult to assign a role for aberrant
ANGPTLA4 regulation in post-prandial hypertriglyceridemia in type 2 diabetes.

We found that human adipose tissue and adipocytes only produce full length ANGPTLA4.
Based on the inability to detect full length ANGPTL4 in human plasma, it could be reasoned
that ANGPTL4 produced in adipose tissue does not end up in the circulation, suggesting it
has a local role. Alternatively, adipose tissue-derived full length ANGPTL4 may undergo
cleavage in the circulation. As the plasma concentration of full length ANGPTL4 is probably
very low, the ANGPTL4 ELISA, which is able to detect full length and C-terminal ANGPTL4
but not N-terminal ANGPTL4 [45], in essence measures plasma levels of C-terminal
ANGPTL4.

In this paper we find that adipose tissue ANGPTL8 expression is markedly reduced by
fasting. Most of the published data relate to the role of ANGPTLS in the liver, where in the
fed state ANGPTL8 forms a complex with ANGPTL3 and supports the inhibition of plasma
triglyceride clearance by ANGPTL3 in brown adipose tissue, heart, and muscle, thereby
rerouting plasma triglycerides to white adipose tissue for storage [22], [24]. Recently,
evidence was presented that ANGPTLS, via direct protein interaction, may interfere with
the ability of ANGPTL4 to inhibit LPL [36]. Presumably, in the fed state, when ANGPTL8
expression is high, ANGPTL8 suppresses ANGPTL4 function, thereby promoting adipose
tissue LPL activity. The extent to which adipose tissue contributes to the changes in plasma
ANGPTL8 during fasting is unclear. Interestingly, in human adipocytes, ANGPTL8 mRNA was
upregulated by cortisol and dexamethasone, although to a lesser extent than by insulin. The
impact of the induction of ANGPTL8 by glucocorticoids on LPL activity needs further
investigation.
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This paper has limitations. First, our study cannot demonstrate a direct causal link between
the upregulation of ANGPTL4 in human adipose tissue during fasting and the decrease in
LPL activity. Nevertheless, the plethora of pre-clinical data combined with our data strongly
suggest that upregulation of ANGPTL4, and possibly the downregulation of ANGPTLS,
causes the decrease in adipose tissue LPL activity in humans during fasting. Second, we
were unable to visualize LPL protein in the human primary adipocytes. For reasons that are
unclear, LPL is very hard to detect in primary adipocytes compared to adipose tissue, and
its migration is dubious.

In conclusion, our data support the notion that upregulation of ANGPTL4 mediates the
decrease in LPL activity and associated lipid storage in adipose tissue during fasting in
humans. The increase in ANGPTL4 production in human adipose tissue by fasting is likely
mediated by increased plasma cortisol and free fatty acids, and decreased plasma insulin.
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Supplementary figure 1. ANGPTL4 is produced in human adipose tissue as full length protein. A) Immunoblot for
ANGPTL4 of human liver and human subcutaneous adipose tissue. B) Immunoblot for ANGPTL4 of human primary
adipocytes. C) Immunoblot for ANGPTL4 during adipogenic differentiation of human Lisa-2 adipocytes [1].
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Supplementary figure 2. Adipose tissue mRNA levels of ANGPTL4, ANGPTL8 and LPL are altered during severe
hypocaloric diet but are unaffected by weight loss per se. Microarray-based gene expression of ANGPTL4,
ANGPTL8 and LPL in adipose tissue of subjects before weight loss (VLCD1), after 5 weeks of very low calorie diet
(500 Kcal/day, VLCD2), and after 4 weeks of weight maintenance (VLCD3) (GSE77962) [2].
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Supplementary table 1. Primer sequences used for qPCR in this study

Gene Forward primer Reverse Primer

ANGPTL4 CACAGCCTGCAGACACAACTC GGAGGCCAAACTGGCTTTGC
ANGPTL8 CAGAAGGTGCTACGGGACAG AAATTCTCGGTAGGCAGGGC
LPL CATTCCCGGAGTAGCAGAGT GGCCACAAGTTTTGGCACC
BACTIN AGAAAATCTGGCACCACACC AGAGGCGTACAGGGATAGCA

Supplemental References

[1] M. Wabitsch, S. Briderlein, I. Melzner, M. Braun, G. Mechtersheimer, and P. Méller, “LiSa-2, a novel human
liposarcoma cell line with a high capacity for terminal adipose differentiation.,” Int. J. cancer, vol. 88, no. 6,
pp. 889-94, Dec. 2000.
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Abstract

Lipoprotein lipase (LPL) catalyzes the breakdown of circulating triglycerides in muscle and
fat. LPL is inhibited by several proteins, including Angiopoietin-like 4 (ANGPTL4), and may
be cleaved by members of the PCSK family. Here, we aimed to investigate the cleavage of
LPL in adipocytes by PCSKs and study the potential involvement of ANGPTL4. A substantial
portion of LPL in mouse and human adipose tissue was cleaved into N- and C-terminal
fragments. Treatment of different adipocytes with the PCSK- inhibitor Dec-RVKR-CMK
markedly decreased LPL cleavage, indicating LPL is cleaved by PCSKs. Silencing of
Pcsk3/furin significantly decreased LPL cleavage in cell culture medium and lysates of 3T3-
L1 adipocytes. Remarkably, PCSK-mediated cleavage of LPL in adipocytes was diminished
by Angptl4 silencing and was decreased in adipocytes and adipose tissue of Angptl4-/- mice.
Differences in LPL cleavage between Angptl4-/- and wild-type mice were abrogated by
treatment with Dec-RVKR-CMK. Induction of ANGPTL4 in adipose tissue during fasting
enhanced PCSK-mediated LPL cleavage, concurrent with decreased LPL activity, in wild-
type but not Angptl4-/- mice. In adipocytes, after removal of cell surface LPL by heparin,
levels of N-terminal LPL were still markedly higher in wild-type compared to Angptl4-/-
adipocytes, suggesting that stimulation of PCSK-mediated LPL cleavage by ANGPTL4 occurs
intracellularly. Finally, treating adipocytes with insulin increased full-length LPL and
decreased N-terminal LPL in an ANGPTL4-dependent manner. In conclusion, ANGPTL4
promotes PCSK-mediated intracellular cleavage of LPL in adipocytes, likely contributing to
regulation of LPL in adipose tissue. Our data provide further support for an intracellular
action of ANGPTL4 in adipocytes.

Keywords: Angiopoietin-like 4, lipoprotein lipase, lipoprotein metabolism, adipocyte, furin,
triglycerides
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Introduction

Elevated levels of plasma triglycerides are increasingly recognized as an important causal
risk factor for coronary artery disease (1). Plasma triglyceride levels are determined by the
balance between the secretion of triglycerides by the liver and small intestine and the
clearance of triglycerides in muscle and fat tissue. The rate of triglyceride clearance is
determined by the enzyme lipoprotein lipase (LPL), which catalyzes the hydrolysis of
triglycerides at the capillary endothelium (2). LPL is produced by myocytes and adipocytes
and is transported toward the endothelial cell surface by the protein GPIHBP1
(glycosylphosphatidylinositol-anchored high density lipoprotein binding protein 1) (3). In
order to match the tissue uptake of fatty acids in accordance with the local needs, the
activity of LPL is tightly regulated, primarily at the post-translational level (4).

Angiopoietin-like 3 (ANGPTL3), Angiopoietin-like 4 (ANGPTL4) and Angiopoietin-like 8
(ANGPTLS8) are three members of the angiopoietin-like protein family that are involved in
the post-translational regulation of LPL (5). ANGPTL3 and ANGPTLS are secreted by the liver
as hepatokines and cooperate to inhibit the activity of LPL in oxidative tissues such as heart
and brown fat, with a primary action in the fed state (6—9). By contrast, ANGPTL4 is
produced by several tissues and appears to mainly function locally in a tissue-specific
manner (5). Studies have shown that ANGPTL4 plays a major role in the regulation of LPL
activity during various physiological conditions such as exercise, fasting and cold exposure
(10-12). ANGPTL4 inactivates LPL by promoting the unfolding of the protein, leading to the
conversion of the catalytically active LPL dimer into inactive monomers (13, 14). Although
ANGPTLA4 is able to inhibit LPL activity in the subendothelial spaces and on the endothelial
surface (15, 16), recently we provided evidence that ANGPTL4 and LPL also interact
intracellularly, causing the degradation of LPL (17). However, the specific steps involved in
the intracellular degradation of LPL by ANGPTL4 remain unclear.

Members of the proprotein convertase subtilisin/kexin (PCSK) protein family (PCSK1-7, SKI-
1/S1P and PCSK9) are calcium-dependent serine endopeptidases that convert proproteins
into their active forms by cleavage (18, 19). PCSK1-7 recognize and cleave substrates at
specific lysine- and/or arginine-containing basic amino acid sequences (18). Despite overlap
in substrate recognition, their functions are tissue-specific and dependent on their cellular
localization. For example, PCSK3 (Furin) is primarily found in the trans-Golgi network, in the
endosomes, and on the cell surface, while PCSK5 (PC5/6) and PCSK6 (PACE4) are primarily
present on the cell surface (19). PCSKs have been repeatedly implicated in the regulation of
lipoprotein metabolism. The best-known example is PCSK9, which raises plasma low-
density lipoprotein cholesterol (LDL-C) levels. Specifically, PCSK9 promotes the degradation
of the LDL receptor in endosomes/lysosomes, resulting in a reduced clearance of LDL-C (20).
Other examples include the cleavage of ANGPTL3 and ANGPTL4 by PCSKs in vitro and in vivo
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(21-24). Interestingly, it has been demonstrated that LPL is also subject to cleavage by
PCSKs, at least in vitro (25, 26). Specifically, a cleavage site was identified at residues 321-
324, which is in the middle of a stretch of 60 amino acids that is 100% conserved between
mouse and human LPL (26), yielding an N- and C-terminal LPL cleavage fragment. However,
to what extent LPL is cleaved in vivo in adipocytes has remained unclear. In addition, the
potential role of ANGPTL4 has not been investigated. Accordingly, the aim of the present
study was to investigate the mechanism underlying the cleavage of LPL in adipocytes and
to explore the potential role of ANGPTLA4.

Results

LPL is cleaved in human and mouse adipose tissue

To examine whether LPL is cleaved in vivo in white adipose tissue, we performed Western
blot for LPL in human adipose tissue using antibodies directed against the N- or C-terminal
portion of human LPL (27). Both antibodies gave rise to two bands, corresponding to full
length LPL (slightly above 50 kDa), and the N-terminal or C-terminal LPL cleavage fragment
at around 30 kDa or 20- 25 kDa, respectively (Figure 1A). These data indicate that LPL is
cleaved in human adipose tissue. Using two different antibodies directed against the C-
terminal part of human LPL, it was observed that treatment with Endoglycosidase H
(EndoH), an enzyme that cleaves asparagine- linked mannose-rich oligosaccharides, did not
alter the migration of full length and C-terminal LPL (Figure 1B). By contrast, treatment with
PNGase—which removes most N-linked oligosaccharides—altered the migration of full
length LPL but not C-terminal LPL (Figure 1B). Adipose tissue of different human subjects
always showed a substantial proportion of LPL in the truncated form (Figure 1C). Similarly,
using an antibody directed against the N-terminal portion of mouse LPL, immunoblotting of
mouse adipose tissue yielded two bands, corresponding to full length LPL and the N-
terminal LPL cleavage fragment) (Figure 1D) (28). Whereas part of mouse full length LPL
changed migration after treatment with EndoH, the N-terminal LPL cleavage product did
not change migration. Treatment with PNGase altered the migration of both full length and
N-terminal LPL (Figure 1D). LPL was also found to be cleaved in mouse heart but not in
mouse bone marrow-derived macrophages (Figure 1E). Overall, these data indicate that: 1)
LPL is cleaved into N- and C- terminal cleavage fragments in human and mouse adipose
tissue. 2) Human and mouse LPL is glycosylated in the N-terminal region (29, 30, 26, 31).
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LPL is cleaved in adipose tissue by PCSKs

Previously, members of the proprotein convertase subtilisin/kexin (PCSK) family were
suggested to cleave LPL at residues 321-324 to yield nearly complete N-terminal and C-
terminal domains (26). To examine whether the observed N- terminal LPL was the result of
PCSK-mediated cleavage, mature 3T3-L1 and 3T3-F442a adipocytes, as well as primary
adipocytes and white adipose tissue explants from mice were treated with the inhibitor
Dec-RVKR-CMK (dec- CMK) to block PCSK activity (32). In all adipocyte models, incubation
with dec-CMK resulted in the almost complete disappearance of N-terminal LPL in cell
culture medium and cell lysates, indicating that LPL is cleaved by PCSKs in adipocytes (Figure
2).
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Figure 1. Cleavage of LPL in human and mouse adipose tissue. (A) Western blot of lysates of human adipose tissue
using antibodies against the N-terminal (Y-20) and C-terminal (88b8) portion of hLPL. (B) Western blot of lysates
of human adipose tissue treated with endoglycosidase H (EndoH) or PNGase, using two different antibodies against
hLPL, 88b8 and 5D2 (27). (C) Western blot of lysates of human adipose tissue of different subjects enrolled in the
MONDIAL study, using an antibody against hLPL (88b8). (D) Western blot of lysates of mouse adipose tissue treated
with endoglycosidase H (EndoH) or PNGase, using an antibody against mLPL (28). (E) Western blot of lysates of
mouse heart and bone marrow-derived macrophages. Molecular weight markers are indicated. l.e., long exposure;
s.e., short exposure.
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Figure 2. LPL is cleaved by PCSKs in adipocytes. (A) Western blots of cell culture medium (upper panels) and cell
lysates (lower panels) of mature 3T3-L1 adipocytes, mature 3T3-F442a adipocytes, primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue from mice, and adipose tissue explants from
mice, that were treated with 50 uM Dec-RVKR-CMK (dec-CMK) for 9h. Western blots were probed with antibodies
against mLPL and HSP90 (as a loading control). Coomassie blue staining was performed as loading control for cell
culture medium, primary adipocytes and WAT explants. WAT, white adipose tissue.

PCSK3 is expressed in adipose tissue and cleaves adipocyte LPL

To assess whether adipocyte LPL is cleaved by PCSKs intracellularly and/or upon secretion,
we treated 3T3-L1 adipocytes with heparin to release LPL bound to heparin sulphate
proteoglycans (HSPG) from the cell surface. As expected, heparin treatment resulted in a
pronounced increase of LPL in the cell culture medium, along with a reduction of LPL in the
cell lysates (Figure 3). In line with the notion that binding of LPL to HSPG is mainly mediated
by C-terminal and not N-terminal LPL (29, 33), heparin did not influence the amount of N-
terminal LPL in the cell culture medium and cell lysates (Figure 3). These data indicate that
little or no N-terminal LPL is bound to HSPGs on the cell surface and that N-terminal LPL in
cell lysates must originate from intracellular LPL cleavage, from where it is secreted.

Given that LPL is cleaved intracellularly by PCSKs, a promising candidate that may catalyze
LPL cleavage in adipocytes is PCSK3, as PCSK3 is activated and active intracellularly in the
trans-Golgi (19). Expression profiling showed that PCSK3 is most highly expressed in liver
and kidney, with comparatively low but clearly detectable PCSK3 expression in adipose
tissue (Figure 4A). To assess whether PCSK3 might be involved in LPL cleavage in adipocytes,
we silenced Pcsk3 in mature 3T3-L1 adipocytes by means of siRNA. SiRNA-mediated
silencing resulted in a 90% reduction in Pcsk3 expression levels (Figure 4B). In line with a
role for PCSK3 in LPL cleavage, silencing of Pcsk3 significantly reduced the amount of LPL
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cleavage in cell culture medium and cell lysates (Figure 4C). These data are in line with a
previous finding that PCSK3 is able to cleave LPL in a stable HEK293 cell line expressing

LPLmyc (26).
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Figure 3. Amino-terminal LPL cannot be released from the cell surface by heparin. (A) Western blots of cell culture
medium (left) or cell lysates (right) of mature 3T3-L1 adipocytes that were treated with 10 IU/ mL heparin for 20
minutes. Western blots were probed with antibodies against mLPL and HSP90 (as loading control). Coomassie blue
staining was performed as loading control for cell culture medium. l.e., long exposure; s.e., short exposure.
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Figure 4. PCSK3 is well expressed in adipose tissue and cleaves adipocyte LPL. (A) Pcsk3 mRNA levels in different
tissues from C57BL/6 mice (n=4). (B) Pcsk3 mRNA levels in fully differentiated 3T3-L1 adipocytes that were
trypsinized, replated at 70% confluency, and treated with siPcsk3 or siCtrl for 48h. Asterisk indicates significantly

different from siCtrl according to Student’s t-test; p<0.01. (C) Western blots of cell culture medium (left panel) and
cell lysates (right panel) of fully differentiated 3T3-L1 adipocytes that were trypsinized, replated at 70% confluency,
and treated with siPcsk3 or siCtrl for 48h. Western blots were probed with antibodies against mLPL and HSP90 (as
a loading control). Coomassie blue staining was performed as loading control for cell culture medium.
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Amino-terminal LPL is cleared by the lysosomes

Previously, PCSK-mediated cleavage was shown to promote the inactivation of endothelial
lipase, a family member of LPL (26). Similarly, cleavage of LPL by PCSKs might also serve to
inactivate LPL (26). To assess the fate of cleaved LPL and to study whether it may be further
subject to lysosomal degradation in adipocytes, we incubated mature 3T3-L1 adipocytes
and primary adipocytes with Bafilomycin Al (BafA1l) to inhibit lysosomal degradation. In
agreement with previous studies, treatment of adipocytes with BafAl significantly
increased proteins levels of full-length LPL in cell lysates and to a lesser extent in the cell
culture medium (Figure 5A & Figure 5B) (34). Interestingly, in both 3T3-L1 and primary
adipocytes, BafAl also increased the amount of N-terminal LPL in cell lysates and medium,
suggesting that at least part of the N- terminal LPL is cleared by lysosomes (Figure 5A &
Figure 5B). The increase in LPL protein abundance in primary and 3T3-L1 adipocytes upon
BafA1l treatment cannot be attributed to an increase in Lp/ mRNA (Figure 5C & Figure 5D).
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Figure 5. Amino-terminal LPL is cleared by the lysosomes. (A) Western blots of cell culture medium (left panel)
and cell lysates (right panel) of mature 3T3-L1 adipocytes that were treated with 100 nM Bafilomycin Al (BafAl)
for 10h. (B) Western blots of cell culture medium (left panel) and cell lysates (right panel) of primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue that were treated with 100 nM Bafilomycin Al
(BafA1) for 10h. Western blots were probed with antibodies against LPL and HSP90. Coomassie blue staining was
performed as loading control for cell culture medium. (C) Lp/ mRNA in mature 3T3-L1 adipocytes treated with 100
nM Bafilomycin Al (BafA1) for 10h. (D) Lp/ mRNA in primary mouse adipocytes treated with 100 nM Bafilomycin
Al (BafA1) for 10h.
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ANGPTL4 promotes PCSK-mediated cleavage of adipocyte LPL

An important regulator of LPL in adipose tissue is ANGPTL4. Indeed, ANGPTL4 is highly
abundant in mouse adipose tissues, where it exists as a glycosylated protein (Figure 6A).
Treatment with PNGase, which removes most N-linked glycans, and a Protein
Deglycosylation Mix, which removes N-linked glycans as well as simple and some complex
O-linked glycans, altered the mobility of ANGPTL4, indicating removal of carbohydrate side-
chains (Figure 6A). However, EndoH, which removes N-linked mannose-rich glycans, had no
effect, suggesting that most of carbohydrate side-chains on ANGPTL4 contain complex
sugars. (22). Recently, we found that ANGPTL4 promotes the intracellular degradation of
LPL in adipocytes (17). To explore the connection between PCSK- mediated cleavage of LPL
and ANGPTL4- induced LPL degradation, we investigated whether ANGPTL4 is able to
enhance PCSK- mediated LPL cleavage. To that end, we assessed the effect of siRNA-
mediated Angptl/4 silencing on LPL cleavage in 3T3-L1 adipocytes. The approximately 80%
reduction in Angptl4 mRNA (Figure 6B) was accompanied by a marked decrease in N-
terminal LPL in 3T3-L1 cell lysate, and a modest increase in full length LPL in cell lysates and
medium (Figure 6C). These results suggest that ANGPTL4 may promote LPL cleavage in
adipocytes. To further investigate this notion, we determined the accumulation of N-
terminal LPL in adipose tissue of Angptl/4-/- and wild-type mice. Corroborating our previous
findings, levels of full-length LPL were notably higher in adipose tissue of Angptl/4-/- mice
compared to wild-type mice (Figure 7A) (17). Consistent with a stimulatory effect of
ANGPTL4 on cleavage of LPL, levels of N-terminal LPL were significantly lower in adipose
tissue of Angptl4-/- mice (Figure 7A). Of note, LPL activity was significantly higher in adipose
tissue of Angptl4-/- mice compared to wild-type mice, confirming the increase in full length
LPL protein (Figure 7B).

To examine whether levels of N-terminal LPL respond to changes in endogenous ANGPTL4
production, we measured ANGPTL4 and LPL under conditions of fasting/refeeding. Samples
were treated with EndoH to distinguish between EndoH-resistant LPL (LPL in the Golgi and
the cell surface) and EndoH-sensitive LPL (LPL in the ER). As previously observed (17, 35),
ANGPTLA4 levels in white adipose tissue were elevated in the fasted state compared to the
refed state (Figure 7C), which was accompanied by a decrease in full length (EndoH-
resistant) LPL and an increase in N-terminal LPL (Figure 7D). Strikingly, levels of N-terminal
LPL were lower in Angptl4-/- mice. Moreover, the difference in levels of N-terminal LPL
between the fasted and refed state was abolished in Angptl4-/- mice (Figure 7D).

To further understand the mechanism underlying the differential abundance of N- terminal
LPL in adipose tissue of wild-type and Angptl4-/- mice, we shifted our experiments to
primary adipocytes. Similar to whole adipose tissue, primary adipocytes of Angptl4-/- mice
also showed higher levels of full length LPL and lower levels of N-terminal LPL as compared
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to wild- type adipocytes (Figure 8A). Treatment with the PCSK inhibitor dec-CMK fully
abrogated these differences, indicating that PCSK-mediated LPL cleavage mediates the
differences in N-terminal LPL between Angptl4-/- and wild-type mice (Figure 8B). To
investigate whether stimulation of PCSK-mediated LPL cleavage by ANGPTL4 may initiate
the complete degradation of LPL, we treated primary adipocytes with cycloheximide to
arrest protein synthesis and measured the decline in full length and N-terminal LPL by
Western blot. The rate of decline of N-terminal LPL and to a lesser extent full length LPL was
notably lower in Angptl4-/- adipocytes than in wildtype adipocytes, indicating that ANGPTL4
accelerates the degradation of LPL (Figure 8C). These data suggest that induction of PCSK-
mediated LPL cleavage by ANGPTL4 is part of the degradation pathway of LPL.
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Figure 6. ANGPTL4 silencing reduces LPL cleavage. (A) Western blot of lysate of inguinal white (iWAT), gonadal
white (gWAT), and interscapular brown (BAT) adipose tissue treated with protein deglycosylation mix (PDM),
endoglycosidase H (EndoH), or PNGase, using an antibody against mMANGPTLA4. (B) Lp/ and Angptl4 mRNA levels in
fully differentiated 3T3-L1 adipocytes that were treated with siAngpt/4 or siCtrl for 48h. Asterisk indicates
significantly different from siCtrl according to Student’s t-test; p<0.01. (C) Western blots of cell culture medium
and cell lysates of mature 3T3-L1 adipocytes that were treated with siAngpt/4 or siCtrl for 48h, using an antibody
against mLPL. Coomassie blue staining served as loading control. l.e., long exposure; s.e., short exposure.
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Figure 7. ANGPTL4 regulates LPL cleavage in adipose tissue during fasting. (A) Western blot of cell lysates of
gonadal adipose tissue (SWAT) from Angptl4-/- and wild-type mice, using an antibody against mLPL. Coomassie
blue staining was performed as loading control. (B) LPL activity in gonadal adipose tissue of Angptl4-/- mice (n=7)
and wild-type mice (n=14). Values are mean * SEM. Asterisks indicates significantly different from Angpt/4-/- mice
according to Student’s t-test (P<0.001). Samples were from ad libitum fed mice. (C) Western blot of cell lysates of
gonadal adipose tissue of fasted and refed wild-type mice treated with protein deglycosylation mix (PDM),
endoglycosidase H (EndoH), or PNGase, using an antibody against mMANGPTL4. (D) Western blot of cell lysates of
gonadal adipose tissue of fasted and refed Angpt/4-/- and wild-type mice treated with endoglycosidase H (EndoH),
using an antibody against mLPL. Separate boxes for Angpt/4-/- and wild-type mice indicates that all samples were
run on the same gel with the same exposure time but that intermediate lanes were removed. Part of this Western
blot at different exposure has been previously published (17). EndoH-resistant LPL (complex oligosaccharides:
Golgi and cell surface LPL) is indicated with R. EndoH-sensitive LPL (high-mannose oligosaccharides, ER LPL) is
indicated with S. l.e., long exposure; s.e., short exposure.
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Figure 8. ANGPTL4 promotes PCSK-mediated cleavage of adipocyte LPL. (A) Western blot of cell lysates of primary
adipocytes differentiated from the stromal vascular fraction of adipose tissue from Angptl4-/- and wild-type mice,
using an antibody against mLPL. Coomassie blue staining was performed as loading control. (B) Western blots of
cell culture medium (upper panels) and cell lysates (lower panels) of primary adipocytes differentiated from the
stromal vascular fraction of adipose tissue from Angptl4-/- and wild-type mice that were treated with 50 uM dec-
CMK for 9h. Western blots were probed with antibodies against mLPL and HSP90. Coomassie blue staining was
performed as a loading control for cell culture medium. (C) Western blot of cell lysates of primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue from Angptl4-/- and wild-type mice. Adipocytes
were treated with cycloheximide (Cyclo) for 0, 30 or 60 min. Adipocyte lysates were treated with Endoglycosidase
H (EndoH). Western blots were probed with antibodies against mLPL and HSP90. EndoH-resistant LPL (complex
oligosaccharides: Golgi and cell surface LPL) is indicated with R. EndoH-sensitive LPL (high-mannose
oligosaccharides, ER LPL) is indicated with S. l.e., long exposure; s.e., short exposure.
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Induction of PCSK-mediated LPL cleavage by ANGPTL4 occurs intracellularly

Finally, to unequivocally establish that stimulation of PCSK-mediated LPL cleavage by
ANGPTL4 occurs intracellularly, we determined the levels of full length and N-terminal LPL
in medium and lysate of wild-type and Angptl4-/- adipocytes treated with heparin for 20
minutes. As previously shown (17), the heparin-induced release of full length LPL into the
medium was higher in Angptl4-/- than in wild-type adipocytes (Figure 9A). In concordance
with these data, the reduction in cellular LPL content by heparin was more pronounced in
Angptl4-/- than in wild-type adipocytes. Consistent with the inability of N- terminal LPL to
bind to HSPG, heparin treatment did not cause any release of N-terminal LPL into the
medium. Importantly, even after removal of the heparin-releasable pool of LPL, the levels
of N-terminal LPL were still markedly higher in wild-type than in Angptl4-/- adipocytes
(Figure 9B). These data indicate that the stimulation of PCSK-mediated LPL cleavage by
ANGPTL4 happens inside the cell and not on the cell surface.

