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General introduction 
 
Despite remarkable improvements in prevention and treatment, cardiovascular 
diseases (CVDs) are still the leading cause of mortality worldwide [1]. Besides 
genetic factors, particularly behavioral risk factors such as an unhealthy diet, 
physical inactivity, cigarette smoking, obesity and excessive use of alcohol, 
contribute to CVD development [2]. CVDs can be classified as coronary heart 
diseases (CHDs), cerebrovascular diseases and peripheral arterial diseases and 
are all strongly related to dyslipidemia. Dyslipidemia is characterized by aberrant 
plasma lipid and lipoprotein concentrations and the unfavorable distribution of lipids 
over the different lipoprotein classes, and is defined by a Low Density Lipoprotein 
cholesterol (LDL-C) concentration above 2.6 mmol/l (or 100 mg/dl) and/or a High 
Density Lipoprotein cholesterol (HDL-C) concentration under 1 mmol/l (or 40 
mg/dl), and circulating triacylglycerol (TGs) of more than 1.7 mmol/l (150 mg/dl). 
This disturbed lipid and lipoprotein profile, often seen in the metabolic syndrome, is 
highly associated with the development of atherosclerotic lesions in the artery walls 
(figure 1). 
 
 

 
 
Figure 1. The development of atherosclerotic lesions, a process that is driven by 
inflammation. This figure was adapted from Fulmer et al. [3]. The development of 
atherosclerosis is a process that is already initiated during infancy. The onset of 
atherosclerosis may involve a response to injury of the endothelial wall [4] and the 
retention of small dense LDL particles from the circulation into the vessel wall [5] 
and is an inflammatory induced process. When LDL becomes trapped in the sub-
endothelial space, it may undergo oxidative modification, forming oxy-LDL. The 
presence of oxy-LDL triggers the production of adhesion molecules (A) and 
recruitment of monocytes (B) into the artery wall, where they differentiate into 
macrophages (C). Oxidized LDL is then engulfed by the macrophages in such high 
amounts that they form lipid laden foam cells (D). Eventually, the accumulation of 
foam cells, smooth muscle cells and cell debris, covered by a fibrous cap, will give 
rise to a mature atherosclerotic plaque (E) [6]. At this stage the plaque is prone to 
rupture, thereby causing myocardial infarction or stroke. 
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The most successful example of a therapy to improve dyslipidemia is the use of 
statins that lower the atherogenic LDL-C concentrations. Statin treatment inhibits 
the enzyme HMG-CoA reductase, thereby lowering the production of cholesterol in 
virtually every single cell in the body. Particularly the inhibition of endogenous 
cholesterol synthesis in the liver contributes to a reduction in circulating LDL-C 
concentrations. In response to this lower endogenous cholesterol production, the 
hepatocytes increase their expression of the LDL-receptor, and as such enhance 
plasma cholesterol uptake. Currently, also the effects of PCSK9 inhibitors are 
tested in human studies [7]. PCSK9 inhibition decreased plasma LDL-C 
concentrations even further as it prevents degradation of the LDL-receptor, which 
further increases the uptake of LDL particles in the liver. Although the use of statins 
has clearly led to a reduction in CVD events [8], CVDs still occurred in a large 
portion of patients who already received statin treatment. Thus, in order to further 
reduce the CVD-related economic and societal burden, it is of major importance to 
discover additional interventions to further decrease this risk for CVD development. 
A promising strategy to decrease the detrimental effects of dyslipidemia related to 
atherosclerosis development is increasing the cholesterol efflux capacity, via 
increased transcription of apolipoprotein A-I (apoA-I), leading to the production of 
more functional HDL particles.  
 