As a final experiment, we studied the effect of insulin. Injection of insulin was previously
shown to decrease Angpt/4 mRNA and increase LPL activity in adipose tissue of rats (12). To
study whether downregulation of Angptl4 by insulin leads to corresponding changes in the
different LPL forms, we treated primary adipocytes with insulin and determined the levels
of full length and N-terminal LPL in the lysates. Insulin reduced Angpt/4 mRNA in primary
adipocytes by about 50%, and did not have a noticeable effect on Lp/ and Pcsk3 mRNA
(Figure 10A). Interestingly, whereas insulin treatment increased levels of full length LPL, it
modestly decreased levels of N-terminal LPL (Figure 10B). These effects were observed
specifically in wild-type adipocytes, but not Angptl4-/- adipocytes. The increase in full
length LPL in response to insulin and in Angptl4-/- adipocytes was accounted for by an
increase in EndoH-resistant LPL (Figure 10C). These data indicate that the downregulation
of Angptl4 by insulin in adipocytes leads to reduced LPL cleavage.
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Figure 9. ANGPTL4 promotes LPL cleavage inside adipocytes. Western blots of cell culture medium (A) and cell
lysates (B) of primary adipocytes differentiated from the stromal vascular fraction of adipose tissue from Angpt/4-
/- and wild-type mice treated with 10 IU/mL heparin for 20 min. Western blots were probed with antibodies
against mLPL and HSP90. Coomassie blue staining was performed as loading control for cell culture medium. l.e.,
long exposure; s.e., short exposure.
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Figure 10. Downregulation of Angptl4 by insulin reduces LPL cleavage. (A) Expression of Angpt/4 and Lpl in

primary mouse adipocytes treated with insulin (500 nM) for 12 hours. Asterisk indicates significantly different from
control according to Student’s t-test; p<0.01. (B) Western blot of cell lysates of primary adipocytes differentiated
from the stromal vascular fraction of adipose tissue from wild-type and Angpt/4-/- mice treated with 500 nM
insulin for 12 hours. (C) Western blot of cell lysates of primary adipocytes differentiated from the stromal vascular
fraction of adipose tissue from wild-type and Angptl/4-/- mice treated with 500 nM insulin for 12 hours. Adipocyte
lysates were treated with Endoglycosidase H (EndoH). Western blots were probed with antibodies against mLPL.
Coomassie blue staining was performed as loading control. EndoH-resistant LPL (complex oligosaccharides: Golgi
and cell surface LPL) is indicated with R. EndoH- sensitive LPL (high-mannose oligosaccharides, ER LPL) is indicated
with S.
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Discussion

Little is known about the cleavage of LPL in adipocytes. Here, we provide in vitro and in vivo
evidence that LPL undergoes substantial cleavage in mouse and human adipocytes to yield
N- and C-terminal fragments. The cleavage of LPL in adipocytes is at least partly mediated
by PCSK3 (Furin) and likely represents an initial step in the intracellular degradation of LPL.
Importantly, we find that ANGPTL4 stimulates the intracellular cleavage of LPL by PCSKs.
Induction of ANGPTL4 levels in adipose tissue during fasting enhanced PCSK-mediated LPL
cleavage, concurrent with decreased LPL levels and activity, suggesting that stimulation of
LPL cleavage by ANGPTL4 contributes to suppression of LPL levels in adipocytes during
fasting. Conversely, suppression of ANGPTL4 by insulin in adipocytes reduced PCSK-
mediated LPL cleavage, concurrent with increased LPL levels. Induction of PCSK-mediated
LPL cleavage by ANGPTL4 occurs inside the cell, thereby providing further support for an
intracellular mode of action of ANGPTL4 in adipocytes.

ANGPTL4 is a well-established inhibitor of LPL that mediates the reduction in LPL activity in
adipose tissue during fasting (12, 36). Through this action, ANGPTL4 reduces uptake of
plasma triglyceride-derived fatty acids into adipose tissue during fasting, thereby raising
plasma triglyceride levels (12, 36). Genetic studies strongly support a role of ANGPTL4 in
regulating LPL activity in humans (37, 38). Specifically, carriers of an inactivating variant of
the ANGPTL4 gene have lower plasma triglyceride levels than non- carriers, and a lower risk
of coronary artery disease (37, 38). At the biochemical level, ANGPTL4 promotes the
unfolding of LPL (14), leading to the dissociation of the catalytically active, dimeric form of
LPL to catalytically inactive monomers (13). Previously, we showed that ANGPTL4 and LPL
interact already before being secreted by the cell, at least in adipocytes, causing the
intracellular degradation of LPL (17). Specifically, we observed that Angpt/4-/- adipocytes
secrete markedly more LPL compared with wild-type adipocytes. Our studies also indicated
that the increase in ANGPTL4 protein during fasting diverts LPL away from secretion
towards degradation, strongly suggesting that ANGPTL4 is the long sought after factor
responsible for the redistribution of LPL mass in adipocytes during fasting (39). The data in
the present paper suggest that induction of LPL cleavage in adipocytes by ANGPTL4
represents an intermediate stage in the degradation pathway of LPL triggered by ANGPTL4
and activated during fasting (Figure 11). As a consequence, less LPL is available for transport
to the endothelium to carry out the hydrolysis of circulating triglycerides. At the molecular
level, it can be hypothesized that the ANGTL4-induced unfolding of LPL and dissociation of
LPL dimers unmasks the PCSK cleavage site at residues 321- 324, thereby rendering LPL
more susceptible to cleavage and subsequent degradation (13, 14, 26).

Besides being subject to further intracellular degradation, the N- and C-terminal LPL
cleavage fragments can also be secreted (17). It is possible that C-terminal LPL is retained
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on the cell surface via HSPG. This is not the case for N-terminal LPL, which lacks the ability
to bind HSPG. Cleavage of LPL may also occur extracellularly (25, 26) (Figure 11).

As indicated above, the induction of PCSK-mediated LPL cleavage by ANGPTL4 occurs
intracellularly, strengthening the notion that ANGPTL4 is able to act inside the cell.
Preliminary evidence from our group indicates that ANGPTL4 may also influence the
secretion of other proteins. There is evidence that the intracellular mode of action of
ANGPTL4 extends to ANGPTL3 as well (40), and as such may provide a new mechanistic
framework underlying certain functional properties of this class of proteins.

Interestingly, a previous report indicated that liver-derived ANGPTL3 also enhances the
cleavage of LPL, possibly by serving as a cofactor for PCSKs (25). This action was suggested
to lead to inactivation of LPL and the release of LPL from the endothelial cell surface. Since
ANGPTL3 and LPL are not produced in the same cell, the effect of ANGPTL3 on PCSK-
mediated LPL cleavage is likely extracellular. A previous study in the Huh7 human liver cell
line hinted at a similar stimulatory effect on LPL cleavage by ANGPTL4 (21). These data
suggest that the induction of PCSK-mediated LPL cleavage may be a common property of
ANGPTL3 and ANGPTL4. An interesting twist to the story is that PCSKs not only cleave LPL
but also ANGPTL4 and ANGPTL3, releasing their N-terminal domain (21, 22, 24, 41). Since
the N-terminal domains of ANGPTL4 and ANGPTL3 mediate the inhibition of LPL, the
cleavage of ANGPTL4 and ANGPTL3 may potentiate LPL inhibition. All together, these data
raise the possibility that PCSKs might reduce LPL activity by two complementary cleavage
mechanisms (21, 24).

We found that PCSK3 is for a large part responsible for the intracellular cleavage of LPL in
mouse adipocytes. Previously, PCSK3 was already found to be the primary convertase
responsible for cleavage of endothelial lipase in hepatocytes (24). In contrast to PCSK3,
which localizes to the trans-Golgi and the endosomes, other PCSKs such as PCSK5 (PC5/6)
and PCSK6 (PACE4) are mainly activated and present on the cell surface, anchored to HSPGs
(19). Similar to PCSK3, PCSK5 and PCSK6 are widely expressed, recognize similar target
sequences and share multiple target proteins (19). Hence, it is possible that the observed
extracellular cleavage of LPL, leading to the release of cleavage products in the cell culture
medium, reflects the action of PCSK5 and PCSK6. Indeed, in vitro transfection studies have
shown that LPL can also be cleaved by PCSK5 and PCSK6 (26, 25). Interestingly, in our
experiments, PCSK inhibition did not lead to an increase in full length LPL. The reason
remains unclear.

An interesting question concerns the rationale behind PCSK3-mediated cleavage of LPL.
PCSK3 catalyzes the maturation of a variety of proproteins, including growth factors and
pathogen recognizing proteins (42), and is essential for proper embryonal development
(43). Whereas the action of PCSK3 towards certain proproteins results in their activation,
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the PCSK- mediated cleavage of endothelial lipase results in the inactivation of the protein
(24, 26). Similarly, it is likely that the PCSK3-mediated cleavage of LPL serves to inactivate
LPL rather than to activate LPL. Consistent with this notion, cleaved LPL products that were
found in human pre- heparin plasma had little LPL activity (44). Furthermore, mutations
G409R or E410V in the human LPL gene that are characterized by enhanced cleavage of LPL
in vitro cause a severe chylomicronaemia (45). Our data support the idea that PCSK-
mediated cleavages of LPL serves to inactivate LPL and indicate that N-terminal LPL is
efficiently cleared by the lysosomes.

Besides being part of the degradation of LPL, it can be hypothesized that PCSK-mediated
cleavage of LPL may serve to separate the N- and C-terminal fragments of LPL, which each
might have specific physiological functions that complement or extend beyond LPL's
capacity to hydrolyze triglycerides. For example, the C- terminal domain of LPL was
previously found to mediate the margination of triglyceride-rich lipoproteins to the
endothelium (46). However, it is questionable whether the C-terminal domain alone is
capable of translocating to the endothelium via GPIHBP1 (47). Likewise, the separate
fragments are unlikely to bind to HSPGs on the cell surface, as both monomeric LPL and C-
terminal LPL have a much lower affinity for HSPGs compared to full-length dimeric LPL (48,
49). Overall, there is insufficient evidence that the N- and C-terminal fragments of LPL carry
specific biological functions and thus that the cleavage of LPL serves any other purpose than
LPL degradation.

In conclusion, we demonstrate that LPL is cleaved in adipocytes by PCSK3 and that this
cleavage is stimulated by the LPL inhibitor ANGPTL4. We propose that the stimulation of
LPL cleavage by ANGPTL4 is part of the degradation pathway of LPL in adipocytes during
fasting.
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Figure 11. Schematic model of the role of ANGPTL4 in intracellular LPL processing. ANGPTL4 causes the
intracellular unfolding of LPL and dissociation of LPL dimers into monomers, rendering LPL more prone to cleavage
by PCSK3. Cleaved LPL is further subject to degradation in lysosomes. This action of ANGPTL4 leads to reduced
secretion of LPL and reduced delivery of LPL to the endothelial surface by GPIHBP1. Besides being subject to further
intracellular degradation, the N- and C-terminal LPL cleavage fragments can also be secreted. Cleavage of LPL may
also occur extracellularly (25, 26). PCSK3 = Proprotein convertase subtilisin/kexin type 3, GPIHBP1=
glycosylphosphatidylinositol anchored high density lipoprotein binding protein 1, HSPG = heparan sulphate

proteoglycans, ER = endoplasmic reticulum.
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Experimental procedures

All animal experiments were performed in accordance with Directive 2010/63/EU from the
European Union. All animal studies were reviewed and approved by the Animal Ethics
Committee of Wageningen University.

Chemicals

AICAR, dexamethasone, IBMX, insulin, rosiglitazone, and intralipid were from Sigma. Dec-
RVKR-CMK was from Cayman Chemicals (via Sanbio, Uden, The Netherlands). A769662 was
from Tocris (Tocris Bioscience, Bristol, United Kingdom).

Human adipose tissue

Human adipose tissue was obtained from the cross-sectional MONDIAL cohort (51). Briefly,
the MONDIAL study (as an acronym for Markers of Organ health in Non-diabetic and
Diabetics; Intestine, Adipose tissue & Liver) was a cross-sectional study in patients
undergoing bariatric surgery at Rijnstate hospital/Vitalys clinics in Arnhem, the
Netherlands. In this study, tissue samples were obtained from residual biological material
from patients undergoing either a primary laparoscopic Roux-en-Y gastric bypass or a
primary laparoscopic gastric sleeve procedure. The study was approved by the local ethics
committee of Rijnstate hospital.

Mouse studies

Wild-type and Angptl4-/- mice on a C57Bl/6 background were used that were bred and
maintained in the same facility for more than 20 generations(52). Angpt/4-/- mice were
generated via homologous recombination of embryonic stem cells, and lack part of the
Angptl4 gene, resulting in a non-functional ANGPTL4 protein. The Angptl/4-/- mice were
imported to our animal facility in 2006 as strain B6.129P2-Lp139tm1 N10 from Taconic
(Germantown, NY, USA) (kind gift of Dr. Anja Koster, Eli Lilly, Indianapolis, IN, USA). Mice
were individually housed in temperature- and humidity-controlled specific pathogen-free
conditions. Mice had ad libitum access to food and water. For the fasting experiment, male
wild-type and Angptl4-/- mice between the age of 4-6 months were used. Fasted mice were
fasted from 15:00 h and sacrificed the next day between 9:00 h and 10:00 h. Refed mice
were fasted from 15:00 h, refed with chow the next day at 6:00 h and sacrificed between
9:00 h and 10:00 h. Mice were anaesthetized with a mixture of isoflurane (1.5%), nitrous
oxide (70%) and oxygen (30%). Blood was collected by orbital puncture into EDTA tubes.
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Mice were killed by cervical dislocation, after which tissues were excised and directly frozen
in liquid nitrogen. For the tissue panel, wild-type mice (n=4) were euthanized and multiple
tissues were harvested, snap-frozen in liquid nitrogen and stored at -80° C until further
analyses.

Cell culture

3T3-L1 fibroblasts (P7-P16) were maintained in DMEM (Lonza, Verviers, Belgium)
supplemented with 10% newborn calf serum (NCS) (Lonza) and 1% penicillin/streptomycin
(P/S) (Lonza). Two days post-confluency, cells were switched to DMEM, supplemented with
10% fetal bovine serum (FBS), 1% P/S, 0.5 mM IBMX, 10 uM dexamethasone, 5 pg/mL
insulin for 2 days. Subsequently, cells were maintained in DMEM supplemented with 10%
FBS, 1% P/S, and 5 pg/mL insulin for 6 days and switched to DMEM with 10% FBS and 1%
P/S for 3 days, after which experiments were performed as indicated in figure legends (53).
To examine the accumulation of amino-terminal LPL on the cell surface, mature 3T3-L1
adipocytes were incubated with 10 IU/mL heparin for 20 minutes.

3T3-F442a cells (P8-P14, Sigma) were maintained in DMEM (Lonza), supplemented with
10% NCS and 1% P/S. At confluency, cells were switched to DMEM (Lonza) supplemented
with 10% FBS, 1% P/S and 5 pg/mL insulin (Sigma) to stimulate differentiation. During
differentiation, medium was changed every 2/3 days. After 10 days, cells were switched
back to regular medium and used for experiments 2/3 days later.

For isolation and differentiation of primary adipocytes, inguinal WAT was removed from
Angptl4-/- and wild-type mice and placed in DMEM supplemented with 1% P/S and 1%
bovine serum albumin (BSA) (Sigma-Aldrich) (17). Material from 2-3 mice was pooled,
minced with scissors, and digested in collagenase-containing medium [DMEM with 3.2 mM
CaCly, 1.5 mg/mL collagenase type Il (C6885, Sigma-Aldrich), 10% FBS, 0.5% BSA, and 15
mM HEPES] for 1 h at 37°C. Following digestion, the cells were filtered through a 100 pum
cell strainer (Falcon) to remove remaining cell clumps. The cell suspension was centrifuged
at 1600 rpm for 10 min, after which the supernatant was removed and the pellet was
resuspended in erythrocyte lysis buffer (155 mM NH4Cl, 12 mM NaHCOs, 0.1 mM EDTA).
Upon incubation for 2—3 minutes at room temperature, cells were centrifuged at 1200 rpm
for 5 min and the pelleted cells were resuspended in DMEM + 10% FCS + 1% P/S and plated.
Upon confluency, the cells were differentiated according to the protocol as described above
for 3T3-L1 cells, with the addition of 1 uM rosiglitazone during the initial differentiation
step.

For WAT explants, gonadal WAT was taken from wild-type mice and Angptl/4-/- mice and
placed in DMEM supplemented with 1% P/S and 1% BSA. Fat pads were minced into small
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pieces and divided into small mounds of WAT (~50-100 mg of tissue). WAT explants were
placed into wells containing medium (DMEM with 1% P/S and 10% FCS) and incubated as
indicated in the figure legends. Next, the medium was harvested and explant weights were
determined. Explants were immediately lysed to prepare protein extracts.

siRNA-mediated knockdown

Dharmacon ON-TARGETplus SMARTpool siRNAs against mouse Pcsk3 and Angptl4 were
purchased from Thermo Fisher-Scientific. siRNAs were diluted in Dharmacon 1x siRNA
buffer (final concentration 20 mM KCl, 6 mM HEPES pH 7.5, 0.2 mM MgCL,). Transfections
for Pcsk3 were performed with Lipofectamine RNAIMAX transfection reagent (Life
Technologies, Bleiswijk, The Netherlands) at a concentration of 10 nM siRNA and 1.5 uL
transfection reagent for a 24-wells plate. Transfections for Angptl4 were performed at a
concentration of 25 nM siRNA and 2 pL Lipofectamine in a 24-wells plate. To examine the
impact of either knockdown on LPL cleavage, mature 3T3-L1 adipocytes were washed with
PBS, trypsinized and collected in DMEM. Following centrifugation at 1250 rpm for 5
minutes, pelleted cells were re-suspended and filtered through a 70 uM cell strainer.
Adipocytes were plated at 70% confluency and two hours later siRNAs complexed to
Lipofectamine were added. Cleavage of LPL was examined after 48 hours of incubation.

Western blots

Mouse or human fat pads, WAT explants, differentiated primary adipocytes, and
differentiated 3T3-L1 and 3T3-F442a adipocytes were lysed in RIPA buffer (25 mM Tris-HCI
pH 7.6, 150 mM NaCl, 1% NP-40, and 0.1% SDS; Thermo Fisher-Scientific, Landsmeer, The
Netherlands) supplemented with protease and phosphatase inhibitors (Roche Diagnostics,
Almere, The Netherlands). Following homogenization, lysates were placed on ice for 30
minutes and centrifuged 2—-3 times at 13,000 rpm for 10 min at 4°C to remove fat and cell
debris. Concentration of protein lysates was determined by using a bicinchoninic acid (BCA)
assay (Thermo Fisher-Scientific). Protein lysates (10—30 pg protein per lane) or medium
aliquots (10-15 pL) were loaded onto 8-16% or 10% Criterion gels (Bio-Rad, Veenendaal,
The Netherlands). Next, proteins were transferred onto a PVDF membrane using the
Transblot Turbo System (Bio-Rad). Membranes were probed with a goat anti-mouse LPL
antibody (28); mouse anti-human LPL antibodies 88b8 and 5D2 (27), a rabbit anti-mouse
HSP90 antibody (Cell Signaling Technology, #4874); a rat anti-mouse ANGPTL4 antibody
(Kairos 142-2, Adipogen); a mouse anti-mouse B-TUBULIN (sc-5274, Santa Cruz); or a rabbit
anti-mouse PCSK3 (Abcam, ab183495) at 1:5000 (mLPL), 1:2000 (HSP90) or 1:1000 (PCSK3,
ANGPTL4, hLPL and B-TUBULIN) dilutions. Blocking and the incubation of primary and
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secondary antibodies were all done in Tris-buffered saline, pH 7.5, 0.1% Tween-20 (TBS-T),
and 5% w/v skimmed milk. In between, membranes were washed in TBS-T. Quantification
was performed with the ChemiDoc MP system (Bio-Rad) and Clarity ECL substrate (Bio-Rad).
Equal loading of medium samples was verified by Coomassie blue staining.

Glycosylation of ANGPTL4 & LPL

Glycosylation of ANGPTL4 and LPL was analyzed by western blotting, as described above,
after digestion of 10-20 pg with EndoH, PNGase or Protein Deglycosylation Mix (New
England Biolabs), according to the manufacturer’s instructions.

RNA isolation and qPCR

To isolate RNA, tissues or cells were homogenized using TRIzol (Thermo Fisher-Scientific) in
a Qiagen Tissue lyser Il (Qiagen, Venlo, The Netherlands) or by pipetting up and down. RNA
was reverse transcribed using the First Strand cDNA synthesis kit (Thermo Fisher-Scientific).
gPCR analyses were done on a CFX384 Real-Time PCR platform (Bio-Rad) with the SensiMix
PCR mix from Bioline (GC biotech, Alphen aan de Rijn, The Netherlands).
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Chapter 5

Abstract

ANGPTL4 regulates plasma lipids, making it an attractive target for correcting dyslipidemia.
However, ANGPTL4 inactivation in mice fed a high fat diet causes chylous ascites, an acute-
phase response, and mesenteric lymphadenopathy. Here, we studied the role of ANGPTL4
in lipid uptake in macrophages and in the above-mentioned pathologies using Angptl4-
hypomorphic and Angptl4—/— mice. Angptl4 expression in peritoneal and bone marrow-
derived macrophages was highly induced by lipids. Recombinant ANGPTL4 decreased lipid
uptake in macrophages, whereas deficiency of ANGPTL4 increased lipid uptake,
upregulated lipid-induced genes, and increased respiration. ANGPTL4 deficiency did not
alter LPL protein levels in macrophages. Angptl4-hypomorphic mice with partial expression
of a truncated N-terminal ANGPTL4 exhibited reduced fasting plasma triglyceride,
cholesterol, and non-esterified fatty acid levels, strongly resembling Angptl4—/— mice.
However, during high fat feeding, Angptl4-hypomorphic mice showed markedly delayed
and attenuated elevation in plasma serum amyloid A and much milder chylous ascites than
Angptl4—/— mice, despite similar abundance of lipid-laden giant cells in mesenteric lymph
nodes. In conclusion, ANGPTL4 deficiency increases lipid uptake and respiration in
macrophages without affecting LPL protein levels. Compared with the absence of ANGPTL4,
low levels of N-terminal ANGPTL4 mitigate the development of chylous ascites and an
acute-phase response in mice.

Keywords: Angiopoietin-like 4; lipoprotein lipase; dyslipidaemia; macrophage foam cells;
inflammation; glucose homeostasis.
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Introduction

Elevated plasma triglyceride levels are increasingly considered as an independent risk factor
for cardiovascular diseases (1-3). Triglycerides circulate in the blood in two major forms: as
chylomicrons carrying the dietary triglycerides, and as very-low density lipoproteins
carrying endogenously produced triglycerides (4). The clearance of plasma triglycerides is
primarily mediated by the action of lipoprotein lipase (LPL). This secretory enzyme is
produced by parenchymal cells of fat tissue, skeletal muscle, and heart, as well as by
macrophages. With the help of the endothelial protein glycosylphosphatidylinositol-
anchored high-density lipoprotein binding protein 1 (GPIHBP1), LPL is transferred from the
surface of the sub-endothelial myocytes and adipocytes to the luminal side of the capillary
endothelium. There, LPL hydrolyses the triglycerides contained in the triglyceride-rich
lipoproteins to release fatty acids for uptake by the underlying tissues (5—8). The activity of
LPL is regulated post-translationally by numerous factors, many of which are produced in
the liver, including several apolipoproteins. In addition, LPL activity is governed by several
members of the family of Angiopoietin-like proteins: ANGPTL3 (9) ANGPTL4 (10-12), and
ANGPTLS8 (13-15).

ANGPTL3 is produced in the liver and cooperates with ANGPTLS8 to inhibit LPL activity in
peripheral tissues (15-17). The role of ANGPTL3/ANGPTLS in LPL regulation is particularly
important in the fed state (18). By contrast, ANGPTL4 mainly plays a role in LPL regulation
in the fasted state (19). Individuals who carry an inactive variant of ANGPTL4 exhibit lower
levels of circulating triglycerides and have decreased odds of developing coronary heart
disease (20, 21). In mice, overexpression of ANGPTL4 potently represses LPL activity and
leads to hypertriglyceridemia, whereas deletion of ANGPTL4 stimulates LPL activity and
drastically reduces plasma triglyceride levels (18, 22). In contrast to ANGPTL3, which
functions as an endocrine factor, ANGPTL4 likely serves as a local regulator of LPL in tissues
where LPL and ANGPTL4 are co-produced (23). Inhibition of LPL is mediated by the N-
terminal coiled-coiled domain of ANGPTL4, causing the unfolding and inactivation of LPL,
which may be accompanied by a change in the aggregation state of LPL (19, 24, 25). In
adipocytes, ANGPTL4 promotes the cleavage and subsequent degradation of LPL, thereby
preventing the delivery of LPL to the endothelial surface (26, 27). The important role of
ANGPTL4 in governing plasma lipid levels in humans has made ANGPTL4 an attractive
therapeutic target for correcting dyslipidemia and associated cardiovascular disorders.

However, we and others have shown that disabling ANGPTL4, either via monoclonal
antibody-mediated or genetic inactivation, leads to a highly pro-inflammatory and
ultimately lethal phenotype in mice fed a high saturated fat diet (28, 29). This marked
phenotype includes mesenteric lymphadenopathy—characterized by the presence of lipid-
laden Touton giant cells in mesenteric lymph nodes—as well as fibrinopurulent peritonitis,
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chylous ascites, and marked elevation of acute-phase proteins in plasma, such as serum
amyloid A and haptoglobin (29, 30). Accumulation of lipids in mesenteric lymph nodes was
also observed in several female monkeys treated with an anti-ANGPTL4 antibody (21).
Although there is so far no evidence pointing to the occurrence of abdominal
lymphadenopathy in humans homozygous for an inactive ANGPTL4 variant (21), currently
the therapeutic prospects of whole body ANGPLT4 inactivation are not very favourable.

The deleterious effects of ANGPTL4 inactivation in mesenteric lymph nodes were previously
attributed to the role of ANGPTL4 as LPL inhibitor in macrophages. Specifically, ANGPTL4
inactivation would increase LPL activity, leading to excessive lipid uptake in macrophages
and a concomitant pro-inflammatory response (29). We have shown that recombinant
ANGPTLA represses lipid uptake into peritoneal macrophages incubated with chyle (29).
However, whether endogenous ANGPTL4 suppresses lipid uptake into macrophages was
not addressed. Accordingly, the first aim of our paper was to examine the influence of
endogenous ANGPTL4 on lipid uptake and utilization in macrophages and explore the
underlying mechanisms.

The mouse model that revealed the effect of ANGPTL4 inactivation on mesenteric
lymphadenopathy and other pathologies is a whole body ANGPTL4 knock-out model
characterized by the deletion of exons 2 and 3 and part of intron 1, leading to the absence
of ANGPTL4 protein (31). Whether other and milder forms of genetic ANGPTL4 inactivation
in mice provoke a similar phenotype upon feeding a high saturated fat diet is unclear.
Accordingly, the second aim of our paper was to further investigate the role of ANGPTL4 in
the aforementioned pathologies using Angptl4-hypomorphic mice.

Materials and Methods

Animal studies

Animal studies were performed in male purebred wild-type (WT), Angpt/4™® and Angptl4~
/~mice. All mice were on the same C57BI/6 background strain. The Angpt/4"P mice were a
kind donation from Dr. Nguan Soon Tan (Nanyang Technological University, Singapore). The
Angptl4™P mice can also be classified as Angpt/4 knockout-first mice (32), which upon
stepwise crossing with mice expressing flippase recombinase and Cre recombinase can be
used to generate a tissue-specific Angptl4 knockout mouse model (33, 34). The sequence
of the Angptl4 construct is available at: https://www.i-
dcc.org/imits/targ rep/alleles/5215/escell-clone-genbank-file
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High fat diet intervention: Eleven to 16-week-old mice (10 wild-type, 11 Angpt/4™P and 8
Angptl47") were fed a high fat diet containing 45 energy percent as triglycerides (D12451,
Research Diets Inc., New Brunswick, NJ). The high fat feeding of the 3 groups of mice was
not done in parallel. After week 2 and 4 of the intervention, blood samples were collected
to measure plasma serum amyloid A (SAA). After 20 weeks, blood was collected via orbital
puncture under isoflurane anaesthesia. Immediately thereafter, the mice were euthanized
by cervical dislocation. Tissues were excised and immediately frozen in liquid nitrogen
followed by storage at —80°C. The animal studies were approved by the Local Animal Ethics
Committee of Wageningen University (AVD104002015236: 2016.W-0093.005, 2016.W-
0093.007).

Fasting intervention: Mice were fed a standard chow diet since weaning. Mice were either
kept on chow or fasted for 24 hours and euthanized between 9.00 and 11.00 hours. Blood
was collected via orbital puncture under isoflurane anaesthesia. Immediately thereafter,
the mice were euthanized by cervical dislocation. Tissues were excised and immediately
frozen in liquid nitrogen followed by storage at -80°C.

Intraperitoneal glucose tolerance test: After 18 weeks of high fat diet, the mice were fasted
for 5 hours prior to the glucose tolerance test. The mice were injected intraperitoneally
with glucose (1g/kg body weight) (Baxter, Deerfield, IL, USA). Blood samples from tail vein
bleeding were tested for glucose levels at different time points following glucose injection
using a GLUCOFIX Tech glucometer and glucose sensor test strips (GLUCOFIX Tech, Menarini
Diagnostics, Valkenswaard, The Netherlands).

Histology

Haematoxylin and eosin staining was performed on the mesenteric lymph nodes. During
the mice sections, lymph nodes were isolated into plastic cassettes and immediately fixated
in 4% paraformaldehyde. The tissues were processed and embedded into paraffin blocks.
Thin sections of the blocks were made at 5 um using a microtome and placed onto
Superfrost glass slides followed by overnight incubation at 37°C. The tissues were stained
in Mayer hematoxylin solution for 10 minutes and in eosin for 10 seconds at room
temperature with intermediate washings in ethanol. The tissues were allowed to dry at
room temperature followed by imaging using light microscope.
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Quantification of plasma parameters

Blood samples were collected into EDTA-coated tubes and centrifuged at 4°C for 15 min at
10,000 g. Plasma was collected and stored at -80°C. ELISA kits were used to measure plasma
serum amyloid (SAA) (Tridelta Development Ltd, Ireland) and haptoglobin (Abcam,
Cambridge, UK) according to manufacturer’s protocol. Measurement of plasma levels of
triglycerides, non-esterified fatty acids (NEFA) and glycerol were performed using kits from
HUMAN Diagnostics (Wiesbaden, Germany) according to manufacturer’s protocol. Plasma
levels of cholesterol and glucose were also measured using kits from Diasys Diagnostics
Systems (Holzheim, Germany) according to manufacturer’s protocol.

LPL activity measurements

LPL activity levels in epididymal white adipose tissues were measured in triplicate with a
[®H] triolein-labeled lipid emulsion as previously described (35). Protein contents in
homogenates of adipose tissue were measured using Markwell’s modified Lowry method
(36).

Cell Culture

Bone marrow cells were isolated from femurs of wild-type or Angpt/47~ mice following
standard protocol and differentiated into macrophages (bone marrow-derived
macrophages) in 6-8 days in Dulbecco’s modified eagle’s medium (DMEM; Lonza, Verviers,
Belgium) containing 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin (PS)
supplemented with 20% L929-conditioned medium (L929). After 6-8 days, non-adherent
cells were removed and adherent cells were washed and plated in 6-, 12-, or 48 well plates
in DMEM/FBS/PS + 5% L929. After 24 hours, the cells were washed with PBS and treated.
Peritoneal macrophages were obtained by infusion, and subsequent collection of ice-cold
PBS from the abdominal cavity, and frozen directly or brought into culture in DMEM
containing 10% FBS and 1% PS. RAW264.7 macrophages were cultured in DMEM containing
10% FBS and 1% P/S. All cells were maintained in a humidified incubator at 37°C with 5%
CO,.

Inguinal white adipose tissue from 3-4 WT, Angpt/4"® and Angptl/4™~ mice was collected
and placed in DMEM supplemented with 1% PS and 1% bovine serum albumin (BSA; Sigma-
Aldrich). Material was minced with scissors and digested in collagenase-containing medium
(DMEM with 3.2 mM CaCl,, 1.5 mg/ml collagenase type Il (C6885, Sigma-Aldrich), 10% FBS,
0.5% BSA, and 15 mM HEPES) for 1 h at 37°C, with occasional vortexing. Cells were filtered
through a 100-pum cell strainer (Falcon) to remove remaining cell clumps and lymph nodes.
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The cell suspension subsequently was centrifuged at 1600 rpm for 10 min and the pellet
was resuspended in erythrocyte lysis buffer (155 mM NH4Cl, 12 mM NaHCOs, 0.1 mM
EDTA). Upon incubation for 2 min at room temperature, cells were centrifuged at 1200 rpm
for 5 min and the pelleted cells were resuspended in DMEM + 10% FBS + 1% P/S and plated.
Upon confluence, the cells were differentiated according to the protocol as described
previously (14, 15). Briefly, confluent SVFs were plated in 1:1 surface ratio, and
differentiation was induced 2 days afterwards by switching to a differentiation induction
cocktail (DMEM containing 10% FBS, 1% P/S, 0.5 mM isobutylmethylxanthine, 1 uM
dexamethasone, 7 pug/ml insulin and 1 uM rosiglitazone) for 3 days. Subsequently, cells
were maintained in DMEM supplemented with 10% FBS, 1% P/S, and 7 pug/ml insulin for 3-
6 days and switched to DMEM with 10% FBS and 1% P/S for 3 days. Average rate of
differentiation was at least 80% as determined by eye.

Cell culture experiments and chemical treatments

Bone marrow-derived macrophages (BMDM) and peritoneal macrophages were exposed
to 0.5 mM intralipid or 0.5 mM oleic acid (Sigma-Aldrich) for 6 hours in DMEM/PS media.
The oleic acid was conjugated to BSA at a ratio of 2:1 (BSA:oleic acid). BMDM were also
treated with synthetic PPAR agonists; 1 uM Wy14643, 1 uM rosiglitazone, 1 uM L165041, 1
UM GW501516 or vehicle control for 6 hours. All PPAR agonists were obtained from Sigma-
Aldrich. Peritoneal macrophages and RAW264.7 cells were incubated for 6 hours with
lymph (final triglyceride concentration of 2 mM, which was collected from rats provided
with palm-oil based high fat diet overnight). BMDM were co-incubated for 6 hours with 10
UM orlistat (Sigma-Aldrich) and 0.5 mM intralipid. RAW264.7 macrophages treated with 0.5
mM intralipid or lymph was incubated with or without 0.5 pg/mL recombinant ANGPTL4
(R&D Systems, Abingdon, UK). In a separate experiment, BMDM of wild-type and Angpti4~
= mice were exposed to ER to Golgi transport inhibitors Monensin (10 uM, 3 hours, Cayman
Chemicals) and Brefeldin A (5 pug/mL, 4 hours, Sigma-Aldrich), proteasomal degradation
inhibitor MG132 (40 uM, 4 hours, Sigma-Aldrich) and lysosomal degradation inhibitors e64d
(20 uM, 24 hours, Sigma-Aldrich) and Leupeptin (5 uM, 16 hours, Cayman Chemicals).

Oil red-O staining

Oil red-0 staining was performed in RAW264.7 cells incubated with intralipid or lymph in
the presence or absence of recombinant ANGPTL4. A stock of oil red O (Sigma) was
prepared by dissolving 0.5 g in 500 ml of isopropanol. Working concentrations were made
by dissolving stock concentrations with water (3 stock : 2 water) and filtered. Treated cells
were washed twice with PBS, followed by fixation with 4% formalin for 30 min. The cells
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were then washed twice with PBS and incubated with oil red-O dye for 20 min. The stained
cells were washed 3 times with ddH,0 after which cells were visualised under a light
microscope and pictures taken.

Bodipy staining

For visualization of lipid droplets, BMDM of wild-type and Angpt/4/~ mice were washed
with PBS, fixated in 4% formalin and subsequently stained with 1 ng/mL Bodipy 493/503
(ThermoFisher Scientific, Landsmeer, The Netherlands).

RNA isolation and quantitative real-time PCR

Total RNA was isolated from tissues and cells by homogenizing in TRIzol (Thermo Fisher
Scientific) either with a Qlagen Tissue Lyser Il (Qiagen, Venlo, The Netherlands) or by
pipetting up and down. Reverse transcription was performed using the iScript™ cDNA
Synthesis Kit (Biorad) according to the manufacturer’s protocol. Quantitative PCR
amplifications were done on a CFX384 real-time PCR platform (Bio-Rad) with the SensiMix
PCR mix from Bioline (GC Biotech, Alphen aan de Rijn, The Netherlands). Primer sequences
of genes are provided in Supplemental Table 1. Gene expression values were normalized to
the housekeeping gene 36b4 (RplpO, ribosomal protein lateral stalk subunit PO).

Microarray analysis

RNeasy mini columns (Qiagen, Venlo, the Netherlands) were used to isolate RNA from
mouse peritoneal macrophages that were incubated for 6 hours with 0.5 mM intralipid in
the presence or absence of 2.5 pg/mL recombinant ANGPTL4. RNA quality was verified on
an Agilent 2100 Bioanalyzer (Agilent Technologies, Amsterdam, The Netherlands) using
6000 Nano Chips according to manufacturer’s instructions. RNA was considered suitable for
array hybridization only if RNA integrity number exceeded 8.0. RNA from 3 samples per
group was pooled for microarray analysis. One hundred nanogram of RNA was used for
Whole Transcript cDNA synthesis (Affymetrix, Santa Clara, CA). Hybridization, washing, and
scanning of Affymetrix GeneChip Mouse Gene 1.0 ST Arrays were carried out according to
standard Affymetrix protocols. Scans of the Affymetrix arrays were processed using
packages from the Bioconductor project. Arrays were normalized using the Robust Multi-
array Average method (37, 38). Probe sets were defined by assigning probes to unique gene
identifiers, e.g. Entrez ID (39). Changes in gene expression were calculated as signal log
ratio’s between treatment and control. These ratios were used to create heatmaps within
Excel.
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Affymetrix GeneChip analysis was carried out on WT mouse BMDM incubated with oleate
(250 uM) for 5 hours (40). CEL files were downloaded from the internet via Gene Expression
Omnibus (GSE77104) and processed as described above.

Extracellular flux analysis

Real-time oxygen consumption rates (OCR) of BMDM from wild-type and Angpt/4”/~ mice
were assessed using XF-96 Extracellular Flux Analyzer (Seahorse, Bioscience, Santa Clara,
CA, USA). Basal metabolic rates of BMDM seeded in quintuplicate were determined during
three consecutive measurements in unbuffered Seahorse medium (8.3 g DMEM powder,
0.016 g phenol red and 1.85 g NaCl in 1 L milli-Q, pH 7.4 at 37°C, sterile-filtered) containing
25 mM glucose and 2 mM L-glutamine. Measurements were performed after 6 hour
treatment with intralipid (0.5 mM) in the presence or absence of recombinant ANGPTL4
(0.5ug/mL). After basal measurements, three consecutive measurements were made
following addition of 1.5 pM oligomycin, 1.5 pM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and combination of 2 uM antimycin Aand 1 uM
rotenone. Pyruvate (1 mM) was added together with FCCP to fuel maximal respiration. All
compounds used during the Seahorse runs were acquired from Merck. Signals were
normalized to relative DNA content in the wells using the Quanti-iT™ dsDNA Assay kit
(ThermoFisher).

Western immunoblotting

Toisolate protein, mouse fat pads, differentiated primary adipocytes, primary macrophages
and whole adipose tissues were lysed in RIPA Lysis and Extraction Buffer (25 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS; Thermo Fisher Scientific)
supplemented with protease and phosphatase inhibitors (Roche Diagnostics, Almere, The
Netherlands). Following homogenization, lysates were placed on ice for 30 min and
centrifuged 2-3 times at 13,000 rpm for 10 min at 4°C to remove fat and cell debris.
Concentration of protein lysates was determined using a bicinchoninic acid assay (Thermo
Fisher Scientific). For assessment of LPL release, BMDM were treated for 20 mins with 10
IU/mL heparin (# 012866-08, LEO Pharma). For assessment of glycosylation of LPL, 2—30
ug of proteins was digested with endoglycosidase H (EndoH), (New England Biolabs)
according to manufacturer’s protocol. Protein lysates (10-30 pg of protein/lane) were
loaded onto 8-16% or 10% Criterion gels (Bio-Rad, Veenendaal, The Netherlands). Next,
proteins were transferred onto a polyvinylidene difluoride membrane using the Transblot
Turbo System (Bio-Rad). Membranes were probed with a goat anti-mouse LPL antibody
(41), a rabbit anti-mouse HSP90 antibody (#4874S, Cell Signaling), a rat anti-mouse
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ANGPTL4 antibody (Kairos 142-2, Adipogen) and a rabbit anti-mouse ANGPTL4 antibody
(742) (42) at 1:5000 (mLPL), 1:2000 (HSP90), or 1:1000 (ANGPTL4) dilutions. Blocking and
the incubation of primary and secondary antibodies were all done in TBS, pH 7.5, 0.1%
Tween 20 (TBS-T), and 5% (w/v) skimmed milk at 1:5000. In between, membranes were
washed in TBS-T. Quantification was performed with the ChemiDoc MP system (Bio-Rad)
and Clarity ECL substrate (Bio-Rad). Equal loading of medium samples was verified with
HSP90.

Statistical Analysis

Statistical analyses were performed using one-way ANOVA followed by Tukey HSD test or
by Student’s t test. Data are presented as mean + SEM (animal experiments) or mean + SD
(cell culture studies). P < 0.05 was considered statistically significant.
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Results

Angptl4 expression is sensitive to lipids and regulates lipid uptake in macrophages

We previously suggested that enhanced LPL-mediated lipid uptake in macrophages may be
at the basis of the mesenteric lymphadenopathy in Angpt/4~~ mice fed a high fat diet (29).
To better understand the role of endogenous ANGPTL4 in lipid uptake in macrophages, we
first studied the regulation of Angptl4 expression by lipids in macrophages. Treatment of
peritoneal macrophages with oleic acid markedly increased Angptl4 mRNA (Fig. 1A).
Similarly, treatment of peritoneal and bone marrow-derived macrophages with intralipid
markedly induced Angpt/4 mRNA (Fig. 1B). Interestingly, analysis of a publicly available
transcriptomics dataset indicated that Angptl4 is the most highly induced gene in BMDM
upon treatment with oleic acid (Fig. 1C) (43). Treatment of BMDM with the synthetic PPARy
agonist rosiglitazone and the synthetic PPARS agonists L165041 and GW501516 markedly
increased Angptl/4 mRNA (Fig. 1D). By contrast, the PPARa agonist Wy14643 had no effect
on Angptl4 expression. These data suggest that the effect of lipid treatment on Angptl4
expression in BMDM might be mediated by PPARS and/or PPARYy.

To study the effect of exogenous ANGPTL4 on lipid uptake in macrophages, RAW264.7
macrophages were treated with intralipid in the presence or absence of recombinant
ANGPTL4. ANGPTLA clearly reduced lipid accumulation, as shown by decreased Qil Red O
staining (Fig. 2A). Similar results were obtained in peritoneal macrophages incubated with
lymph, an endogenous lipid source (Fig. 2B). Transcriptomics analysis of peritoneal
macrophages treated with intralipid showed that the induction of lipid-sensitive genes by
intralipid was almost completely abolished in the presence of recombinant ANGPTL4 (Fig.
2C).

To study the effect of endogenous ANGPTL4 on lipid uptake in macrophages, wild-type and
Angptl4”~ BMDM were treated with intralipid. Lipid accumulation was distinctly higher in
Angptl4”~ macrophages than in wild-type macrophages, as shown by Bodipy staining (Fig.
2D). This effect could be abolished by treatment with orlistat, a serine hydrolase inhibitor
of LPL (Fig. 2D). Consistent with enhanced lipid uptake in Angpt/47~ macrophages, the effect
of intralipid on the expression of lipid-sensitive genes was much more pronounced in
Angptl4”~ BMDM than in wild-type BMDM (Fig. 2E). Similar results were obtained in
peritoneal wild-type

and Angptl4”~ macrophages upon loading with lymph (Fig. 2F). Together, these data
strongly suggest that ANGPTL4 controls lipid uptake in macrophages via regulation of LPL.
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Figure 1. Angptl4 expression is induced in primary macrophages by lipid stimulation or PPAR agonists. (A)
Angptl4 expression in peritoneal macrophages treated with 0.5 mM oleic acid for 6 hours. (B) Angptl4 expression
in peritoneal macrophages (left) and BMDM (right) treated for 6 hours with 0.5 mM intralipid. (C) Heatmap of top
10 most upregulated and top 10 most downregulated genes in BMDM treated for 5 hours with 250 uM oleic acid
or BSA (vehicle control) (GSE77104) (43). (D) Angptl4 expression in BMDM treated for 6 hours with 1 uM of PPAR
agonists Wy14643 (PPARa), GW501516 (PPARS), L165041 (PPARS) and rosiglitazone (PPARy) or vehicle (DMSO).
mRNA expression was normalized to 36b4. Data are mean * SD from 3 biological replicates; *p < 0.05, **p < 0.01
and ***p < 0.001 relative to vehicle control.
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Figure 2. ANGPTL4 deficiency promotes macrophage lipid uptake and magnifies the induction of lipid-sensitive
genes. (A) Oil red O staining of lipid droplets in RAW264.7 macrophages treated with 0.5 mM intralipid for 6 hours
in the presence or absence of 0.5 ug/mL recombinant ANGPTLA4. (B) Oil red O staining of lipid droplets in peritoneal
macrophages treated for 6 hours with lymph (final triglyceride concentration of 2 mM) in the presence or absence
of 0.5 pg/mL recombinant ANGPTL4. (C) Microarray heatmap showing expression profile of lipid-sensitive genes
in peritoneal macrophages treated for 6 hours with 0.5 mM intralipid in the presence or absence of recombinant
ANGPTL4. (D) Bodipy staining of Angptl/4*/* and Angptl4~- BMDM cultured with regular culture medium (Cntl), or
for 6 hours with 0.5 mM intralipid with or without orlistat. (E-F) mRNA expression of lipid sensitive genes in
Angptl4*/* and Angptl4~- BMDM treated for 6 hours with 0.5 mM intralipid (E) or peritoneal macrophages treated
for 6 hours with lymph (final triglyceride concentration of 2 mM) (F). mRNA expression was normalized to 36b4.
Data are mean * SD from 3 biological replicates; *p < 0.05, **p < 0.01 and ***p < 0.001 relative to untreated wild-
type; and #p < 0.05, ##p < 0.01 and ###p < 0.001 relative to wild-type + intralipid/lymph.