 
HDL metabolism  
 
After transcription in the human hepatocytes or the small intestinal cells, apoA-I is 
produced as a pre-pro-protein, which is cleaved in the endoplasmic reticulum by 
the action of a signal peptidase [9]. This cleavage results in the formation of 
intracellular pro-apoA-I, which is secreted by the cell into the extracellular space. 
Subsequently, the pro-segment is removed by the action of Bone Morphogenetic 
Protein-1 (BMP-1) and Procollagen C-proteinase Enhancer-2 Protein (PCPE2) 
[10,11]. At this stage, the C-terminal domain of the lipid free or lipid poor apoA-I 
particle can interact with the adenosine triphosphate-binding cassette A1 (ABCA1) 
transporter on the surface of macrophages, endothelial cells, hepatocytes and 
small intestinal cells, facilitating cholesterol, sphingomyelin and phospholipid 
uptake [12,13]. Besides formation of apoA-I in the small intestine and hepatocytes, 
apoA-I can also be released from LPL mediated lipolysis of VLDL and 
chylomicrons [14]. The initial lipidation of apoA-I already takes place in the 
endoplasmic reticulum of the apoA-I producing cell and occurs independent of 
ABCA1 [15]. Likewise, in the Golgi and the plasma membrane, by using a dimeric 
form of ABCA1, apoA-I already gains some lipids [16,17]. By the uptake of free 
cholesterol and phospholipids, first pre-β2 HDL is formed. Next a discoid pre-β3 
HDL particle is formed that can take up cholesterol and store it in the lipid bilayer 
[18]. The enzyme lecithin-cholesterol acyl transferase (LCAT) facilitates the 
conversion into HDL3 by transforming the cholesterol in the bilayer into 
hydrophobic cholesterol esters. These cholesterol esters can be exchanged for 
TGs from very low-density lipoprotein (VLDL), LDL and intermediate low-density 
lipoprotein (IDL)-particles. This process is facilitated by cholesteryl ester transfer 
protein (CETP). The HDL3 particle can bind to the ABCG1 receptor on the 
macrophages of the vessel wall, thereby increasing reverse cholesterol transport 
(RCT), and converting the HDL3 particles into HDL2 particles [18]. The HDL2 
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particle can be converted into lipid poor apoA-I again by binding to SR-B1 receptor. 
Alternatively, the entire particle can be taken up via the holo-receptor in the liver. 
HDL2 could also be transferred into HDL3 again by the action of lipases such as 
hepatic lipase (HL) and endothelial lipase (EL) or phospholipid transfer protein 
(PLTP), which hydrolyze triglycerides (TG) and phospholipids, or phospholipids 
[14]. 
 

 
 
Figure 2. HDL metabolism and reverse cholesterol transport (RCT). ApoA-I, which 
is produced in the human intestine and liver, obtains cholesterol, phospholipids and 
sphingomyelin, via the ABCA1 and ABCG1 transporters in the atherosclerotic 
lesion or peripheral tissue. HDL particles can bind to the SR-B1 transporter to bring 
the obtained cholesterol to the liver for the production of bile acids. The HDL 
particles can become lipid free apoA-I or HDL3 particles again which enables them 
to participate in the RCT process again, or it can be cleared by the kidneys.  
 