145

Chapter 5



Chapter 5

ANGPTL4 deficiency increases respiration in BMDM but does not influence LPL levels

To test if differences in lipid uptake between the genotypes are reflected in fuel utilization,
we measured real time metabolic fluxes in BMDM using the Seahorse machine (Fig. 3A).
Interestingly, after intralipid treatment, basal and maximal respiration was significantly
higher in Angptl4™- than wild-type macrophages (Fig. 3B). Treatment with exogenous
ANGPTLA resulted in slightly lower basal and maximal respiration in Angpt/4~7~ BMDM, but
this effect was not statistically significant. These data suggest that the inhibitory effect of
endogenous ANGPTL4 on LPL-mediated lipid uptake in macrophages is accompanied by a
decrease in fuel utilization.

We previously showed in primary adipocytes that ANGPTL4 deficiency is paralleled by
elevated LPL protein levels (26). To study the influence of ANGPTL4 deficiency on LPL
protein in macrophages, we performed Western blot for LPL in BMDM from wild-type and
Angptl4™~ mice, with and without intralipid treatment. In contrast to what was observed in
adipocytes, ANGPTL4 deficiency did not have any effect on LPL protein in macrophages and
did not alter the ratio between the active, endonuclease H-resistant form and the inactive,
endonuclease-sensitive form of LPL (Fig. 3C). In addition, the amount of LPL that could be
released into the medium by treatment of the macrophages with heparin did not differ
between the two genotypes (Fig. 3D).

Additional experiments showed that inhibition of ER to Golgi transport by Monensin and
Brefeldin A increased intracellular LPL levels, as did inhibition of proteasomal degradation
by MG132, albeit to a lesser extent (Fig. 3E). By contrast, inhibition of lysosomal proteases
using Leupeptin and e64d did not alter intracellular LPL accumulation in BMDM (Fig. 3E).
These data suggest that unlike LPL in adipocytes, LPL in macrophages is not subject to
lysosomal degradation but instead is broken down—at least partly—via proteasomal
degradation. Interestingly, none of these effects were influenced by ANGPTL4 deficiency
(Fig. 3E). These data indicate that in macrophages, inhibition of LPL activity by ANGPTL4 is
not accompanied by a decrease in LPL protein levels.
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Figure 3. ANGPTL4 deficiency increases respiration in BMDM but does not influence LPL abundance. (A) Real
time changes in oxygen consumption rate (OCR) in BMDM from Angptl4*/+ and Angptl4~/- mice in presence or
absence of recombinant ANGPTL4, treated with 0.5 mM intralipid for 6 hours, and assessed in unbuffered medium
during sequential injections with Oligomycin, FCCP, and antimycin A + rotenone. (B) Basal (left) and maximal (right)
oxygen consumption rate (OCR) in BMDM from Angptl4*/* and Angptl47- mice in presence or absence of
recombinant ANGPTL4 (0.5 pug/mL), incubated with 0.5 mM intralipid for 6 hours. Measurements were done in
quintuplicates in unbuffered medium. Data are mean * SD; ***p < 0.001. (C) Immunoblot of LPL in Angpt/4*/* and
Angptl4”- BMDM treated for 6 hours with or without 0.5 mM intralipid in the presence or absence of
endonuclease-H. (D) Immunoblot of LPL from culture medium of Angpt/4*/* and Angptl4- BMDM treated with or
without heparin. (E) Immunoblot of LPL in Angpt/4*/* and Angptl4~- BMDM treated with or without ER to Golgi
transport inhibitors Monensin (Mon; 10 uM for 3 hours) and Brefeldin A (BFA; 5 ug/mL for 4 hours), proteasomal
degradation inhibitor MG132 (40 uM for 4 hours) and lysosomal degradation inhibitors e64d (20 uM for 24 hours)
and Leupeptin (Leup; 5 uM for 16 hours). HSP90 or Coomassie staining serve as loading control.
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Angptl4-hypomorphic mice show partial expression of N-terminal exons and truncated
ANGPTL4 protein in adipose tissue and primary adipocytes

The second objective of this paper was to investigate whether in addition to the Angpt/4/-
model, an alternative model of genetic Angptl/4 inactivation also leads to a deleterious
phenotype in mice fed a high saturated fat diet. To that end, we used Angpt/4 knockout first
mice. The Angptl4 knockout first allele contains in intron 3 a reading frame—independent
LacZ gene trap cassette followed by a promoter-driven selection cassette (Fig. 4A). The
Angptl4 knockout first allele was designed to create tissue-specific Angptl4”~ mice by
subsequent crossing with mice expressing the FLP and Cre recombinase enzymes.
Interestingly, based on sequence analysis, it can be predicted that when omitting the FLP
and Cre recombinase reaction steps, the Angptl/4 knockout first allele might lead to the
production of a whole body mutant 32 kDa ANGPTL4 protein covering amino acid residues
1-186, followed by 102 amino acids originating from the EN2a splice acceptor site and the
internal ribosome entry site (Fig. 4B). Accordingly, we hypothesized that the Angptl4
knockout first allele may give rise to a truncated ANGPTL4 protein that contains the N-
terminal domain responsible for LPL inhibition. In the remainder of the paper, we will refer
to the ANGPTL4 knockout first mice as Angpt/4™® mice, as explained below.

To carefully characterize the Angpt/4™P mice, we performed gPCR for Angptl4 using cDNA
obtained from adipose tissue and primary adipocytes of wild-type, Angpt/4™° and Angptl4-
= mice. Primers were designed to amplify parts of the cDNA encoded by specific exons.
Remarkably, whereas no Angptl4 expression using any of the primers could be detected in
adipose tissue and adipocytes of Angptl4™~ mice, substantial Angpt/4 expression (approx.
30-50% of wild-type level) for exon 1-3 was found in the Angpt/4™P mice (Fig. 4C, D). By
contrast, no amplification was observed in the Angpt/4™? mice using primers directed
against the cDNA encoded by exons 4-7 (Fig. 4C, D). A similar expression profile of the
Angptl4 exons was observed in the liver of Angpt/4™P mice (Supplemental Fig. 1A). Further
PCR analysis of the cDNA suggested the presence of an mRNA comprising Angptl4 exons 1
to 3, the EN2a splice acceptor site, and more than 50% of the IRES site, but without the LacZ
gene (Supplemental table 2). These data indicate that the Angpt/4"™® mice produce a
mutated cDNA that may lead to the production of a truncated ANGPTL4 protein.

To verify this notion, we performed Western blot on adipose tissue of the three types of
mice using a monoclonal antibody directed against mouse ANGPTL4. A strong ANGPTL4
band at 50 kDa was observed in the wild-type mice (Fig. 4E). At this position, a weak band
was observed in the Angpt/4™ and Angptl4’~ mice, which is likely non-specific.
Interestingly, a band of around 32 kDa corresponding to the predicted size for the truncated
ANGPTLA protein was observed in the Angpt/4"™P mice but not in the Angpt/4~/~ mice (Fig.
4E). To verify that the designated bands indeed represent ANGPTL4, we used the same
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samples to perform Western blot using a polyclonal antibody directed against an epitope
close to the N-terminus of ANGPTL4. Similar results were obtained (Fig. 4E). These analyses
confirm that the Angpt/4"P mice produce a truncated ANGPTL4 protein containing the LPL
inhibitory domain, at levels that are far below the levels in wild-type mice. Accordingly, the
Angptl4™P mice represent a hypomorph. In line with previous studies, LPL protein levels
were increased in adipose tissue of Angpt/4~~ mice (Fig. 4E) (26, 27). LPL protein levels were
also increased in Angpt/4"P mice compared to wild-type mice (Fig. 4E, Supplemental Fig.
1B). Similarly, primary adipocytes of Angpt/4"? mice expressed low levels of a truncated N-
terminal ANGPTL4 protein (Fig. 4F, Supplemental Fig. 1C). Consistent with an effect of
truncated ANGPTL4 on LPL abundance, LPL protein levels in Angpt/4™P adipocytes were
markedly lower than in Angptl4~~ adipocytes, yet higher than in wild-type adipocytes (Fig.
4F).
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Figure. 4. Hypomorphic ANGPTL4 mice show reduced ANGPTL4 expression and reduced regulation on LPL. (A)
Schematic map of the Angptl4 locus by knockout first-allele strategy. (B) Full ANGPTL4 protein (upper scheme) and
predicted sequence of truncated ANGPTL4 (lower scheme) based on sequence analysis of the knockout first-allele
mice. mMRNA expression of all 7 exons of Angptl4 in epididymal adipose tissue (C) and primary adipocytes (D) of
Angptl4~/- and Angptl4"® mice relative to wild-type mice. Western blot showing full-length and N-terminal
ANGPTL4, and LPL in adipose tissue (E) and primary adipocytes (F) of the Angptl4-/-, Angptl4"® and wild-type mice.
mRNA expression was normalized to 36b4. Data are mean + SEM. N = 7 to 11 mice/group. s.e. and l.e. indicate
short exposure and long exposure, respectively.

150



Characterization of ANGPTL4 function in macrophages and adipocytes

Angptl4"? and Angptl4~/~ mice have similar plasma triglycerides and adipose LPL protein
levels after a 24-hour fast

In line with the alternative name fasting-induced adipose factor, the effects of Angpt/4
inactivation or overexpression on lipid metabolism are most prominent in the fasted state.
Accordingly, we measured basic plasma parameters in the three types of mice in the fasted
and fed state. Fasting plasma levels of triglycerides, cholesterol, and non-esterified fatty
acids were very similar between the Angpt/4™° and Angpt!4/~ mice, and were significantly
lower compared to the wild-type mice (Fig. 5A). These data suggest that Angpt/4"® and
Angptl4™~ mice are highly similar and that the low levels of N-terminal ANGPTL4 protein in
the Angpt/4™® mice have no discernible impact on plasma lipid parameters in the fasted
state.

Consistent with previous studies (35, 44), Angptl4 mRNA in adipose tissue was significantly
increased by fasting (Fig. 5B). Interestingly, fasting did not influence Angpt/4 mRNA in the
Angptl4™P mice. In line with these data and fitting with previous studies (27, 45), ANGPTL4
protein levels in wild-type adipose tissue were increased by fasting, concomitant with a
decrease in LPL protein levels (Fig. 5C, Supplemental Fig. 1D). By contrast, levels of
truncated ANGPTL4 protein remained unchanged or tended to decrease during fasting in
the Angptl4"P mice, while LPL protein levels went up (Fig. 5C, Supplemental Fig. 1D,E).

As previously shown (27), LPL protein was higher in Angpt/47~ mice compared with wild-
type mice (Fig. 5C). Importantly, the decrease in LPL protein upon fasting was abrogated in
Angptl4”~ mice, indicating that the increase in ANGPTL4 mediates the reduction in LPL
protein upon fasting. Interestingly, in the fed state, LPL protein levels were lower in
Angptl4"™P than Angpt/4”~ mice, whereas in the fasted, LPL protein levels were similar in
Angptl4"™P and Angptl4~/~ mice (Fig. 5C, Supplemental Fig. 1D). These data suggest that small
amounts of N-terminal ANGPTL4 in adipose tissue can decrease LPL protein levels,
presumably by promoting LPL degradation, specifically in the fed and not the fasted state.
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Figure 5. Similar regulation on plasma metabolites and LPL between Angptl4™ and
Angptl4-/- mice after 24-hour fast. (A) Plasma levels of triglycerides, glucose, cholesterol, non-esterified fatty acids
(NEFA) and B-hydroxybutyrate in fed (closed bars) and fasted (opened bars) mice. (B) mRNA expression from N-
terminal (left column) and C-terminal (right column) regions of Angptl/4 in epididymal adipose tissues of fed (closed
bars) and fasted (opened) mice. (C) Western blot of LPL and ANGPTL4 in epididymal adipose tissues from the 3
groups of mice in fed and fasted state. mMRNA expression was normalized to 36b4. Data are mean + SEM. N =7 to
11 mice/group. *p < 0.05, **p < 0.01 and ***p < 0.001 represent significance in fasted group relative to wild-type
fasted mice; #p < 0.05 represent significance in fed group relative to wild-type fed mice; and §§p < 0.01 relative to
wild-type fed mice. s.e. and l.e. indicate short exposure and long exposure, respectively.
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Angptla"™® mice show attenuated chylous ascites and acute inflammation but similar
levels of lymphadenopathy as Angptl4~~ mice

We have previously shown that Angpt/4™~ mice respond poorly to high saturated fat diet
characterized by the formation of lipid-laden Touton giant cells in mesenteric lymph nodes,
accumulation of chylous ascites in peritoneum and acute inflammation (30). To determine
the influence of low levels of N-terminal ANGPTL4 on the development of mesenteric
lymphadenopathy, chylous ascites and other pathologies, the three groups of mice were
fed a standard high fat diet rich in saturated fat for 20 weeks. Whereas the Angpt/4~ mice
showed a rapid and marked increase in serum amyloid A levels upon high fat feeding, serum
amyloid A levels in the Angpt!/4™P mice only went up after 20 weeks of high fat feeding (Fig.
6A). At this time point, hepatic expression of several acute-phase proteins in Angpt/4™P?
mice was significantly lower than or approximating the levels in Angpt/4~~ mice (Fig. 6B).
Besides a delayed increase in serum amyloid A, the development of chylous ascites was
much reduced in the Angpt/4"® mice compared to the Angpt/4~ mice. Whereas 7 out of 8
Angptl4”~ mice showed very pronounced ascites several weeks after starting the high fed
diet, leading to premature death in 6 Angpt/4”~ mice (30), at the end of the 20 weeks of
high fat feeding, all Angpt/4™P mice survived, with only 2 out of 11 Angpt/4™P mice showing
ascites, which was also very mild (Fig. 6C) (29, 30). The mesenteric adipose tissue of the
Angptl4™P mice with ascites showed the characteristic mesenteric panniculitis, but this was
less severe than in the Angptl/4”/~ mice (Fig. 6D). Of note, the frequency rate, severity of
ascites and full survival in the Angpt/4"® mice remained unchanged when extending the
high fat feeding to 36 weeks in 7 Angpt/4"® mice (data not shown). Despite the much milder
ascites and slower progression of the inflammatory phenotype, after 20 weeks of high fat
feeding nearly all mesenteric lymph nodes in the Angpt/4™P mice contained multiple lipid-
laden Touton giant cells (Fig. 6E). Specifically, Touton giant cells were present in mesenteric
lymph nodes of 10 out of 11 Angpt/4"® mice, 7 out of 8 Angptl4/~ mice but in none of the
wild-type mice. A summary of the clinical outcomes in the 3 groups of mice is presented in
Supplemental Table 3.

153

Chapter 5



Chapter 5

Plasma Serum amyloid (ng/mL) >
]
S
S

+/+
W Angptl4
B Angptid™”
ittt "
*e** W Angptl4

2 weeks 4 weeks 20 weeks

o9)
N
o
S

w
o
o

Saa2 mRNA
N
=}
o

-
[=3
o

154

-
(6,
o

©

o

< <60
o 2 2100 s
o ['4 x €

£ E 40
2 $ 50 3

S 520




Characterization of ANGPTL4 function in macrophages and adipocytes

Figure 6. Angptl4"® mice have less severe pathological phenotypes in response to 20-weeks of high fat diet
compared to Angptl4~/- mice. (A) Plasma levels of serum amyloid A after 2, 4 and 20 weeks of high fat diet. (B)
Relative hepatic expression of pro-inflammatory markers in three groups of mice. (C) Pictures showing levels of
ascites formation in the peritoneum of Angpt/4"® mice. Arrows pointing towards ascites. (D) H&E staining
depicting mesenteric panniculitis in Angpt/4"? mice. (E) Images showing Touton giant cells in the mesenteric lymph
nodes of Angptl4™® and Angptl4~- mice but not wildtype mice. Images are 200x magnification; insert is 400x
magnification. mRNA expression was normalized to 36b4. Data are mean + SEM. N = 7 to 11 mice/group. *p < 0.05,
**p < 0.01 and ***p < 0.001 relative to wild-type.

Angptl4"® mice show increased LPL activity and improved glucose tolerance compared to
wild-type mice

Consistent with the role of ANGPTL4 as LPL inhibitor, after 20 weeks of high fat feeding,
adipose tissue LPL activity was significantly higher in Angpt/4™? mice than in wild-type mice
(Fig. 7A). By contrast, adipose tissue LPL activity was not increased in Angpt/4~~ mice, which
is likely related to the steatitis in these animals (29). Interestingly, whereas plasma levels of
triglycerides and cholesterol were significantly lower in both Angpt/4™? and Angpt/4~~ mice
than in wild-type mice, plasma glycerol and non-esterified fatty acid levels were only lower
in the Angptl4™P mice, which again may be related to the steatitic phenotype of the
Angptl4™~ adipose tissue (Fig. 7B). To study the impact of ANGPTL4 deficiency on glucose
homeostasis, we measured plasma glucose and performed a glucose tolerance test. Plasma
glucose levels were significantly lower in Angpt/4”~ mice than in wild-type and Angpt/4"®
mice (Fig. 7C), while glucose tolerance was dramatically or modestly improved in Angptl4-
~and Angptl4"® mice, respectively, compared with wild-type mice (Fig. 7D). Overall, the
LPL activity and plasma metabolites levels in Angpt/4"P mice are consistent with the known
role of ANGPTL4 in intra- and extracellular lipolysis (46). By contrast, LPL activity and plasma
metabolite levels in Angptl47~ mice fed a high fat diet likely partly reflect the severe
inflammatory phenotype in these animals (29, 30).
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Figure 7. Increased LPL activity and improved glucose tolerance in Angptl4" mice after 20 week of high fat diet.
(A) LPL activity in epididymal adipose tissue of Angptl4"®, Angptl4~/- and wild-type mice (B) Plasma concentrations
of triglycerides, cholesterol, glycerol and non-esterified fatty acids (NEFA) in the 3 groups of mice. Plasma glucose
levels (C) and glucose tolerance test (D) in the 3 groups of mice. Data are mean + SEM. N = 7 to 11 mice/group. *p
<0.05, ¥**p <0.01 and ***p < 0.001 relative to wild-type. No statistical analysis could be done on glucose tolerance

in Angptl4~/- mice due to the use of different time points.
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Discussion

In this paper we addressed two independent questions relevant to the mesenteric
lymphadenopathy phenotype in Angptl4~~ mice fed a high fat diet: 1) what is the influence
of endogenous ANGPTL4 on lipid uptake and utilization in macrophages, and 2) what is the
role of N-terminal ANGPTL4 in the development of mesenteric lymphadenopathy,
inflammation, and ascites.

Our study confirms previous data indicating that Angptl4 expression in macrophages is
highly induced by lipids (29, 47, 48). This induction is likely mediated by PPARS and/or
PPARy, as shown by the marked upregulation of Angptl4 mRNA by PPARS and PPARy
agonists in BMDM. Importantly, the present study shows that not only external ANGPTL4
but also endogenously produced ANGPTL4 inhibits lipid uptake in macrophages. The
elevated lipid uptake in Angpt/47~ macrophages increases the expression of various lipid-
sensitive genes involved in inflammation and ER stress, such as Hilpda, Ddit3, Ptgs2 and
Cxcl2. Interestingly, the elevated lipid uptake in Angpt/4”~ macrophages was accompanied
by increased mitochondrial respiration, suggesting that enhanced lipid uptake may
stimulate cellular respiration. As the effect on cellular respiration was observed for
endogenous and not exogenous ANGPTL4, it might reflect an intracellular mechanism of
action of ANGPTL4. Together, our findings demonstrate an important role of ANGPTL4 in
regulating lipid uptake and utilization in macrophages.

It is well established that ANGPTL4 inactivates LPL by promoting LPL unfolding (24, 49).
Recently, we found that ANGPTL4 has a local role in adipocytes by promoting the
intracellular cleavage and subsequent degradation of LPL (26, 27). In stark contrast to
adipocytes, ANGPTL4 deficiency in macrophages did not lead to the accumulation of full
length, rapidly-releasable LPL, while the cleaved, N-terminal LPL portion was not detectable
in our hands. The lack of effect of ANGPTL4 on LPL protein levels in macrophages may be
because macrophage LPL is not degraded via the lysosomal pathway but via the
proteasomal pathway. The difference in LPL degradation pathway and in the effect of
ANGPTL4 on LPL levels between adipocytes and macrophages could be connected to how
LPL is presented on the cell surface. Specifically, it is conceivable that LPL on the surface of
macrophages is not internalized for degradation, unlike LPL in adipocytes, and that
ANGPTL4 only causes the unfolding and inactivation of LPL after both proteins have been
secreted (50, 51). Overall, these findings suggest that the location and cellular mechanism
of LPL inactivation by ANGPTL4 may be different in different cells.

Previously, we showed that Angptl4”~ mice fed a diet rich in saturated fat develop an
inflammatory and ultimately lethal phenotype characterized by the formation of Touton
giant cells in mesenteric lymph nodes, chylous ascites, and fibrinopurulent peritonitis (29,
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30). By comparing Angplt4”~ mice with an Angpt/4-hypomorphic model, here we show that
a low-level expression of a truncated N-terminal ANGPTL4 does not prevent Touton giant
cell formation, yet drastically mitigates the acute-phase response and the development of
chylous ascites upon high fat feeding. Importantly, the development of fibrinopurulent
peritonitis and the death of the animals is completely prevented by the expression of the
truncated N-terminal ANGPTL4. Although the severity of the clinical phenotype was
attenuated, activation of the acute-phase response and chylous ascites were still observed
in a substantial number of Angpt/4™" mice.

Strictly, we cannot fully exclude that N-terminal ANGPTL4 influences ascites independently
of LPL inhibition. However, two lines of reasoning support an action of N-terminal ANGPTL4
on ascites via LPL. First, LPL protein levels in Angpt/4"P? adipocytes were lower than in
Angplt4™”~ adipocytes, paralleled by a marked reduction in ascites severity. These data
suggest that a low level of N-terminal ANGPTL4 decreases LPL abundance. Second, chronic
injection of a monoclonal antibody that is directed against N-terminal ANGPTL4 and
abolishes its ability to inhibit LPL causes ascites in mice fed a HFD (28). Collectively, we favor
the notion that the attenuation of the ascites phenotype in Angpt/4"® mice compared to
Angplt4”~ mice is related to reduced LPL activity via N-terminal ANGPTL4, and accordingly
that the ascites in Angplt4”~ mice fed a high fat diet is directly connected to enhanced LPL
activity.

Our observation that partial deficiency of ANGPTL4 leads to undesirable clinical
consequences in mice suggests that therapeutic approaches that only partially inactivate
ANGPTL4 and/or are aimed at whole body inactivation of ANGPTL4 may still carry the risk
of major side effects in humans. By contrast, tissue-specific inactivation, in particular
adipose tissue-specific and possibly liver-specific inactivation of ANGPTL4, hold
considerably more promise for improving dyslipidemia and reducing coronary artery
disease risk without leading to deleterious side-effects [33].

In line with a predominant role of ANGPTL4 in lipid metabolism during fasting, plasma levels
of triglycerides, cholesterol and non-esterified fatty acids were lower in Angptl4”~ mice
compared with wild-type mice specifically in the fasted but not the fed state. Interestingly,
in the fasted state, plasma triglyceride, cholesterol, and non-esterified fatty acid levels were
similar in Angpt/4"™® and Angptl4~'~ mice, which was accompanied by similar levels of LPL
protein in the adipose tissue. Accordingly, the expression of low levels of N-terminal
ANGPTL4 does not influence LPL protein levels in the fasted state. By contrast, in the fed
state, LPL protein levels in adipose tissue were lower in Angpt/4™® mice than in Angptl4™-
mice, suggesting that a low level of N-terminal ANGPTL4 decreases LPL protein, likely by
promoting LPL degradation. The reason why N-terminal ANGPTL4 in Angpt/4™P mice has a
more pronounced effect on LPL in the fed state than in the fasted state is unclear. Why
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fasting fails to alter Angpt/4 mRNA in Angpt/4™P mice is also unclear. It can be hypothesized
that is due to a disrupted transcriptional regulation by the glucocorticoid receptor via exon
7, as this mechanism is responsible for the induction of Angptl4 expression by fasting in
wild-type adipose tissue (52, 53). Despite the minimal effect of fasting on levels of N-
terminal ANGPTL4 in Angpt/4™P mice, LPL protein levels increased, suggesting an additional
regulatory mechanism of LPL protein.

In addition to regulating plasma lipid levels, recent reports also suggest a role of ANGPTL4
in glucose homeostasis (54-56). Using different models, ANGPTL4 deficiency in mice was
found to lead to improved glucose tolerance. Consistent with the study by Gusarova et al
(57), we found that Angpt/47~ mice chronically fed a high fat diet have drastically lower
basal plasma glucose levels and improved glucose tolerance. However, these mice have
numerous clinical abnormalities, which prohibits any conclusion on the direct effect of
ANGPTL4 deficiency on glucose homeostasis. Angpt/4"? mice fed a high fat diet showed a
much milder clinical phenotype, concomitant with a more modest yet statistically
significant improvement in glucose tolerance, yet acute-phase protein levels were still
elevated compared with wild-type mice. This observation again makes it difficult to derive
a solid conclusion on the direct effect of ANGPTL4 deficiency on glucose homeostasis. We
previously found that Angpt/4~~ mice fed a diet high in unsaturated fat, which does not
exhibit any clinical complications, were more glucose tolerant than wild-type mice fed the
same diet (55). In addition, it was shown that adipocyte-specific ANGPTL4-deficient mice
have markedly improved glucose and insulin tolerance after one month and to a lesser
extent five months of high fat feeding, which was suggested to be due to LPL-mediated
redistribution of ectopic fat stores to adipose tissue (54). While growing evidence thus
connects ANGPTL4 with glucose homeostasis, further studies are necessary to delineate
potential mechanisms.

Another interesting question concerns the significance of the lipid-laden Touton giant cells
for the onset of the debilitating side-effects after high fat feeding. A causal role had been
previously questioned by the observation that Angpt/4”~ mice fed a diet high in trans fatty
acids develop Touton cells but do not show elevated systemic inflammation or ascites and
survive the intervention (30). Here we find that Angpt/4"® mice fed a regular high fat diet,
despite showing a much milder inflammation and ascites than Angpt/4~/~ mice, carry similar
numbers of Touton giant cells in their mesenteric lymph nodes. These data reinforce the
notion that the formation of lipid-laden Touton giant cells is uncoupled from activation of
an acute-phase response and chylous ascites (30).

Two previous publications have used the Angpt/4"® mice to generate floxed Angpt/4 mice,
which in turn were used to generated adipocyte- or brown fat-specific ANGPTL4-deficient
mice (33, 34). Deficiency of ANGPTL4 was shown by dramatically reduced qPCR-based
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amplification of introns 4-5, which covers the region removed by Cre-mediated excision. No
information was presented on ANGPTL4 protein levels. Based on our results and
calculations, it is possible that in both mouse models there still is significant expression of
a truncated N-terminal ANGPTL4 protein derived from exons 1-3 containing the LPL-
inhibitory domain. It can be argued that this truncated ANGPTL4 might have influenced the
metabolic phenotype.

In conclusion, we find that ANGPTL4 deficiency increases lipid uptake and respiration in
macrophages without affecting LPL protein levels. Furthermore, in comparison to Angpti4~
/= mice, mice expressing low levels of N-terminal ANGPTL4 show a reduced acute-phase
response and markedly attenuated chylous ascites following high fat feeding. These
findings have significant clinical implications since any therapeutic strategy would likely
reduce but not completely inactivate ANGPTL4.
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Supplemental Fig. 1. (A) Relative mRNA expression of all 7 exons of Angptl4 in the liver of Angptl4~-, Angpti4"v®
and wild-type mice. mRNA expression was normalized to 36b4. N = 7 to 11 mice/group. Data are mean + SEM. (B)
Quantification of Western blots shown in figure 4E. (C) Quantification of Western blots shown in figure 4F. (D)
Quantification of Western blots shown in figure 5C. Quantification of ANGPTL4 was based on antibody 742. (E)
Western blot of LPL and N-terminal ANGPTL4 in adipose tissue of fed and fasted Angpt/4™? mice. Quantification
of Western blots is shown on the right. Data are mean + SD.
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Supplemental Table 1: Primer sequences used for gPCR

Genes

m36B4
mAngptl4
mHilpda

mDdit3

mXbpls

mCxcl2

mErnl

mPlin2

mCxcll

mCcrl

mPtgs2

mCd14

mGdf15
mAngtpl4 Exonl
mAngtpl4 Exon2
mAngtpl4 Exon3
mAngtpl4 Exon4d
mAngtpl4 Exon5
mAngtpl4 Exon6
mAngtpl4 Exon7
mSaa2

mHp

mlcn2

mOrm?2
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Forward primer
ATGGGTACAAGCGCGTCCTG
GTTTGCAGACTCAGCTCAAGG
GCACGACCTGGTGTGACTGT
CTGGAAGCCTGGTATGAGGAT
AAACAGAGTAGCAGCGCAGACTGC
CCAACCACCAGGCTACAGG
ACACCGACCACCGTATCTCA
CTTGTGTCCTCCGCTTATGTC
CTGGGATTCACCTCAAGAACATC
CTCATGCAGCATAGGAGGCTTAC
TTCAACACACTCTATCACTGGC
CACACTCACTCAACTTTTCCT
CTGGCAATGCCTGAACAACG
CTTTGCATCCTGGGACGAGATG
GCTCAAGGCTCAAAACAGCAA
CCCACGCACCTAGACAATGG
GGGACTGCCAGGAACTCTTC
GAGGCTGGACAGTGATTCAGAGA
ACGGCCAATGAGCTGGG
CGCTACTATCCTCTGCAGGC
GCGAGCCTACACTGACATGA
GCTATGTGGAGCACTTGGTTC
TGGAAGAACCAAGGAGCTGT

CAACATCACCATAGGCGACCC

Reverse primer
GCCTTGACCTTTTCAGTAAG
CCAAGAGGTCTATCTGGCTCTG
CCAGCACATAGAGGTTCAGCAT
CAGGGTCAAGAGTAGTGAAGGT
GATCTCTAAAACTAGAGGCTTGGTG
GCGTCACACTCAAGCTCTG
CTCAGGATAATGGTAGCCATGTC
GCAGAGGTCACGGTCTTCAC
CAGGGTCAAGGCAAGCCTC
ATGGCATCACCAAAAATCCA
AGAAGCGTTTGCGGTACTCAT
GCTGAGATCAGTCCTCTCTCG
GGTCGGGACTTGGTTCTGAG
GACAAGCGTTACCACAGGCAG
TGATAGGTATCTCTGCTGCTGG
TGGGAGTCAAGCCAATGAGC
AATGGTGGAGACCCCAGAGG
GGGATCTCCGAAGCCATCCTT
GGGCAGGGAAAGGCCA
CCCTCGAGCCCATGTTTTCT
TTTTCTCAGCAGCCCAGACT
CACCCATTGCTTCTCGTCGTT
GGTGGGGACAGAGAAGATGA

ATTTCCTGCCGGTAATCAGGG
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Supplemental Table 2: Overview of PCR reactions to determine transcribed mRNA in the Angptl4 knockout-first
mice (Angptl4"® mice).

Reaction  Forward primer Reverse primer Amplification
1 Angptl4 exon 1 Angptl4 exon 3 yes
2 Angptl4 exon 1 Angptl4 exon 5 no

Angptl4 exon 3 fusion to Splice acceptor
3 Angptl4 exon 3 site yes

4 Angptl4 exon 3 Splice acceptor site (end) yes

Angptl4 exon 3 fusion to Splice

5 acceptor site ECMV IRES site (start) yes
6 ECMV IRES site (start) ECMV IRES site (testing predicted Stop) yes
7 ECMV IRES site (start) ECMV IRES site (mid) yes
8 ECMV IRES site (start) ECMV IRES site (end) no
9 ECMV IRES site (start) ECMV IRES site fusion to LacZ no
10 ECMV IRES site fusion to LacZ LacZ (1/4 of gene) no
11 LacZ (2/4 of gene) LacZ (2/4 of gene) yes
12 LacZ (2/4 of gene) LacZ (3/4 of gene) yes

Chapter 5

Supplemental Table 3: Overview of clinical outcomes in the 3 groups of mice fed a high fat diet

Clinical feature Wild-type Angpti4hye Angptl4-/-

Elevated SAA No Yes (attenuated) Yes (pronounced)
Chylous ascites No (0/7) Yes (mild; 2/11) Yes (pronounced; 7/8)
Touton giant cells No (0/7) Yes (10/11) Yes (7/8)

Survival (20 weeks) Yes (7/7) Yes (11/11) No (2/8)

Survival (36 weeks) - Yes (7/7) -
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Abstract

Intermittent fasting and caloric restriction-type interventions elicit a myriad of health
benefits and are expected to provide clinical benefit for the prevention and treatment of
obesity, type 2 and potentially cardiovascular disease and cancer. B-hydroxybutyrate
(BOHB), levels of which increase to the low mM range during fasting, has been proposed as
a potent signaling molecule mediating some of the beneficial effects of above-mentioned
interventions. Here, we studied the capacity of BOHB to regulate differentiation of cells in
vitro and screened for target genes in a panel of murine primary cells. We found that BOHB
did not impact the differentiation process in C2C12 skeletal muscle cells and 3T3L1
adipocytes. Transcriptomics analysis revealed overall benign effects of BOHB on gene
expression after 6h. BOHB did not consistently regulate genes and pathways in primary
adipocytes, macrophages, myotubes and hepatocytes. The list of genes consistently
regulated in at least 2 out of the 4 tested cell types is limited to Odc1, Stcl (adipocytes &
myotubes) and Inppl1 (macrophages and myotubes). In contrast, equimolar concentrations
of the structurally related HDAC inhibitor Butyrate inhibited differentiation in C2C12
skeletal muscle cells and 3T3L1 adipocytes and induced dramatic and consistent gene
expression changes in all primary cell types. Enrichr analysis corroborates an epigenetic
mechanism of action for Butyrate. In conclusion, BOHB unlikely mediates beneficial effects
of fasting via regulating gene expression or influencing cellular homeostatic processes such
as differentiation. Additionally, in the tested cell primary cell types, BOHB's gene expression
signature is disparate from the one of Butyrate suggesting that BOHB’s HDAC inhibitory
capacity may be negligible.

Keywords: B-hydroxybutyrate, HDAC inhibition, transcriptomics, butyrate
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beta-hydroxybutyrate does not regulate gene expression in vitro

Introduction

Prevalence rates for obesity are spiraling out of control in many communities across the
world. Inasmuch as obesity is a major risk factor for many chronic diseases, including type
2 diabetes, cardiovascular disease, and certain types of cancer [1], effective remedies to
slow down the growth of obesity are direly needed. A common strategy that effectively
promotes weight loss, at least in the short term, is caloric restriction, leading to an
improvement in cardiometabolic risk profile. One of the more popular forms of caloric
restriction is intermittent fasting, in which the normal abstinence of food consumption
during the night is partly extended into the daytime [2]. In animal models, these dietary
interventions increase median life-span, reduce body weight, mitigate inflammation,
improve glucose homeostasis and insulin sensitivity, and delay the onset of diabetes,
cardiovascular and neurological disease, as well as cancer. Similarly, human studies have
shown that caloric restriction and intermittent fasting promote weight loss, reduce HbA1lc
and glucose levels, improve insulin sensitivity and blood lipid parameters, and reduce blood
pressure [2]-[7].

Interestingly, it has been suggested that intermittent fasting may confer cardiometabolic
health benefits independent of caloric restriction and concomitant weight loss. A number
of mechanisms have been invoked in explaining the possible health benefits of intermittent
fasting, including lower plasma insulin levels and higher levels of ketone bodies. The
presence of ketone bodies in the blood is a characteristic feature of the fasted metabolic
state. During the feeding-fasting transition, the body switches from glucose as a primary
fuel source to the oxidation of fatty acids. In the liver, the high rates of fatty acid oxidation
are accompanied by the synthesis of ketone bodies, which, as fasting progresses, become
the dominant fuel for the brain [8]. The two main ketone bodies are B-hydroxybutyrate
(BOHB) and acetoacetate (AcAc). Both compounds serve as sensitive biomarkers for the
fasted state, increasing in combined concentration from less than 0.1 mM in the fed state
to 5-7 mM when fasting for several weeks [8], [9].

In addition to serving as fuel in tissues such as the brain, heart, and skeletal muscle, recent
research has unveiled that BOHB may also serve as a direct signaling molecule. By activating
specific signaling pathways, BOHB may not only have an important regulatory role in the
metabolic response to fasting but may also potentially mediate some of the beneficial
health effects of fasting [2], [10]-[21]. Evidence has been presented that BOHB may
regulate gene expression via epigenetic mechanisms. Shimazu et al. linked BOHB-mediated
HDAC inhibition to protection against oxidative stress in kidney via the up-regulation of
FOXO03a, Catalase and MnSOD [22]. While subsequent studies in neonatal hepatocytes,
brain microvascular endothelial cells, and NB2a neuronal cells hinted at conservation of this
pathway in different cell types [23], [24], other studies have since questioned the role of
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BOHB as a potential physiological HDAC inhibitor [25], [26]. Interestingly, recent studies in
hepatocytes, cortical neurons, myotubes and endothelial cells suggested that BOHB may
serve as a novel substrate for a transcriptionally-activating histone modifications. This so
called lysine B-hydroxy-butyrylation (kbhb) was found in proximity to fasting-relevant
hepatic pathways, including amino acid catabolism, circadian rhythm, and PPAR signaling
[26], and was found to regulate expression of BDNF [27] and hexokinase 2 [25]. How
histones become B-hydroxybutyrylated remains unknown. Recent biochemical evidence
suggests that SIRT3 facilitates the de-B-hydroxybutyrylation of histones [28]. While there is
thus some evidence to suggest that BOHB may serve as a direct signaling molecule
regulating genes, the potency and importance of BOHB as regulator of gene expression in
various cell types is unclear.

In this work we aimed to further investigate the capacity of BOHB to regulate gene
expression and thereby serve as a direct signaling molecule during the fasted state. To this
end, we treated primary mouse adipocytes, macrophages, myotubes and hepatocytes with
physiological concentrations of BOHB and unbiasedly assessed gene expression via RNA-
seq. A direct comparison was made between the effects of BOHB and the colon-derived
short-chain fatty acid butyrate. Butyrate is well known for its HDAC inhibitory activity and
has a large structural resemblance to BOHB [29]. In contrast to butyrate, BOHB minimally
impacted gene expression. Overall our data do not support the notion that BOHB is a
powerful signaling molecule regulating gene expression.
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Materials and methods

Materials

BOHB was (R)-(-)-3-Hydroxybutyric acid sodium salt from Sigma-Aldrich (#298360).
Butyrate was Sodium butyrate from Sigma-Aldrich (#303410).

Differentiation experiments

3T3-L1 fibroblasts were maintained in DMEM supplemented with 10% newborn calf serum
(NCS) and 1% penicillin/streptomycin (P/S) (all Lonza). Experiments were performed in six-
well plates. For Qil red O stainings, cells were differentiated using the standard protocol.
Two days post-confluence, cells were switched to DMEM supplemented with 10% fetal
bovine serum (FBS), 1% P/S, 0.5 mM isobutylmethylxanthine, 1 uM dexamethasone, 5
pg/ml insulin for 2 days in the presence of either 8 mM BOHB or 8 mM Butyrate. After 2
days cells were switched to DMEM supplemented with 10% fetal bovine serum (FBS), 1%
P/S, 5 pg/ml insulin and the tested compounds for another 2 days. Then cells were
maintained in normal DMEM medium (2-3 days), in the presence of the tested compounds
until the ORO stainings on day 10. For gPCR experiments cells were differentiated using the
mild protocol, which allows for more sensitive assessment of compounds promoting the
differentiation process at day 4 of differentiation [30]. Two days post-confluence, cells were
switched to DMEM supplemented with 10% fetal bovine serum (FBS), 1% P/S, 0.5 mM
isobutylmethylxanthine, 0.5 uM dexamethasone, 2 pg/ml insulin for 2 days, with the
addition of either 1 uM Rosi, 8 mM BOHB or 8 mM Butyrate. After 2 days, the medium was
changed to DMEM supplemented with 10% fetal bovine serum (FBS), 1% P/S, 2 ug/ml
insulin and the tested compounds for another 2 days, before cells were harvested for RNA
isolation.

C2C12 skeletal muscle cells were cultured in DMEM supplemented with 20% FBS (growth
medium, GM) and induced to differentiate with DMEM supplemented with 2% horse serum
(differentiation medium, DM) upon reaching confluence in the presence of either 5 mM
BOHB or 5 mM Butyrate. DM was renewed every other day. Myotube formation was
complete (visually) by day 5.

Isolation and differentiation of stromal vascular fraction

Inguinal white adipose tissue from 3-4 WT-C57BI/6 male mice was collected and placed in
Dulbecco’s modified eagle’s medium (DMEM; Lonza, Verviers, Belgium) supplemented with
1% Penicillin/Streptomycin (PS) and 1% bovine serum albumin (BSA; Sigma-Aldrich).
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Material was minced finely with scissors and digested in collagenase-containing medium
(DMEM with 3.2 mM CaCl,, 1.5 mg/ml collagenase type Il (C6885, Sigma-Aldrich), 10% FBS,
0.5% BSA, and 15 mM HEPES) for 1 h at 37°C, with occasional vortexing. Cells were filtered
through a 100-um cell strainer (Falcon). Subsequently, the cell suspension was centrifuged
at 1600 rpm for 10 min and the pellet was resuspended in erythrocyte lysis buffer (155 mM
NH4Cl, 12 mM NaHCOs, 0.1 mM EDTA). Upon incubation for 2 min at room temperature,
cells were centrifuged at 1200 rpm for 5 min and the pelleted cells were resuspended in
DMEM containing 10% fetal bovine serum (FBS) and 1% PS (DMEM/FBS/PS) and plated.
Upon confluence, the cells were differentiated according to the protocol as described
previously [31], [32]. Briefly, confluent SVFs were plated in 1:1 surface ratio, and
differentiation was induced 2 days afterwards by switching to a differentiation induction
cocktail (DMEM/FBS/PS, 0.5 mM isobutylmethylxanthine, 1 uM dexamethasone, 7 pug/ml
insulin and 1 puM rosiglitazone) for 3 days. Subsequently, cells were maintained in
DMEM/FBS/PS, and 7 pg/ml insulin for 3-6 days and switched to DMEM/FBS/PS for 3 days.
Average rate of differentiation was at least 80% as determined by eye.

Isolation and differentiation of bone marrow derived monocytes

Bone marrow cells were isolated from femurs of WT-C57BI/6 male mice following standard
protocol and differentiated into macrophages (bone marrow-derived macrophages,
BMDM:s) in 6-8 days in DMEM/FBS/PS supplemented with 20% L929-conditioned medium
(L929). After 6-8 days, non-adherent cells were removed, and adherent cells were washed
and plated in 12-well plates in DMEM/FBS/PS + 10% L929. After 24 hours, medium was
switched to 2% L929 in DMEM/FBS/PS overnight. Cells were treated the following day.

Isolation and differentiation of skeletal myotubes

Myoblasts from hindlimb muscle of WT-C57BI/6 male mice were isolated as previously
described [33]. In brief, the muscles were excised, washed in 1x PBS, minced thoroughly,
and digested using 1.5 mL collagenase digestion buffer (500 U/ml or 4 mg/mL collagenase
type Il (C6885, Sigma-Aldrich), 1.5 U/ml or 5 mg/mL Dispase Il (D4693, Sigma-Aldrich), and
2.5 mM CaCl2 in 1x PBS) at 37°C water bath for 1 h in a 50 ml tube, agitating the tube every
5 min. After digestion, the cell suspension containing small pieces of muscle tissue was
diluted in proliferation medium (PM: Ham's F-10 Nutrient Mix (#31550023, Thermo Fisher
Scientific) supplemented with 20% fetal calf serum, 10% HS, 0.5% sterile filtered chicken
embryo extract (#092850145, MP Biomedicals), 2.5 ng/ml basic fibroblast growth factor
(#PHGO0367, Thermo Fisher Scientific), 1% gentamycin, and 1% PS), and the suspension was
seeded onto matrigel-coated (0.9 mg/ml, #354234, Corning) T150 flasks at 20% surface
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coverage. Cells were grown in 5% CO2 incubator at 37°C. Confluence was reached latest
after 5 d in culture, upon which cells were trypsinized (0.25% trypsin), filtered with 70 um
filters, centrifuged at 300 g for 5 min, and then seeded on an uncoated T150 flask for 45
min to get rid of fibroblasts. Subsequently, myoblasts were seeded in PM at 150.000
cells/mL onto matrigel-coated 12-well plates cells. Upon reaching confluence,
differentiation was induced by switching to differentiation medium (DM: Ham's F-10
Nutrient Mix supplemented with 5% horse serum (HS) and 1% PS). DM was replaced every
other day. Myotubes fully differentiated by Day 5 of differentiation in DM. The medium was
renewed every other day.

Isolation and differentiation of hepatocytes

Primary hepatocytes were isolated from C57BL/6NHsd male mice via collagenase perfusion
as described previously [34]. Cells were plated onto collagen (0.9 mg/ml) coated 24-well
plates at 200,000 cells/well in Williams E medium (PAN Biotech, Aidenbach, Germany),
substituted with 10% FBS, 100 nM dexamethasone and penicillin/streptomycin and
maintained at 37 °C in an atmosphere with 5% CO2. After four hours of attachment, cells
were washed with phosphate buffer saline (PBS) and maintained in medium for the length
of the experiment.

Treatments

Adipocytes and macrophages were treated for 6h with 5 mM BOHB or Butyrate, with PBS
as control, in DMEM/FCS/PS. Myotubes were treated in DM. Hepatocytes were treated in
Williams E medium. Cells were washed with PBS once and stored in -80 °C until RNA was
isolated.

RNA isolation and sequencing

Total RNA from all cell culture samples was extracted using TRIzol reagent (Thermo Fisher
Scientific, the Netherlands) and purified using the Qiagen RNeasy Mini kit (Qiagen, the
Netherlands) according to manufacturer’s instructions. RNA concentration was measured
with a Nanodrop 1000 spectrometer and RNA integrity was determined using an Agilent
2100 Bioanalyzer with RNA 6000 microchips (Agilent Technologies, South Queensferry, UK).
Library construction and RNA sequencing on BGISEQ-500 were conducted at Beijing
Genomics Institute (BGI, Denmark) for pair-end 150bp runs. At BGI, Genomic DNA was
removed with two digestions using Amplification grade DNAse | (Invitrogen, USA). The RNA
was sheared and reverse transcribed using random primers to obtain cDNA, which was used
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for library construction. The library quality was determined by using Bioanalyzer 2100
(Agilent Technologies, CA, USA). Then, the library was used for sequencing with the
sequencing platform BGISEQ- 500 (BGI, Shenzhen, China). All the generated raw sequencing
reads were filtered, by removing reads with adaptors, reads with more than 10% of
unknown bases, and low quality reads. Clean reads were then obtained and stored as FASTQ
format.

Normalized expression estimates were obtained from the raw intensity values applying the
robust multi-array analysis preprocessing algorithm available in the Bioconductor library
AffyPLM with default settings [35], [36]. Probe sets were defined according to Dai et al. [37].
In this method probes are assigned to Entrez IDs as a unique gene identifier. In this study,
probes were reorganized based on the Entrez Gene database, build 37, version 1 (remapped
CDF v22). The P values were calculated using an Intensity-Based Moderated T-statistic
(IBMT) [38]. Genes were defined as significantly changed when P < 0.001. Geneset
enrichment analysis (GSEA) was used to identify gene sets that were enriched among the
TOP100 upregulated or downregulated genes [39]. Genes were ranked based on the IBMT-
statistic and subsequently analyzed for over- or underrepresentation in predefined
genesets derived from Gene Ontology, KEGG, National Cancer Institute, PFAM, Biocarta,
Reactome and WikiPathways pathway databases. Only genesets consisting of more than 15
and fewer than 500 genes were taken into account. Statistical significance of GSEA results
was determined using 1000 permutations.

Statistical analyses

Statistical analysis of the transcriptomics data was performed as described in the previous
paragraph. Data are presented as mean + SD. P-values < 0.05 were considered statistically
significant.
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Results

To solidify the concept of BOHB as a powerful signaling molecule influencing cellular
homeostasis, we examined whether BOHB influences differentiation processes. Previously,
we showed that butyrate, despite acting as a selective PPARy agonist, inhibits adipogenesis
in 3T3L1 cells [40]. Due to structural and possibly functional resemblance with butyrate, we
hypothesized that BOHB might exert similar effects on the differentiation of 3T3-L1 cells.
Compared to the control, 8 mM BOHB did not visibly affect differentiation, neither during
the differentiation process (Day 4) nor terminally (Day 10; Figure 1A). By contrast and in
line with previous studies, 1 uM rosiglitazone further stimulated the differentiation process
(Day 4), whereas 8 mM butyrate markedly inhibited differentiation (Day 4 and 10; Figure
1A). Corroborating the visual assessment, rosiglitazone significantly induced expression of
the adipogenic marker genes Adipoq, Glut4 and Fabp, whereas butyrate significantly
downregulated these genes. In line with the lack of effect on 3T3-L1 differentiation, BOHB
did not alter the expression of these genes (Figure 1B).

Next we studied myogenesis. Butyrate was previously reported to inhibit myogenesis when
present during the differentiation process [41]. To assess whether BOHB might influence
myogenesis, we differentiated C2C12 myoblasts in the presence of 5 mM BOHB or 5 mM
butyrate. In line with previous reports, butyrate inhibited the differentiation of myoblasts
towards myotubes (Figure 1C) [41]. By contrast, BOHB did not visibly impact myotube
formation (Figure 1C). Myogenesis is driven by muscle regulatory factors (MRFs) including
MyoG, MyoD and Myf5 [42], [43]. Supporting the lack of effect of BOHB on myogenesis,
expression levels of all three MRFs were similar in BOHB and control-treated C2C12 cells at
any time-point during the differentiation process (Figure 1D). This is in clear contrast to
treatment with butyrate, which prevented upregulation of MyoG and MyoD and
downregulated Myf5 at all time-points, respectively. We also wondered whether BOHB
instead of influencing the differentiation process, BOHB might affect the polarization of
myotubes to either myosin heavy chain class | (MHCI) or class Il (MHCII). Expression of
Myh3, Myh7 and Myh8, representing MHCI, were unchanged between BOHB and control
treated myoblasts. Expression of Myhl1, Myh2 and Myh4, representing MHCII were also
unchanged between BOHB and control, suggesting that BOHB does not impact the
polarization of myotubes when present during the differentiation process.
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Figure 1: Differential effects of BOHB and Butyrate on the differentiation process of 3T3L1 adipocytes and C2C12
myotubes. (A) Representative Oil red O staining of 3T3-L1 adipocytes at day 4 of the standard differentiation
protocol. (B) Expression of differentiation markers and PPARy targets determined by qPCR at day 4 using the mild
differentiation protocol in the presence of either 1 uM Rosi, 8 mM BOHB or 8 mM Butyrate. (C) Representative
microscopic pictures of myotube formation after 5 days of differentiation in the presence of 5 mM BOHB or 5 mM
Butyrate. (D) Gene expression of myocyte differentiation markers MyoD, Myogenin and Myf5 after differentiation.

(E) Gene expression of myotube polarization markers for type | and type Il muscle fibers. Error bars represent SD.
Asterisks indicate significant differences according to Student's t test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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We reasoned that if BOHB has a signaling function, it would likely alter the expression of
genes either directly or indirectly. Accordingly, we investigated the ability of BOHB to
regulate gene expression in cells that have been suggested to be targeted by BOHB.
Specifically, we collected primary mouse adipocytes, primary mouse bone-marrow derived
macrophages, primary mouse myotubes, and primary mouse hepatocytes and performed
RNA-sequencing after 6h treatment with either 5 mM BOHB and 5 mM butyrate.

The cells treated with butyrate showed an anti-conservative p-value distribution,
suggesting that butyrate has a marked effect on gene expression in all cell types studied.
Conversely, cells treated with BOHB showed a uniform or conservative p-value distribution
(Figure 2B), suggesting that BOHB treatment minimally impacted gene expression in the
various cells. To study the magnitude of gene regulation by BOHB and butyrate in the
various primary cells, we performed Volcano plot analysis. Strikingly, the effect of BOHB on
gene expression was very limited in all cell types, with only a limited number of genes
reaching the statistical threshold of p < 0.001 (Figure 3A). In stark contrast, butyrate had a
huge effect on gene expression in all primary cells tested (Figure 3A). Using p < 0.001 as
statistical cut-off, BOHB significantly altered expression of 44, 38, 466 and 95 genes in
adipocytes, macrophages, myocytes and hepatocytes, respectively. Of these genes 20, 13,
388 and 32 were significantly downregulated in the respective cell types (Figure 3B).
Considering that not a single gene had a false discovery q value below 0.05, most of these
genes likely represent false positives. By contrast, butyrate significantly changed expression
of 7068, 7943, 6996 and 7158 genes in the respective cell types (p < 0.001), of which 50 —
52% were downregulated (Figure 3B). Collectively, these data suggest that BOHB minimally
impacts gene expression in adipocytes, macrophages, myocytes and hepatocytes, whereas
butyrate profoundly alters gene expression in these cell types.

180



beta-hydroxybutyrate does not regulate gene expression in vitro

5 mM NabOHB

12000
10000
8000

6000

Adipocytes
counts

4000

2000

N

0.0 0.2 0.4 0.6 0.8
p-value

12000

10000

8000

6000

4000

Macrophages
counts

2000

—————l

0.0 0.2 0.4 0.6 0.8
p-value

12000

10000

8000

6000

Myocytes
counts

4000

2000

0.0 0.4 0.6

p-value

0.8

12000

10000

8000

6000

4000

Hepatocytes
counts

2000

0 —

0.0 0.2 0.4 0.6 0.8 1.0
p-value

counts

counts

counts

counts

12000

10000

8000

6000

4000

2000

12000

10000

8000

6000

4000

2000

12000

10000

8000

6000

4000

2000

12000

10000

8000

6000

4000

2000

5 mM NaB
0.0 0.2 0.4 0.6 0.8 1.0
p-value
0.0 0.2 0.4 0.6 0.8 1.0
p-value
0.0 0.2 0.4 0.6 0.8 1.0
p-value
o
=
(]
-
Q
(]
(=
o
——
0.0 0.2 0.4 0.6 0.8 1.0
p-value

Figure 2: Raw p-value histograms. Histograms for butyrate (A) and BOHB treated cell types (B).
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Next, in order to study the consistency of the response of each cell type to BOHB and
butyrate, we performed hierarchical clustering and principle component analysis. Both
analyses showed that the samples cluster by cell type first. However, within each cell type,
the butyrate-treated samples cluster apart from the control and BOHB-samples (Figure
3C,D). Hierarchical biclustering of all significantly regulated genes per condition (from
Figure 3B) further suggests similarity in the response to the treatment with butyrate
irrespective of cell type. In comparison, the BOHB-induced expression changes are minor
and show less clustering (Figure 3E). To assess the consistency in regulation of individual
genes among the various cell types, we performed Venn diagram and heatmap analysis.
Among all significantly regulated genes (from Figure 3B), only 3 genes were significantly
regulated by BOHB in at least 2 of the tested cell types (Figure 4A). Stc1 and Inppl1 were
significantly upregulated in adipocytes and myocytes or macrophages and myocytes,
respectively. Odc1 was significantly downregulated in adipocytes and myocytes (Figure 4B).
By contrast, Venn diagrams for butyrate treated cells illustrate that most significantly
regulated genes are shared in all cell types. Approx. 18% of all significantly upregulated
genes are upregulated in every cell type. Vice versa, approx. 15% of all significantly
downregulated genes are downregulated in every cell type (Figure 4A). Heatmaps of the
TOP20 most significantly regulated genes in all 4 cell types after butyrate treatment indicate
comparable signal log ratios (Figure 4B). Interestingly, the heatmaps for butyrate lists
several genes related to histone metabolism (H1f0, H1f2, Hif4, H1f3, Hcfcl, Phf2, Anp32b).
These analyses at the level of individual genes confirm that the effect of butyrate on gene
expression is much more consistent and pronounced than the effect of BOHB.
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Figure 3: Disparate effects of BOHB and Butyrate on gene expression in primary adipocytes, macrophages,
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myotubes and hepatocytes. Volcano plots showing log2[fold-change] (x-axis) and the -10log of the raw p-value
(y-axis) for every cell type treated with BOHB (A) and Butyrate. The grey line indicates p = 0.001. (B) Number of
genes significantly (p < 0.001) altered by treatment with BOHB and Butyrate. Hierarchical clustering (C) and
Principle component analysis (D) of BOHB and Butyrate treated samples. (E) Hierarchical biclustering of BOHB and
Butyrate treated samples visualized in a heatmap. Clustered are significant differentially expressed genes based
on pearson correlation with average linkage. Red indicates upregulated, blue indicates downregulated.

To gain more insight into the pathways differentially affected by BOHB and butyrate and to
study which pathways are regulated consistently among the various cell types, we
performed gene set enrichment analysis (GSEA). Specifically, we used the TOP100 up- and
downregulated genes per cell type according to the T-statistic and expressed the
normalized enrichment scores (NES) in heatmaps. In accordance with the limited and
inconsistent effects of BOHB on gene expression, GSEA did not reveal any gene sets that
were positively enriched in at least 2 cell types. Negatively enriched gene sets shared by at
least 2 cell types were connected to transcriptional processes and include “MMU03010-
RIBOSOME-KEGG”, “MMUO03030-DNA-REPLICATION-KEGG” and “MMUO03040-
SPLICEOSOME-KEGG” (Figure 4C). By contrast, butyrate treatment lead to the significant
and consistent enrichment of various gene sets in almost all cell types. The top positively
enriched gene sets include “MMU04070-PHOSPHATIDYLINOSITOL-SIGNALING-SYSTEM-
KEGG” and “MMU00562-INOSITOL-PHOSPHATE-METABOLISM-KEGG” and various gene
sets related to amino acids metabolism. The top negatively enriched gene sets also include
the gene sets related to transcription (as listed above for BOHB), although the NES scores
were substantially higher for the butyrate treatment. Another interesting negatively
enriched gene set shared by 3 cell types is “MMU04350-TGF-BETA-SIGNALING-PATHWAY-
KEGG” (Figure 4D). These analyses suggest that also at the level of pathways, the
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transcriptional effect of butyrate is similar in the various cell types. By contrast, the effect
of BOHB on the enrichment of gene sets is inconsistent between cell types and is limited to
a few pathways related to transcriptional activity.

Lastly, to explore the possible underlying mechanisms for the observed gene expression
effects for BOHB and butyrate, we submitted all differentially expressed genes of every cell
type (from  Figure 3B) to the Enrichment analysis tool Enrichr
(https://amp.pharm.mssm.edu/Enrichr/). Enrichr starts with a list of differentially

expressed genes and determines the enrichment of these genes on the basis of gene
ontology or predefined pathways.[44], [45]. First, we compared our gene signatures to the
“ENCODE Histone Modifications 2015“ database. Our gene signatures after 5 mM butyrate
treatment showed high overlap with gene signatures belonging to histone methylation and
acetylation in various cells including myocyte and hepatocyte-related cell types. The lowest
observed overlap was 1156/3076 (38%) genes changed associated to “H3K27ac liver mm9”
in myocytes (Figure 4E). By comparison, the only significant overlap for 5 mM BOHB treated
samples was seen for myocytes. This set of samples had a 3% overlap with gene signatures
belonging to “H3K4mel CH12.LX mm9” and “H3K4mel MEL cell line mm9”.

Additional comparisons of butyrate gene signatures to the “Drug Signature Database”
(DSigDB) indicated overlap with gene signatures of treatments with various known HDAC
inhibitors including Vorinostat, Trichostatin A and Valproic acid (Figure 4F). Lowest overlap
was 39% (3248/8312) in myocytes for a gene set regulated by Valproic acid (“VALPROIC
ACID CTD 00006977”). In contrast, gene signatures for the effect of 5 mM BOHB, again,
overlapped minimally with existing gene sets in this database. The only HDAC inhibition-
related overlap was seen for myocytes with “vorinostat HL60 DOWN” but overlap with
genes belonging to this set was only 8% (Figure 4F). Taken together, these Enrichr analyses
suggest that epigenetic regulation may be at least partly responsible for the effects of
butyrate on gene expression. BOHB showed minimal overlap in the comparison to histone
modification or drug signature datasets, not supporting HDAC inhibition as a relevant
mechanism for the limited effects on gene expression.
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Adi Mac Myo Hep

MMU04978. MINERAL ABSORPTION.KEGG
MMU00250.ALANINE. ASPARTATE.AND.GLUTAMATE.

MMU04070.PHOSPHATIDYLINOSITOL.SIGNALING.
SYSTEM.KEGG

MMU00562.INOSITOL.PHOSPHATE.METABOLISM.KEGG

Adi Mac Myo Hep

MMUO03040.SPLICEOSOME.KEGG

MMU03010.RIBOSOME KEGG

MMU03050.PROTEASOME.KEGG

METABOLISM.KEGG MMU04350. TGF.BETA.SIGNALING.PATHWAY.KEGG
MMU00330.ARGININE.AND.PROLINE.METABOLISM.KEGG MMU03013.RNA. TRANSPORT.KEGG
MMU00062.FATTY.ACID.ELONGATION.KEGG MMU05220.CHRONIC.MYELOID.LEUKEMIA KEGG
MMU00650.BUTANOATE.METABOLISM.KEGG MMU05219.BLADDER.CANCER KEGG
MMU00640.PROPANOATE.METABOLISM.KEGG MMU05218 MELANOMA .KEGG
MMU00220.ARGININE.BIOSYNTHESIS.KEGG MMU04110.CELL.CYCLE KEGG
MMU00920.SULFUR METABOLISM.KEGG MMU05221. ACUTE.MYELOID LEUKEMIA KEGG
Adipocytes Myocytes Hepatocytes Average -log10
Term Overlap_| Ratio | Adj. p-value| Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adj. p-value| Overlap | Ratio | Adj. p-value| (@di- p-value)
H3K4me3 MEL cell line mm9 1796/4088  44%  38TE3S | 209414088  51%  226E-60 | 164014088  40%  422E-12 | 1890/4088  46%  2.35ESI 39
H3K4me3 CHI2.LX mm9 1820/4143 4% 306E37 | 20454143 49%  237E43 | 1638/4143  40%  7.94E-10 [ 18724143 45% 147642 33
H3ac myocyte mm9 9252000 46%  287B24 | 10532000 53%  4.22E33 | 8212000  41%  114E07 | 9582000  48%  4.47E-30 23
H3K4me3 C2C12 mm9 9112000  46%  147E21 | 10432000 52%  SO0E31 | 789/2000  39%  140E04 | 9452000  47%  3.72E27 20
H3K27ac heart mm9 12882041 44%  SIIE23 | 14142041 48% 35622 | 11382941 39%  730E05 | 13482041  d6%  3.67E-32 20
H3K9ac MEL cell line mm9 89412000  45%  222E-18 | 10512000  53%  109E32 | 8062000  40%  3.99E06 | 9352000  47%  625E-25 20
H3K27ac ES-E14 mm9 92012000 46%  2.69E23 | 10242000 51%  204E26 | 8152000  41%  479E07 | 9262000  46%  3.80E-23 19
H3K27a¢ liver mm9 12753076 41%  177E-13 | 14963076 49%  291E26 | 1156/3076  38%  7.08E03 | 14193076  d6%  8.23E-36 19
H3K4me3 GIE mm9 11042531 44%  991E-19 | 12622531  50%  668E-27 | 10082531  40%  148E06 | 11452531  45%  245E24 18
H3ae C2C12 mm9 90212000 45% __ 8.64E20 | 10202000 51% __ 1.18E-25 | 806/2000  40% _ 3.66E-06 | 9322000  47% _ 2.39E-24 18
Adipocytes Myocytes Hepatocytes Average -log10
Term Overlap | Ratio | Adj. p-value| Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adj. p-value| (i p-value)
H3K4mel CHI2.LX mm9 63885 0% 1 103885 0% 1 1333885 3%  409E04 | 153885 0% 1 1
H3K4mel MEL cell line mm9 34170 0% 1 74170 0% 1 136/4170 3% 21303 | 234170 1% 1 1
H3K27ac thymus mm9 42000 0% 1 22000 0% 1 622000 3% 1 82000 0% 1 0
H3Kdmel liver mm9 8/3706 0% 1 3106 0% 1 1013706 3% 1 16/3706 0% 1 0
H3K27me3 MCF-7 hg19 1/989 0% 1 - - - 30989 3% 1 31989 0% 1 0
H3K36me3 MEL cell line mm9 43352 0% 1 33352 0% 1 893352 3% 1 13352 0% 1 0
H3K27me3 spleen mm9 102000 1% 1 32000 0% 1 432000 2% 1 1212000 1% 1 0
H3K9me3 CDI4-positive monocyte hgl9 82000 0% 1 52000 0% 1 212000 1% 1 9/2000 0% 1 0
H3K4me3 spleen mm9 22000 0% 1 112000 0% 1 4712000 2% 1 152000 1% 1 0
|H3Kame3 kidney mm9 22000 0% 1 42000 0% 1 472000 2% 1 1512000 1% 1 0
Adipocytes Myocytes Hepatocyt Average og10
Term Overlap | Ratio | Adj. p-value | Overlap | Ratio | Adj. p-value| Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adj. p-value] (@dj. p-value)
7646799 CTD 00000928 146713004 47%  9.60E48 | 1612/3094  529%  143E48 | 13283094  43%  725E-21 | 1487/3094 48%  121E-49 41
0175029-0000 PC3 DOWN 15573326 47%  235E47 | 1632/3326  49% 27130 | 14093326 42%  T98E-20 | 15483326 47%  9.58E-42 34
acetaminophen CTD 00005295 1811/4135 4% 1,02E-33 | 1988/4135  48% 1LITE31 | 1689/4135  41% 1,49E-16 | 1906/4135  46%  4,73E-50 32 (o)
Copper sulfate CTD 00007279 2477/6016  41%  436E27 | 2752/6016  46%  8.72E28 | 2365/6016  39%  4.83E-15 | 2644/6016 4%  4.35E-52 30 S
vorinostat HL60 UP 417727 57%  459E-32 | 443727 61%  3,10E29 | 393727  54%  9.82E24 | 419727 8%  LI3E3I 2 3
trichostatin A PC3 DOWN S88/1133  52%  391E29 | 6551133  58%  1,62E- 5631133 50%  7.38E-23 | soi/1133  S2%  1.09E28 28 Q
trichostatin A MCF7 UP 486/874  56%  619E33 | 503874  58%  243E25 | 468/874  54%  S43E-27 | d66/g74  S3%  4.66E25 n _g
scriptaid PC3 DOWN 3880692 6%  3S5TE2T | 415692 60%  143E25 | 368/692  53%  7,56E-21 | 392/692  S7%  137E27 25 (@)
VALPROIC ACID CTD 00006977 3323/8312  40%  221E-28 | 3656/8312  44%  246E-23 | 3248/8312  39%  6,10B-22 | 3330/8312  40%  241E24 2
2-Methylcholine CTD 00002006 793/1666  48% 1.42E-24 | 881/1666  53% 1,59E27 | 723/1666  43%  9,17E-12 | 833/1666 0% 1,10E-32 23
5 mM bOHB Adipocytes Myocytes Hepatocyt Average -log10
Term Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adi. pvalue| Overlap | Ratio | Adj. pvalue| Overlap | Ratio | Adj. p-value| (adi. p-value)
pergolide HL60 UP - - - - - - 33312 1% 598E-10 - - - 9
dihydroergotamine HL60 UP - - - - - - 16/136  12%  2,79E05 - - - 5
acacetin HL60 DOWN - - - - - - 10/54 19%  8.67E05 - - - 4
Sodium dichromate CTD 00000827 11208 0% 1 1208 0% 1 28/208  13%  287E-10 - - 3
tetryzoline HL60 UP - - - - - - 16/119  13%  539E06 2119 2% 1 3
methylergometrine HL60 UP - - - - - - 177136 13%  S4TE06 11136 1% 1 3
tretinoin HL60 UP 2241 1% 9.17E01 - - - 26241 11%  6.17E08 2/241 1% 1 2
vorinostat HL60 DOWN 1/569 0% 1 1/569 0% 1 46/569 8%  431E-10 2/569 0% 1 2
mebendazole HL60 UP 11346 0% 1 1346 0% 1 33346 10%  7.86E09 2/346 1% 1 2
beta-D-allopyranose BOSS 1/97 1% 1 - - - 13/97 13% __ 8.88E05 - - 2
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Figure 4: Disparate consistency of gene expression changes elicited by BOHB and Butyrate. (A) Venn diagrams
showing overlap in significantly regulated genes between of BOHB and Butyrate regulates genes between cell
types (p < 0.001). (B) Heatmaps showing genes that are significantly regulated in at least 2 cell types (BOHB) and
in all 4 cell types (Butyrate). Genes with thick black border are significantly regulated (p < 0.001). In Butyrate-
heatmaps all listed genes are significantly regulated and genes are sorted by significance. Top 10 up- and
downregulated genesets in BOHB (C) and Butyrate-treated cells (D). Genesets were determined by geneset
enrichment analysis (GSEA) based on t-values for the top 100 up- and downregulated genes and ranked according
to averaged normalized enrichment score (NES). Pathways with thick black border are significantly enriched based
on FDR g-value < 0.1. Differentially expressed genes (from Figure 3B) were submitted to Enrichr
(https://amp.pharm.mssm.edu/Enrichr/) and compared to “ENCODE Histone Modifications 2015“ (E) and “Drug
Signature Database” (DSigDB) (F). TOP10 terms are shown sorted by descending average -log10 (adjusted p-value).

Discussion

In this paper we tested the potential of B-hydroxybutyrate (BOHB) to influence cellular
differentiation and for the first time performed whole genome expression analysis in
primary adipocytes, macrophages, myocytes and hepatocytes using BOHB side-by-side with
the well-established HDAC inhibitor butyrate. At physiologically relevant concentrations of
BOHB measured after fasting or ketogenic diet, BOHB did not impact differentiation of 3T3-
L1 or C2C12 cells. Effects on gene expression elicited by BOHB were very small in
comparison to butyrate and inconsistent between the primary cells studied. When using a
statistical cut-off of 0.05 for false discovery q value, BOHB did not significantly influence the
expression of any gene (not shown). The results from BOHB are in stark contrast to the
consistent butyrate-mediated inhibition of differentiation in 3T3L1 and C2C12 cells, and the
profound gene expression changes caused by butyrate in the various primary cells.
Together, these data contradict the notion that BOHB serves as a potent signaling molecule
during fasting via regulation of gene expression.

Interest in the beneficial effects of fasting has surged in the recent years. lllustrated by the
sheer abundance of reviews and perspective papers on the potential benefits of BOHB
(supplementation) (> 11 since 2014), BOHB is seen as one potential mediator of the fasting-
related benefits [2], [10]-[21]. Common to all reviews is the prominent portrayal of BOHB
as a potent HDAC inhibitor influencing gene expression, a notion originating from work by
Shimazu et al. in kidney and HEK293 cells [22]. However, several authors have commented
on the inability to reproduce changes in histone acetylation marks after incubating HEK293
cells with 20 mM BOHB [26], [27]. Instead, Xie et al. identified BOHB-derived lysine beta-
hydroxybutyrylation (kbhb) as novel histone modification [26]. Recently, Chriett et al.
revisited the assessment of BOHB’s HDAC inhibitory activity and the accumulation of
relevant histone marks, and also failed to reproduce the initial observations made by
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Shimazu and coworkers. In addition, the authors reported a lack of HDAC inhibitory activity
for BOHB in HMEC-1 human endothelial cells and L6 rat myotubes [25]. Like Shimazu et al.,
Chriett et al. employed butyrate’s powerful HDAC inhibitory effects as positive controls
[22], [25]. Irrespective of the precise mechanism, epigenetic alterations ultimately require
changes in gene expression to impact physiology. In our differentiation experiments, co-
incubation with BOHB did not alter expression of key genes in the differentiation process
of 3T3-L1 and C2C12 cells. Further unbiased assessment of whole genome expression in
mouse primary adipocytes, mouse macrophages, myocytes and hepatocytes revealed that
only 3 genes were significantly regulated in at least 2 of the tested primary cell types.
Corroborating this finding, GSEA analysis using the top 100 up- and downregulated genes,
irrespective of statistical significance, also revealed only limited overlap in BOHB regulated
pathways between cell types. Overall, our study shows that the effect of BOHB on gene
expression is minimal in controlled in vitro settings and lacks consistent regulation of
specific target genes. These results do not support the notion that BOHB serves as an
important signaling molecule regulating gene expression but do not exclude post-
translational mechanisms or effects that may lay downstream of ATP generation.

In contrast to BOHB, the effects of butyrate on gene expression were prominent and
displayed consistency between the tested primary cell lines and the differentiation
experiments. A significant portion of genes were consistently regulated between cell types
and the most highly enriched pathways were significantly enriched in most if not all cells.
In line with butyrate’s well-established effects on gene expression, pathways relevant to
transcriptional activities were enriched as well. Additional analyses using Enrichr are in
support of butyrate’s prominent HDAC inhibitory action. Butyrate’s effect on differentiation
processes in 3T3-L1 and C2C12 cells is in line with previous research [40], [41] and may also
be at least in part be explained by epigenetic mechanisms [46]. It should be noted, though,
that the data presented here are not suitable to deduce potential physiological effects of
butyrate and SCFA fermentation in vivo. Juxtaposing the supraphysiological concentration
of 5 mM employed in this study are reports of 1 — 12 uM and 14 — 64 uM butyrate in the
peripheral, respectively, central blood circulation measured in sudden death victims [47].

The main limitation of our study is the exclusive utilization of in vitro systems. We opted for
this approach to allow for the identification of target genes that may be consistently
regulated in more than one cell type in a controlled environment. While novel target genes
would have to be replicated in vivo, this approach seemed more reasonable for this purpose
compared to in vivo systems in which it is impossible to study the transcription regulation
specifically attributable to BOHB. For example, the hepatic response to fasting is shaped by
the FFA-PPARa axis, which regulates nearly every branch in lipid metabolism and is
indispensable for the physiological adaptation to fasting [48], [49]. The increase of ketone
body levels during fasting occurs concurrent with many other metabolic and hormonal
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changes, including increased plasma fatty acids, cortisol, and glucagon levels, and
decreased plasma insulin and leptin levels.

In conclusion, this work is the first to systematically assess the potential of the ketone body
BOHB to influence gene expression in various primary cell types by RNA-sequencing. The
lack of genes commonly regulated among cell types coupled to generally insignificant
effects on gene expression contradict the notion that BOHB serves as a powerful signaling
molecule regulating gene expression during the fasted state in vivo. In particular, by
comparing BOHB to butyrate, we provide evidence against transcriptional mechanisms
conferring the purported signaling effects in the first place. Our study does not rule out that
BOHB confers signaling effects via other mechanisms secondary to oxidation or receptor
activation, although such effects may be expected to indirectly lead to gene expression
changes as well. Future research is necessary to delineate whether BOHB regulates gene
expression in a tissue or context-specific manner. However, in comparison to other
signaling axes regulating gene expression, such as the PPAR-system, stringent context- or
tissue specific signaling effects by BOHB would equally dismiss the current portrayal of
BOHB as the do-it-all-substrate during the fasted state.
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Chapter 7

Fasting elicits a multi-organ response that maintains physiological homeostasis of an
organism despite constant energy requirements. An intricate network of evolutionarily
conserved transcriptional, translational and post-translational regulatory mechanisms
underlie this adaptive response and provide the basis for the survival of every fasting bout.
Fasting, without starvation, leads to numerous salutary benefits on health in humans and
animal models. The goal of this thesis was to characterize a number of transcriptional and
translational regulatory mechanisms relevant to fasting, involving the transcription factors
PPARa and CREB3L3, the LPL inhibitor ANGPTL4, and the ketone body B-hydroxybutyrate.
In the context of basic animal and human physiology, further characterization of fasting-
relevant mechanisms is expected to provide new avenues for clinical mitigation of
metabolic diseases. The key findings of this thesis are:

e The transcription factors PPARa and CREB3L3 show great plasticity in regulating
hepatic gene expression depending on nutritional status (Chapter 2).

e  Fasting reduces LPL activity in human adipose tissue concomitant with an increase in
ANGPTL4 gene expression and protein abundance (Chapter 3).

e  ANGPTL4 promotes the intracellular degradation of LPL by members of the proprotein
convertase subtilisin/kexin (PCSK) protein family in mouse adipocytes (Chapter 4).

e Mild whole body inactivation of ANGPTL4 in mice promotes to the development of mild
inflammatory side-effects after high-fat feeding (Chapter 5).

e B-hydroxybutyrate (BOHB) does not appear to have pleiotropic effects on gene
expression, questioning the notion that it mediates fasting-induced benefits via this
mechanism (Chapter 6).
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Control of the hepatic fasting response by PPARa and CREB3L3

One important level of control in the adaptation to fasting lies in the control of gene
expression by transcription factors. Research has shown that PPARa is one particularly
important transcription factor that governs the hepatic response to fasting [1]-[4]. Referred
to as the “master regulator of lipid metabolism”, it controls almost every branch of fatty
acid metabolism as well as genes related to gluconeogenesis and glycogenolysis [5]. The
pleiotropic effects of PPARa activation are being utilized clinically [6], [7]. Another
important transcription factor which regulates hepatic gene expression during fasting is
CREB3L3 [8]-[10]. Comparative transcriptomic analysis of livers from PPARa™~, CREB3L37~
and double knockout mice after an overnight fast revealed that both transcription factors
mostly regulate distinct genes and pathways and do so independently (Chapter 2). These
data corroborate earlier studies that PPARa controls fatty acid metabolism from uptake to
oxidation while CREB3L3 controls lipoprotein metabolism and secretion-associated
pathways [5], [9], [11].

Another finding of this study is that under ketogenic diet feeding, in contrast to fasting,
livers of CREB3L3”~ mice develop hepatomegaly, steatohepatitis and display a pro-
inflammatory gene signature. This finding extends earlier reports of this phenotype by
providing insights into the whole transcriptional response [12], [13]. Strikingly, this
phenotype was completely dependent on PPARa. Studies that employed the synthetic
PPARa-ligands Wy-14643 and Clofibrate illustrate that indeed hepatic PPARa activation
drives the proliferation of hepatocytes resulting in hepatomegaly and steatohepatitis [14],
[15]. In our study, contrasting the transcriptional profile of CREB3L3™" livers to a publicly
available dataset of a 5-day Wy-14643 treatment indeed showed great overlap, suggesting
that the ablation of CREB3L3 results in selective activation of PPARd’s
mitogenic/proliferative effects. We suggest that, under conditions of ketogenic diet
feeding, ablation of CREB3L3 may disrupt specific metabolic pathways resulting in the
accumulation of intermediate fatty acid species. These specific fatty acids may differentially
activate PPARa’s mitogenic/proliferative effects. Fortunately, despite the striking
phenotype, it is questionable whether these findings bear any relevance for the human
situation, at least in part due to the fact that mitogenic effects have not been described for
human PPARa in vitro [16].

One interesting point concerns the comparison between fasting and the ketogenic diet
(KD). Originating from the Atkins diet, a typical KD comprises about < 20 energy% from
protein, > 70 energy% from fat and < 10 energy% from carbohydrate sources [17]. The
reduction in carbohydrate consumption is thought to induce a “fasting-like” metabolic state
via reduced insulin action which in turn promotes B-oxidation and ketogenesis [18]. Indeed,
plasma parameters between fasting and ketogenic diet feeding are similar (Chapter 2). In
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the recent years, this metabolic resemblance fueled scientific interest to understand
whether fasting-like benefits can be mimicked with the ketogenic diet (Chapter 1). Of note,
the ketogenic diet also (re-) gained popularity with many people in the ‘health & fitness’
world advocating for various forms of KD (cp. trends.google.com).

The KD has a long history in the clinical mitigation of epilepsy, particularly in children [19].
Additionally, there are reports of beneficial effects on glycemic control in type 2 diabetics
[20], [21], improved cognition during Alzheimer’s [22] and general improvements in body
composition coupled to weight loss [23], [24]. Reports about enhanced exercise
performance when following KD appear unsubstantiated [24]-[27], as are claims about
superior weight loss in comparison to calorie-matched low-fat diets [23], [28]. One
underappreciated aspect in the current (public) discourse is the fact that KD elevates
plasma LDL levels [23], [29], [30]. Given the well-established link between plasma LDL and
atherosclerosis [31], [32], the lack of controlled RCT assessing long-term safety of KD in
healthy individuals constitutes a major concern [33], [34]. While we did not address safety
of the ketogenic diet in Chapter 2, our results indicate that fasting and ketogenic dieting
impact metabolism in fundamentally distinct ways. It can be speculated that the severe
phenotype of KD in CREB3L3™~ mice is related to the relatively high saturated fat content
(37.5% of total calories), as unsaturated fatty acids did not activate PPARa’s mitogenic
effects in previous studies [35].
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ANGPTLA diverts triglycerides away from adipose tissue during fasting

Fasting initiates a switch in primary metabolic fuel sources from glucose to fatty acids and
ketone bodies. This switch is accompanied by a reduction in plasma triglyceride (TG) and an
increase in free fatty acid (FFA) levels from adipose tissue lipolysis. Since its discovery in
2000, extensive research efforts unveiled that ANGPTL4 — originally coined fasting induced
adipose factor — inhibits LPL activity in mouse adipose tissue, preventing TG clearance and
thereby futile cycling of free fatty acids in this tissue during the fasted state [36]—[38]. In
the current model, ANGPTL4 expression and protein abundance are low in the fed state.
Expression of the Lpl/ gene, which remains relatively stable between fed and fasted states,
translates into LPL protein. Heparan sulfate proteoglycans (HSPGs) facilitate the localization
of LPL on the plasma membrane of adipocytes from where LPL is transported to the vascular
lumen by Glycosyl-phosphatidylinositol anchored high density lipoprotein binding protein
1 (GPIHBP1). Tethered to the endothelial surface, LPL binds to circulating VLDL and
Chylomicron particles and hydrolyzes individual FFAs from enclosed TGs (Figure 1; Fed) [36].
In contrast to Lpl, adipose tissue Angptl4 expression increases during fasting. ANGPTL4
protein promotes the unfolding and subsequent cleavage of LPL, as evident by the
accumulation of N-terminal LPL cleavage products inside adipocytes [39] (Chapter 4).
Augmented cleavage of LPL reduces the active LPL protein pool, and thereby LPL activity,
along the secretory route and ultimately in the vascular lumen. As a result, TG clearance
reduces in adipose tissue during fasting, sparing TGs to be hydrolyzed by LPL expressed in
other tissues (Figure 1; Fasted). This model is supported by mouse models with genetically
altered ANGPTL4 expression. Especially in the fasted state, Angptl4-transgenic mice display
lower LPL activity and thus higher plasma TG levels compared to fasted WT mice [40]-[42].
Conversely, the fasting-induced decrease in adipose tissue LPL activity is abolished in
Angptl4”~ mice leading to reduced plasma TG levels due to increased uptake of TG-derived
fatty acids into adipose tissue [43], [44]. Stable Lpl transcription and slow LPL protein
turnover, in conjunction with rapid induction or depression of Angptl4 mRNA based on
feeding status, suggest that TG clearance by adipose tissue LPL is constitutively active yet
sensitively and rapidly adjusted by ANGPTL4 in accordance with nutritional challenges such
as fasting [43].

In Chapter 3, we validated this concept in humans. Previously, it was shown that LPL activity
decreases in human adipose tissue during fasting [45], yet changes in corresponding protein
levels had only been assessed cross-sectionally [46]. After a 26h fast in 23 volunteers we
found that ANGPTL4 gene and protein expression were elevated in periumbilical
subcutaneous adipose tissue. This coincided with a significant decrease in adipose tissue
LPL activity in the absence of significant changes in LPL expression or protein levels. In
analogy to the situation in mice, these data lead us to conclude that human ANGPTL4
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inhibits adipose tissue LPL activity in the fasted state to spare TGs for other tissues as well
(Figure 1; Fasted). In addition, our in vitro results suggest that reducing insulin and elevating
FFA and cortisol levels jointly control ANGPTL4 expression in adipocytes during fasting.

One intriguing question concerns the precise mechanism behind the ANGPTL4-mediated
regulation of LPL activity in human adipocytes. Previous studies in mice showed that
ANGPTL4 reduces the abundance of LPL protein in adipocytes (Chapter 4) [47]. In our
human study we observed minimal changes in full length LPL protein abundance upon
fasting and LPL cleavage products were generally non-detectable in tissues and primary
cells. As discussed in Chapter 3, the benign non-significant changes in full length LPL protein
abundance in the fasted state indicate that human ANGPTL4 does not regulate LPL activity
by altering LPL protein abundance. Intriguingly, LPL protein abundance is also equal
between wildtype and Angpt/47~ heart tissue and macrophages, indicating that the precise
mechanism of action may be different between mouse tissues [47], [48] (Chapter 5). In
future studies the question of how ANGPTL4 regulates LPL activity in human adipose tissue
could be addressed by optimizing the LPL antibodies for the visualization of LPL cleavage
products. Employing different LPL antibodies, we were able to confirm cleavage of LPL in
adipose tissue (Chapter 4). However, in direct comparison to the Y-20 LPL antibody
(employed in Chapter 3) those antibodies were inferior in visualizing full length LPL. Primary
human adipocytes seem unsuitable for the study of LPL cleavage. None of the mentioned
antibodies was able to detect LPL at the predicted size, and siANGPTL4 transfection
experiments failed. Alternatively, an artificial expression system such as HEK293 cells could
be employed to co-express (tagged) human ANGPTL4 and LPL. If it is possible to express
properly folded LPL (as exemplified by Nimonkar et al.) [49], [50], western blots may be
used to confirm the lack LPL cleavage induced by ANGPTL4. In conclusion, while we were
able to confirm the functional importance of human ANGPTL4 for the regulation of LPL
activity in adipose tissue during fasting, questions about the precise mechanism of action
remain to be addressed in future studies.
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Figure 1: ANGPTL4 diverts TG away from the adipose tissue during fasting. During the fed state (left panel),
expression of the LPL gene results in formation of LPL protein. HSPGs bind and display LPL on adipocytes. GPIHBP1
facilitates the transport of LPL through the interstitial space to the vascular lumen and tethers LPL to the
endothelial surface. There, LPL binds to circulating VLDL and Chylomicron particles and hydrolyzes individual FFAs
from enclosed TGs for uptake by adipose tissue. During fasting (right panel), expression of ANGPTL4 increases
many-fold. ANGPTL4 protein interacts with LPL and reduces LPL activity, preventing clearance of TGs by adipose
tissue. In mouse (blue arrow), ANGPTL4 promotes the cleavage of LPL in adipose tissue. Precisely how human
ANGPTL4 regulates LPL activity in human adipose tissue is not known currently. Abbreviations: LPL Lipoprotein
lipase, ANGPTL4 Angiopoietin-like 4; Heparan sulfate proteoglycans (HSPGs); Glycosyl-phosphatidylinositol
anchored high density lipoprotein binding protein 1 (GPIHBP1).
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The role of ANGPTL4 in non-adipose tissues during fasting

Suppressed TG clearance by adipose tissue during fasting suggests that non-adipose tissues
account for the overall reduction in plasma TG levels (Chapter 1). Data from rats suggest
that hepatic lipase activity declines during fasting, indicating that the liver unlikely accounts
for the reduction in plasma TG levels [51]. Two tissues that show elevated LPL activity during
fasting and might therefore be responsible for the reduction in plasma TGs are skeletal
muscle and the heart [45], [52]-[54]. Besides adipose tissue, ANGPTL4 is also expressed in
skeletal and heart muscle as well as liver, intestine and macrophages [38]. In a scenario
where ANGPTL4 regulates adipose and non-adipose tissue TG distribution during feeding-
fasting cycles, LPL activity and ANGPTL4 expression would require tissue-specific regulation
in opposing fashion compared to adipose tissue.

Reciprocal regulation of LPL activity by ANGPTL4 between tissues has been described
previously. A one-legged exercise study found that ANGPTL4 expression increased in the
non-exercising leg but did not change in exercising leg. Supported by a series of in vitro
experiments, the authors concluded that elevated AMPK activity is preventing FFA-
mediated induction of ANGPTL4 in the exercising muscle, thereby facilitating local TG
clearance to support ATP production during an exercise bout [55]. Similarly, during cold
exposure, activation of AMPK was shown to selectively down-regulate Angpt/4 expression
in brown adipose tissue, facilitating TG clearance to supply cold-induced non-shivering
thermogenesis. Also here, Angptl4 expression was reciprocally regulated and increased in
white adipose tissue to prevent futile cycling of fatty acids [56]. Despite the fact that AMPK
was previously shown to regulate LPL activity in heart tissue of fasted rats [54], a role for
AMPK in regulating skeletal muscle LPL activity during fasting in humans is doubtful. Firstly,
AMPK inhibits Angptl4 in mouse myotubes, but reports that AMPK regulates ANGPTL4 in
human primary myotubes are inconsistent [55], [57]. Secondly, AMPK activity appears
unchanged skeletal muscle during fasting [58]. Thirdly, the increase in skeletal muscle LPL
activity during fasting, in fact, occurs in spite of augmented ANGPTL4 expression in human
and mice muscle [44], [57], [58]. The latter is also the case for heart muscle in rodents [44],
[54].

One factor that may potentially underlie the reciprocal regulation of LPL activity in the face
of unidirectional regulation of ANGPTLA4 is their relative expression levels between tissues.
Based on consensus expression data from ‘humanproteinatlas’, adipose tissue expression
of LPL is about 1.5x and 3x higher, yet adipose tissue ANGPTL4 expression is 5x and 9x higher
than in heart and skeletal muscle, respectively. At baseline, this results in a LPL to ANGPTL4
transcript ratio of 3:1 in adipose tissue but merely 11:1 in heart and 9:1 in skeletal muscle.
These transcript ratio’s seem to match respective protein abundances at least in mouse
tissues [47]. Together with the observation that only adipose tissue shows elevated VLDL
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clearance in fasted Angptl4”~ mice [44], these data suggest that ANGPTL4 inhibitory
capacity in non-adipose tissues is low irrespective of nutritional status. Consequently, one
may speculate that LPL activity in heart and muscle tissue is subject to a greater degree of
regulation by GPIHBP1 and the apolipoproteins C1, C2, C3 and A5 and may thus appear
elevated despite increased ANGPTL4 expression. Interestingly, ANGPTL4 is only 2-3x-fold
induced in muscle during fasting, yet induction levels observed to divert TGs away from
non-exercising muscle reached 5x-fold [55], [58] (Chapter 3). Whether these differences in
ANGPTL4 induction levels are reflective of a tipping point for ANGPTL4-mediated inhibition
of LPL activity (as seen in non-exercising muscle) requires further study.

Another factor relates to the time-point of measuring ANGPTL4 expression. Most fasting
studies investigate the effects of fasting at a single time-point [57], [59] (Chapter 3), yet as
outlined in Chapter 1, the adaptation to fasting is a continuous process. In this regard, Ruge
et al. observed an increase in skeletal muscle LPL activity only after 30h of fasting, while the
fasting-mediated induction of ANGPTL4 observed in various non-adipose tissues peak at 4h
of fasting in mice and humans [45], [58]. In addition, a recent mouse study showed that
plasma TG levels reduce significantly within 2h of food withdrawal and plateau thereafter
[60]. This observation makes it conceivable that, in mice, the peaking of Angptl/4 expression
after 4h of fasting may in fact act to limit further reducing of plasma TG levels.
Consequentially, the switch from plasma TGs to FFA’s directly released form adipose tissue
as primary sources for FFA’s would occur very rapidly upon commencing of the fast. If this
hypothesis holds true in the humans remains to be seen. One approach to better
understand the role of ANGPTL4 in non-adipose tissues during fasting, would be to
characterize LPL activity per tissue over time during fasting, in conjunction with ANGPTL4
mMRNA and protein levels and actual FFA uptake. Collectively, these dataillustrate that albeit
induced, the role of ANGPTL4 in regulating LPL activity in non-adipose tissues during fasting
is currently unclear.

Local vs endocrine role for ANGPTL4

Another contributing factor to the apparent mismatch between ANGPTL4 expression and
LPL activity in skeletal muscle and heart during fasting could be related to the location
where ANGPTL4 inhibits LPL. Based on a previous finding from our group that ANGPTL4
ablation impacts LPL protein levels inside of mouse adipocytes [47], in Chapter 4 of this
thesis we extended these findings by identifying the proprotein convertase family member
PCSK3 as a factor involved in the intracellular degradation pathway of LPL. Specifically, we
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showed that knockdown and pharmacological inhibition of PCSK3 prevents the appearance
of N-terminal LPL cleavage products in various adipocyte models in vitro and that this
ablated differences in LPL abundances between Angpt/4”7~ and wildtype adipocytes.
Considering the characterization of a PCSK-cleavage site within LPL, we propose a model in
which ANGPTL4 promotes the unfolding of LPL, which in turn renders it more susceptible
to cleavage by PCSK3 (Figure 2). LPL cleavage products may be cleared via lysosomal
degradation. Of note, recent studies on the structure and binding between ANGPTL4 and
LPL unveiled that LPL can be active as a monomer in addition to a homodimer [50], [61].

Figure 2: ANGPTL4 promotes degradation of LPL via PCSK3 inside adipocytes. Expression of Lp/ (1) results in the
formation of LPL protein. LPL matures along the secretory route (2,3) and is secreted with the help of HSPGs.

GPIHBP1 facilitates the transport of LPL through the interstitial space and the display of LPL in the vascular lumen.
There, LPL hydrolyses TG-rich lipoproteins to release FFAs (5), which subsequently are available for uptake by
adipocytes. Expression of Angptl4 (1), results in the translation of ANGPTL4 protein. ANGPTL4 likely also matures
along the secretory route (2). In the Golgi, ANGPTL4 binds LPL which promotes the unfolding of LPL (6). This renders
LPL more susceptible to cleavage by PCSK3 and subsequent degradation (7). Alternatively, it is possible that
ANGPTL4 and LPL are secreted from adipocytes separately (3a/4a) and either interact on the cell surface or in the
vascular lumen. To the effect of lowered LPL activity and omission of TG hydrolysis from TG-rich lipoproteins (5a),
ANGPTL4 may promote the unfolding of LPL extracellularly (6a). Subsequently, extracellular PCSKs may facilitate
the degradation of LPL (7a). Abbreviations: LPL Lipoprotein lipase, ANGPTL4 Angiopoietin-like 4; Proprotein
convertase furin/PCSK3 (PCSK3); for HSPGs, GPIHBP1 and TG-rich lipoproteins see Figure 1.
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On the other hand, LPL mediated triglyceride clearance occurs on the endothelial lumen
(Figure 2) [62]. Indeed multiple studies employing recombinant ANGPTL4 or anti-ANGPTL4
antibodies in vitro and in vivo support the notion that secreted ANGPTL4 regulates LPL
activity on the vascular endothelium and potentially also in the subendothelial space [40],
[63]-[66]. In line, plasma ANGPTL4 levels are subject to physiological regulation, as shown
after 24h of fasting (Chapter 3), or after an exercise bout [55], [57]. Therefore, LPL inhibition
in any specific tissue does not need to be confined to the local expression of ANGPTL4 but
can also be mediated by ANGPTL4 originating from other tissues. The local versus endocrine
function of ANGPTLA4 likely depends on several factors that also include the basal expression
levels of ANGPTL4 and LPL (see previous section). The rise in plasma ANGPTL4 levels during
exercise concomitant with the stark upregulation of ANGPTL4 in skeletal muscle led to the
initial hypothesis that skeletal muscle contributes to the circulating ANGPTL4 pool during
exercise [55]. However, in line with the much higher ANGPTL4:LPL expression ratio in the
liver, this notion had been refuted by Ingerslev et al. who instead showed that the hepato-
splanchnic bed drove the elevated plasma ANGPTL4 levels during exercise [57]. This
hypothesis corroborates the observation that the liver expresses primarily a truncated form
of ANGPTL4, which is the main form present in the circulation [67]. Expression levels of
ANGPTLA4 are drastically induced in the liver during fasting [44], which makes it conceivable
that ANGPTL4 originating from the liver mediates LPL inhibition in the circulation. However,
while tissue-specific knockout experiments amply documented that ANGPTL4 in white and
brown adipose tissue [68], [69] and heart [70] impacts plasma TG levels, corresponding data
from liver is still lacking. Two recent pre-prints addressed the role of ANGPTL4 in liver using
liver-specific knockout animals. Strikingly, while one manuscript reports a clear reduction
of plasma TG levels by hepatocyte-specific ANGPTL4 deficiency, the other manuscript
reports no effect [71], [72]. Taken together, the current body of evidence suggests that
ANGPTL4 inhibits LPL both locally and in the circulation.

To further understand to what extent the various tissues contribute to circulating ANGPTL4
levels, it would be of great interest to measure circulating ANGPTL4 levels in tissue-specific
knockout models under various physiological conditions. However, the study of murine
ANGPTLA4 is currently severely hindered by the lack of sensitive antibodies. One alternative
could be the selective deletion of amino acids 1 — 25, comprising the signal sequence of
ANGPTL4 [73]. Trapping ANGPTL4 inside tissues, in either tissue-specific or global fashion
could shed light on the general or tissue-specific importance of local vs circulatory ANGPTL4
for the regulation of plasma TG levels.
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Targeting ANGPTL4 for the mitigation of hypertriglyceridemia

Hypertriglyceridemia is an independent risk factor for the development of cardiovascular
disease, the leading cause of death worldwide [74], [75]. ANGPTL4 is a physiological
regulator of plasma TG levels by inhibiting LPL activity in mice and humans. Ample
preclinical studies documented that targeting ANGPTL4 by various means powerfully
modulates plasma TG levels [40]-[42], [44], [64], [76]. Reinforcing clinical interest, human
genetic studies identified that carriers of the inactivating E40K mutation in the ANGPTL4
gene have reduced plasma TG concentrations alongside a reduced risk for developing
cardiovascular disease [66], [77]. Beyond studying efficacy, in particular one pre-clinical
study from our group explored the safety of targeting ANGPTL4 by feeding mice a high
saturated fat diet (HFD) [78]. Strikingly, complete whole body ablation of ANGPTL4, after
20 weeks of HFD, led to ultimately lethal side effects that included the development of lipid-
laden Touton giant cells in the mesentery, fibrinopurulent peritonitis, chylous ascites and
elevation of acute-phase proteins in plasma [78]. These observations impede with the
putative clinical benefit of targeting ANGPTL4 in humans. In order to expand on the clinical
relevance of ANGPTL4, in Chapter 5, we employed whole body ANGPTL4-hypomorphic
mice. Characterized by partial expression of the N-terminal LPL-inhibiting domain, in
conjunction with complete ablation of the C-terminal ANGPTL4 domain, these hypomorphic
mice allowed for the study of a milder form of genetic ANGPTL4 ablation. ANGPTL4-
hypomorphic mice showed similar reductions in plasma triglyceride levels as the whole
body ANGPTL4™~ mice, both after fasting and 20 weeks of HFD. Interestingly, after 20 weeks
of HFD, the hypomorphic mice developed less severe side-effects compared to the
complete ANGPTL4 knockout mice. Only 12% of hypomorphic mice developed chylous
ascites, compared to 80% in the knockout group. Acute inflammation was significantly
lower and delayed in the ANGPTL4-hypomorphic mice as well. While reports of any lifestyle
related side-effects in individuals with inactivating variants of ANGPTL4 (E40K) are currently
lacking [66], our findings in Chapter 5 suggest that potential side effects of targeting
ANGPTL4 in vivo are dependent on the degree of ablation. Partial instead of complete
ablation of ANGPTL4 could be one suitable strategy to lower plasma TG, if diet-dependent
side-effects can be omitted completely. The approximately 50% reduction in N-terminal
ANGPTLA4 did produce side-effects albeit less severe, suggesting that ablation of ANGPTL4
to omit side effects completely might need to be lower.

Another finding of our work in Chapter 5 is that partial ablation of ANGPTL4 did not mitigate
Touton giant cell formation in mesenteric lymph nodes in comparison to complete ANGPTL4
knockout animals. In about 90% of mice in both groups foam cells were present. This finding
suggests that Touton giant cell formation is uncoupled from the deleterious systemic side
effects, a conclusion further supported by an earlier study from our group in which feeding
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Angptl4”~ mice a high trans-fat diet resulted in Touton giant cell formation in the absence
of systemic inflammation [42]. Nevertheless, the protective effect of ANGPTL4 on
macrophages cannot be dismissed. In line with our finding that also endogenously produced
ANGPTL4 protects macrophages from the pro-inflammatory effects subsequent to
excessive saturated fat uptake in vitro (Chapter 5), alteration of ANGPTL4 expression in vivo
impacts on macrophage-driven atherosclerosis development. ApoE*3-Leiden mice
backcrossed with ANGPTL4-transgenic mice developed reduced plaque sizes alongside
reduced macrophage numbers following a Western type diet [79]. Conversely, deletion of
ANGPTL4 in haematopoietic stem cells exacerbated atherosclerosis development and
vascular inflammation [80]. These studies illustrate that the best approach to harness
clinical benefit from targeting ANGPTL4 could be one that targets selected tissues. Adipose
tissue has arguably the highest capacity to store lipids and could be one suitable target.
Indeed recent studies show that adipose tissue-specific inactivation of ANGPTL4 potently
reduces plasma TGs, yet the authors did not screen for underlying inflammation (SAA,
haptoglobin) that had been identified in earlier studies or tested a longer intervention
period [68], [69]. As mentioned, studies that selectively target ANGPTL4 in liver are
underway [71], [72]. Overall, among its family members, ANGPTL4 shows the greatest
capacity to modulate plasma TG levels and hence associated cardiovascular disease risk
[81]. Despite this fact, the clinical development of drugs targeting ANGPTL4 has been
slowed down by unfavorable outcomes in mentioned pre-clinical studies. By contrast, pre-
clinical studies focused on ANGPTL3 did not report side-effects which promoted the clinical
development of drugs candidates. Antibody-based approaches are currently in phase 3
clinical trials (clinicaltrials.gov).

The signaling roles of B-hydroxybutyrate

The metabolic state of ketosis, elicited by various fasting and caloric-restriction protocols
as well as by carbohydrate-restricted ketogenic diets (KD), is associated with numerous
health benefits (Chapter 1) [82]. In Chapter 6 we tested the notion that B-hydroxybutyrate
(BOHB), as a metabolite specifically present during ketosis, drives some of these salutary
health effects by serving as a powerful signaling molecule on top of providing a source for
ATP [82]-[94]. Specifically, we focused on its effect on gene expression in the context of
proposed HDAC inhibitory action [95]-[98]. Strikingly, RNA-sequencing in primary
adipocytes, macrophages, myotubes and hepatocytes after 6h treatment with 5 mM BOHB
revealed limited effects on gene expression, which displayed little consistency between the
tested cell types. In addition, the overlap with Butyrate, a potent HDAC inhibitor was

207

Chapter 7



Chapter 7

limited, while Butyrate’s effect among the different cell types was consistent. This finding
suggests that BOHB has little effect on gene expression via epigenetic or other mechanisms
and corroborates a recent study that illustrated that also BOHB’s effect on histone
acetylation dwarfs in comparison to the effects elicited by Butyrate [95], [99].

Our findings do not exclude the possibility that BOHB impacts cellular metabolism beyond
serving as a substrate for oxidative phosphorylation, including the epigenetic control of
gene expression via HDAC inhibition (as discussed in Chapter 6). In the recent years, various
novel histone residues have been identified which are thought to modulate the
electrostatic interactions between DNA and histones, resulting in gene expression changes,
just as the classical acetylation and methylation histone marks [100]. These novel histone
marks include propionylation, crotonylation and B-hydroxybutyrylation (kbhb), among
others [101]. In light of our findings, one interesting consideration regards the biological
relevance of the recently discovered B-hydroxybutyrylation (kbhb) modification of histone
lysine residues. While refuting BOHB’s HDAC inhibitor activity in HEK293 cells and
documenting its absence in endothelial cells and myotubes, Chriett et al. confirmed the
BOHB-induced appearance of kbhb histone marks [99]. Xie et al. first discovered this new
histone mark as H3K4bhb, H3K9bhb, H3K18bhb and H4K8bhb, which dose-dependently
accumulated when treating HEK293 cells with 2-10 mM BOHB. Subsequently, 11 kbhb
bearing histone sites were identified in vivo in mice livers. After 48h of fasting kbhb marks
were elevated between 4-40x fold [102]. Using comparative analysis of Chip-seq and RNA-
seq data, fasting-induced kbhb marks were found in the proximity of genes belonging to
pathways of amino acid catabolism, redox balance, circadian rhythm, PPAR, and oxidative
phosphorylation. Interestingly, no kbhb marks were associated with repressed pathways
leading the authors to conclude that the novel histone kbhb mark is indicative of active
gene expression [102]. A second study by Chen et al. found that concentrations of up to 20
mM BOHB dose-dependently increase the abundance of kbhb histone marks in primary
neurons. Three week i.p. injections of 300 mg/kg BOHB as well as treatment of primary
neurons with 10 mM BOHB were then shown to rescue spatial restraint stress or
dexamethasone-induced reductions in BDNF protein levels, respectively [103]. Recently, a
third report associated augmented histone kbhb modifications with increased Adipog
expression in 3T3L1 adipocytes treated with 10 mM BOHB [104].

Importantly, all three studies correlate the appearance of kbhb histone marks with
alterations in gene expression but do not formerly show that kbhb marks are required or
are facilitating these effects. What is more, Chriett et al. observed the accumulation of
histone kbhb marks after treatment with Butyrate and other established HDAC inhibitors
[99]. Since gene expression changes were observed in conjunction with histone acetylation
induced by these compounds, the latter finding may suggest that kbhb marks are not
specific to BOHB exposure but possibly byproducts of general metabolism of 4C substrates
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[99]. In addition, investigating kbhb accumulation in vivo after complex metabolic
challenges such as fasting requires considerate experimental design. The dramatic
metabolic and hormonal changes that are governing the fasting response (Chapter 1) could
potentially overpower benign effects elicited by BOHB. One obvious example is the
importance of the FFA-PPARa axis in regulating the hepatic response to fasting (Chapter 2).
Likewise, caution is required when weighing the conclusions from the copious in vitro
experiments that utilize BOHB concentrations > 10 mM, while sometimes displaying
miniscule effects [95], [96], [102]-[106]. In humans, these concentrations are only seen
during the pathological state of ketoacidosis, a potentially fatal condition marked by very
high plasma glucose and ketone body levels. Despite these initial findings, the biological
relevance of histone kbhb marks is not well established yet. Interestingly, Liu et al. recently
identified kbhb marks on the tumor suppressor p53, indicating that B-hydroxybutyrylation
marks may not be confined to histone proteins [105]. Generally, epigenetic effects for BOHB
are conceivable on the basis that (1) ketolysis results in acetyl-CoA which serves as a
substrate for epigenetic acetylation reactions and (2) that oxidation of BOHB, in relation to
other substrates such as glucose, favorably affects NAD* levels, which serve as cofactors for
a group of Class Il deacylases called Sirtuins [100]. Future studies need to establish
functional relevance of proposed mechanisms of action for BOHB.

Multiple alternative explanations exist why our in vitro screen might have missed BOHB’s
significant effects on gene expression. Besides the fact that we opted for an in vitro
approach, one possible explanation for the benign gene expression effects in our work
relates to the lack of the appropriate fasting-environment in which BOHB would naturally
be present. Several reports exist that illustrate the importance of the proper context. In a
study to explore the regulation of hepatic lipid metabolism in newborns, Rando et al.
discovered that the PPARa-mediated induction of the hepatokines Fgf21 and Angptl4 is
controlled by HDAC3. Indeed treatment of primary hepatocytes from fetal origin with
Butyrate, BOHB or Trichostatin A in conjunction with Wy-14643 induced expression of
Fgf21, whereas Wy-14643, BOHB or Butyrate in isolation had no effect [97]. After birth,
expression of both genes naturally increased in neonates compared to their expression in
fetuses, suggesting that the epigenetic remodeling is required once upon birth, presumably
to aid digestion of milk lipids. Lending further support to the notion that BOHB’s signaling
effects may be context-dependent, BOHB’s GPR109a-mediated anti-inflammatory effects
appear only conferred in conjunction with LPS or TNFa stimulation [107]-[111]. By contrast,
there are reports that BOHB exerts pro-inflammatory in HMEC-1 and cattle hepatocytes and
proliferative effects on various cancer cell lines [98], [99], [112]. Therefore, beyond
mechanisms, future studies are also required to precisely define in which contexts BOHB is
relevant and whether its effects are always beneficial.
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Our results do not formerly exclude that BOHB may exert signaling effects influencing gene
expression, via HDAC inhibition or other mechanisms. However, in light of context-specific
and contradicting evidence on mechanisms and beneficial effects, the current literature
does not support the portrayal of BOHB acting as a pleiotropic signaling molecule. In this
context, in particular a recent perspective paper postulating nutritionally or exogenously
induced ketosis as a remedy for viral infections (including COVID19) appears like wild
speculation [86]. It is conceivable that BOHB serves as a niche-signaling molecule fine-
tuning specific metabolic responses, however future studies need to be carefully controlled
for mechanisms. To justify the designation “signaling molecule” it is furthermore important
that future mechanistic studies adequately control for effects that may lay downstream of
supplementing ATP. To uncover the potential signaling functions of BOHB in vivo, future
studies may utilize models with defective ketolysis. Ideally, ketolysis would be targeted in a
tissue-specific manner, since fasting-induced hepatic steatosis in whole body Bdh17~ mice
might facilitate off-target effects [113].

Conclusion

In this thesis we characterized a number of transcriptional and translational regulatory
mechanisms relevant to fasting. Depending on nutritional status the transcription factors
PPARa and CREB3L3 show great plasticity in regulating hepatic gene expression (Chapter
2). Furthermore, we were able to confirm the functional importance of human ANGPTL4
for the regulation of LPL activity in adipose tissue during fasting (Chapter 3). The role of
ANGPTL4 in regulating LPL activity in non-adipose tissues during fasting is currently unclear.
In contrast to mouse adipose tissue, where PCSK3 is involved in the degradation of LPL
cleavage products, the precise mechanisms of LPL cleavage in human adipocytes remains
to be addressed in future studies (Chapter 4). Current evidence on the potential whole body
targeting of ANGPTLA4 to correct dyslipidemia is unfavorable yet future studies will have to
address the efficacy and safety of tissue-targeted approaches (Chapter 5). Lastly, our results
in Chapter 6 in the context of currently available literature do not support the current
portrayal of BOHB acting as a pleiotropic signaling molecule. Future research should focus
on further defining in which circumstances and via which mechanisms BOHB displays robust
signaling effects.
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Abstaining from food intake, i.e. fasting, elicits a multi-organ response that maintains the
physiological homeostasis of an organism despite a constant requirement for energy. This
distinguishes it from the fed state in which the organism maintains homeostasis utilizing
ingested nutrients. An intricate network of evolutionarily conserved transcriptional,
translational and post-translational regulatory mechanisms underlie the adaptive transition
from the fed to the fasted state and provide the basis for the survival of every fasting bout.
In recent years, numerous studies documented the salutary health benefits the various
fasting protocols elicit in human and animal models. The regulatory mechanisms that
facilitate the feeding-fasting transition are incompletely understood. Hence, the goal of this
thesis was to characterize a number of transcriptional and translational regulatory
mechanisms relevant to fasting. Their uncovering and understanding in the context of basic
animal and human physiology is expected to provide new avenues for clinical mitigation of
metabolic diseases.

Chapter 1 summarizes the benefits of fasting and describes the feeding-fasting transition.
Intermittent fasting (IF), time-restricted feeding (TRF), alternate-day fasting (ADF) and
periodic fasting (PF) are the main fasting regimes that are currently being researched. In
humans and animal models these regimes normalize HbAlc and glucose levels, improve
insulin sensitivity and blood lipid parameters, reduce blood pressure and induce weight
loss. In animal models there is evidence for the extension of life span and the mitigation of
disease in experimental models for diabetes, cardiovascular disease, neurological disease
and cancer.

Key metabolic organs to understand feeding-fasting cycles are the liver, muscle tissue,
adipose tissue and the brain. The fed state commences with the ingestion of a meal. Insulin
is a key hormone that signals the ‘fed’ state due to its numerous central functions in
nutrient uptake and storage. It triggers the uptake of glucose into liver, adipose and muscle
tissue, and its utilization to produce ATP via glycolysis. The oxidation of FFA for ATP is
generally low in most tissues when Insulin levels are high. In the fed state, the adipose tissue
remains the principal tissue for the clearance and storage of FFA in the form of TG inside of
lipid droplets. The brain mostly metabolized glucose. The body transitions from the fed to
the fasted state when the last meal is fully digested and absorbed. In the first phase, hepatic
glycogenolysis and gluconeogenesis are augmented and jointly maintain blood glucose
levels. Together with other gluconeogenic substrates like lactate, amino acids are readily
liberated upon fasting to maintain blood glucose levels — at the expense of muscle mass.
However, uncontrolled catabolism of muscle mass is expected to impede with the long-
term survival of the fasting individual. Hence with the extension of the fast from several
hours into days, a second vital priority becomes to reduce the reliance on glucose for the
generation of ATP. In the second phase plasma amino acid levels and urinary excretion
decline, while the body reduces total glucose production. Governed by a dramatic hormonal
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switch from insulin and leptin to glucagon, cortisol and epinephrine the organism increases
rates of B-oxidation for the production of ATP to substitute glucose as a substrate.
Activation of adipose tissue lipolysis causes levels of free fatty acids (FFA) and glycerol to
increase after 24h of fasting. Additionally, TCA cycle intermediates such as oxaloacetate are
utilized to maintain basal levels of gluconeogenesis, resulting in a reduction in hepatic TCA
cycle activity. As a result, FFA’s released from the adipose tissue accumulate in the liver and
condense into to the ketone bodies acetoacetate (AcAc) and B-hydroxybutyrate (BOHB).
Ketone bodies can rise up to 8 mM and, in addition to FFA, are increasingly oxidized by most
tissues, including the brain which can derive up to 2/3™ of its energy requirements from
ketone body oxidation after several weeks of fasting. The maximal duration of the fast
depends on the quantity of endogenous energy. It is estimated that a 70 kg man with 15 kg
of adipose tissue could a survive a 70-90 day fast, based on a basal energy expenditure of
1800 kcal/day.

Peroxisome Proliferator-Activated receptor a (PPARa) and cAMP-Responsive Element
Binding Protein 3-Like 3 (CREB3L3) are transcription factors governing lipid metabolism in
the liver. In Chapter 2 of this thesis, we investigated the interrelationship of the
transcription factors PPARa and CREB3L3 in regulating the adaptive response of the liver to
feeding-fasting cycles. Male wild-type, PPARa—/-, CREB3L3—/— and combined
PPARa/CREB3L3—/— mice were subjected to a 16-hour fast or 4 days of ketogenic diet
feeding and whole genome expression analysis was performed on liver samples. The results
indicate great plasticity in the degree of synergism and co-dependence between both
transcription factors that was dependent on nutritional status. Under conditions of
overnight fasting, the effects of PPARa ablation and CREB3L3 ablation on plasma
triglyceride, plasma B-hydroxybutyrate, and hepatic gene expression were largely
disparate, and showed only limited interdependence. Gene and pathway analysis
underscored the importance of CREB3L3 in regulating (apo)lipoprotein metabolism, and of
PPARa as master regulator of intracellular lipid metabolism. By contrast, a strong
interaction between PPARa and CREB3L3 ablation was observed during ketogenic diet
feeding. Loss of CREB3L3 reduced expression of PPARa and its target genes involved in fatty
acid oxidation and ketogenesis. In stark contrast, the hepatoproliferative function of PPARa
was markedly activated by loss of CREB3L3. Overall, these data indicate that CREB3L3
ablation uncouples the hepatoproliferative and lipid metabolic effects of PPARa. Except for
the shared regulation of a very limited number of genes, the roles of PPARa and CREB3L3
in hepatic lipid metabolism are clearly distinct and are highly dependent on dietary status.

Lipoprotein lipase (LPL), a ubiquitously expressed enzyme, is responsible for the hydrolysis
of plasma triglycerides on the endothelial lumen to accommodate tissue specific
requirements for fatty acids. One protein that increases in abundance during the fasted
state and regulates the clearance of triglycerides is Angiopoietin-like 4 (ANGPTL4). In

221



Chapter 3 of this thesis we performed a 24h fasting study to investigate the mechanistic
control of adipose tissue LPL activity by ANGPTL4 in humans. Our results indicate that
ANGPTL4 levels in human adipose tissue are increased by fasting, likely via increased plasma
cortisol and free fatty acids, and decreased plasma insulin, resulting in decreased LPL
activity. We conclude that ANGPTLA4 levels in human adipose tissue are increased by fasting,
resulting in decreased LPL activity. This likely serves to direct TG away from adipose tissue
and prevent futile cycling of fatty acids in the fasted state.

In Chapter 4 we examined the mechanism of how ANGPTL4 regulates LPL activity. Previous
research indicated that ANGPTL4 regulates LPL activity by cleavage. Treatment of different
mouse adipocytes with the PCSK-inhibitor Dec-RVKR-CMK markedly decreased LPL
cleavage, indicating that LPL is cleaved by PCSKs. Silencing of Pcsk3/furin significantly
decreased LPL cleavage in cell culture medium and lysates of adipocytes. Remarkably, PCSK-
mediated cleavage of LPL in adipocytes was diminished by Angpt/4 silencing and was
decreased in adipocytes and adipose tissue of Angptl4—/— mice. Differences in LPL cleavage
between Angptld—/— and wild-type mice were abrogated by treatment with Dec-RVKR-
CMK. Induction of ANGPTL4 in adipose tissue during fasting enhanced PCSK-mediated LPL
cleavage, concurrent with decreased LPL activity, in wild-type but not Angptl4—/— mice. In
adipocytes levels of N-terminal LPL were markedly higher in wild-type compared to
Angptl4—/— adipocytes, suggesting an intracellular mode of action for the stimulation of
PCSK-mediated LPL cleavage by ANGPTL4. We conclude that ANGPTL4 promotes PCSK-
mediated intracellular cleavage of LPL in adipocytes, likely contributing to regulation of LPL
in adipose tissue.

ANGPTL4 impacts plasma TG levels via the regulation of LPL activity. This renders ANGPTL4
an attractive target for correcting dyslipidemia. However, whole body ANGPTL4 inactivation
in mice fed a high fat diet causes chylous ascites, an acute-phase response, and mesenteric
lymphadenopathy. In Chapter 5, the mechanisms underlying the adverse effect of whole-
body inactivation of ANGPTL4 are studied using Angptl4-hypomorphic and Angptl4—/—
mice. Angptl4-hypomorphic mice with partial expression of truncated N-terminal ANGPTL4
exhibited reduced fasting plasma triglyceride, cholesterol, and non-esterified fatty acid
levels, strongly resembling Angptl4~~ mice. However, during high fat feeding, Angptl4-
hypomorphic mice showed markedly delayed and attenuated elevation in plasma serum
amyloid A and much milder chylous ascites than Angptl4~~ mice, despite similar abundance
of lipid-laden giant cells in mesenteric lymph nodes. Compared with the absence of
ANGPTL4, low levels of N-terminal ANGPTL4 mitigate the development of chylous ascites
and an acute-phase response in mice. However, since side-effects were still observed,
whole body inactivation of ANGPTL4 may not be suitable as a clinical strategy for correcting
dyslipidemia.
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Intermittent fasting and caloric restriction-type interventions elicit a myriad of health
benefits and are expected to provide clinical benefit for the prevention and treatment of
obesity, type 2 and potentially cardiovascular disease and cancer. B-hydroxybutyrate
(BOHB), levels of which increase to the low mM range during fasting, has been proposed as
a potent signaling molecule mediating some of the beneficial effects of fasting
interventions. Chapter 6 explores whether the ketone body B-hydroxybutyrate (BOHB)
influences differentiation in vitro and regulates genes expression in several primary cell
types. We found that BOHB did not impact the differentiation process in C2C12 skeletal
muscle cells and 3T3-L1 adipocytes. Transcriptomics analysis revealed overall benign effects
of BOHB on gene expression after 6h. BOHB did not consistently regulate genes and
pathways in primary adipocytes, macrophages, myotubes and hepatocytes. In contrast,
equimolar concentrations of the structurally related HDAC inhibitor butyrate prevented
differentiation in C2C12 skeletal muscle cells and 3T3-L1 adipocytes and induced dramatic
and consistent gene expression changes in all cell types. Our results suggest that BOHB
unlikely mediates the beneficial effects of fasting via regulating gene expression or
influencing cellular homeostatic processes such as differentiation. Additionally, in the
tested primary cell types, BOHB’s gene expression signature is disparate from the one of
butyrate suggesting that BOHB’s HDAC inhibitory capacity may be negligible.

In conclusion, in this thesis we characterized a number of transcriptional and translational
regulatory mechanisms relevant to fasting. Depending on nutritional status the hepatic
transcription factors PPARa and CREB3L3 show great plasticity in regulating gene
expression in the liver (Chapter 2). Furthermore, we were able to confirm the functional
importance of human ANGPTL4 for the regulation of LPL activity in adipose tissue during
fasting (Chapter 3). The role of ANGPTL4 in regulating LPL activity in non-adipose tissues
during fasting is currently unclear. In contrast to mouse adipose tissue, where PCSK3 is
involved in the degradation of LPL cleavage products, the precise mechanisms of LPL
cleavage in human adipocytes remains to be addressed in future studies (Chapter 4).
Current evidence on the potential whole body targeting of ANGPTL4 to correct dyslipidemia
is unfavorable yet future studies will have to address the efficacy and safety of tissue-
targeted approaches (Chapter 5). Lastly, our results in Chapter 6 in the context of currently
available literature do not support the current portrayal of BOHB acting as a pleiotropic
signaling molecule. Future research should focus on further defining in which circumstances
and via which mechanisms BOHB displays robust signaling effects.
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