 
Interventions strategies to increase HDL-C 
 
Previous large-scale prospective and epidemiological studies [19-25] have shown 
an inverse relationship between serum HDL-C concentrations and CVD events, 
even after LDL-C reductions. Additionally, it was stated that every 1% increase in 
HDL-C might reduce CVD risk by 2 to 3% [26]. The HDL particle indeed possesses 
antithrombotic [27], anti-inflammatory [28,29] and anti-oxidative properties [30]. 
Furthermore, HDL is an important player in the RCT pathway [31]. During RCT the  
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HDL particle accepts cholesterol from the cholesterol-loaded macrophages in the 
atherosclerotic plaque and transports this back to the liver. In the liver the 
cholesterol can be used for the production of bile acid or the incorporation into 
VLDL. Therefore, increasing HDL-C was believed to reduce the risk for CVD 
development, independent of LDL-C reductions.  
Interestingly, the hypothesis that HDL-C is causally related to CVD development 
has been seriously challenged by recent trials, as several interventions that 
increased HDL-C, failed to reduce CVD risk. One example of such an intervention 
is niacin treatment [32,33]. Niacin modulates plasma lipid concentrations, as it 
increases HDL-C and decreases LDL-C and triglyceride concentrations, but it did 
not reduce CVD risk and even showed severe side-effects like bleeding, flushing 
and itching, which made early trial termination necessary [32,34]. Another method 
to raise HDL-C is by CETP inhibition [35]. As explained earlier, CETP is involved in 
the transfer of cholesterol esters from HDL-C to the more atherogenic lipoproteins 
(VLDL, IDL, LDL). A study using CETP inhibitor torcetrapib was even terminated in 
2006 due to higher mortality rates in the treatment group [36] and an off-target 
effect on blood pressure via its influence on the renin-angiotensin-aldosterone 
system [37]. Despite of increasing effects on HDL-C, additional studies using the 
CETP inhibitors evacetrapib [38] and dalcetrapib [39] failed to show clinically 
meaningful efficacy. Currently, studies with anacetrapib (REVEAL) and TA-8995 
are ongoing [40]. These studies should give a definite answer on the question if 
CETP inhibition is a promising method for CVD risk management. Another HDL-
targeted therapy is the use of fibrates. Fibrates are activators of peroxisome 
proliferator-activated receptor alpha (PPARα), a known transcription factor involved 
in HDL production. The effects of fibrates are multifactorial, as they may lower 
plasma VLDL-C, LDL-C, increase HDL-C and reduce triglyceride concentrations. 
Clearly, these effects contribute to a reduction in CVD risk. However, the clinical 
use of for example gemfibrozil is decreasing, because of concerns for adverse 
effects and limited data in reducing CVD related morbidity and mortality [41]. An 
earlier meta-analysis on fibrates concluded that although fibrates increase HDL-C, 
they did not decrease the incidence of CVD in patients treated with statins [42].  
Next to several HDL-targeted therapies that failed to show a direct link between 
HDL-C and CVDs, the HDL-C hypothesis was questioned due to genetic 
polymorphism studies, as in these studies raised human plasma HDL-C did not 
reduce the risk for myocardial infarctions [43]. Therefore, a new focus is currently 
developing, which stresses the importance of increasing HDL particle functionality, 
rather than the absolute concentration of HDL-C in the blood plasma [44,45].  
 
 
HDL particle functionality 
 
Recent evidence suggests that increased cholesterol- efflux capacity protects 
against development of CVD [46] and recurrence of CVD [47]. HDL particle 
functionality is determined by measuring cholesterol-efflux capacity, which is the 
capacity of HDL to accept cholesterol from cholesterol-loaded macrophages [48]. 
The ABCA1 transporter is the mediator of cholesterol efflux. HDL particles vary in 
their size and molecular composition. It is the difference in the functional activity of 
these sub-fractions of HDL that determines their cholesterol efflux capacity. 
Especially the small dense HDL particles (pre-β-HDL, HDL3) interact with the 
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ABCA1 transporter, thereby mediating cholesterol efflux from the macrophages. 
This is why increasing large HDL particles via decreased HDL catabolism or 
clearance is probably not beneficial and the focus should be on production of the 
small dense HDL particles such as pre- β-HDL [49]. Also, this provides a possible 
explanation for the inability of clinical trials using HDL-C increasing agents such as 
CETP inhibitors, to reduce cardiovascular events [12]. Therefore, studies should 
focus on increasing the amount of HDL particles that are highly capable of 
promoting cholesterol efflux.  
 
 
Apolipoprotein A-I as a target for CHD risk reduction 
 
Approximately 70% of a HDL particle consists of apolipoprotein A-I (apoA-I) [50]. 
As mentioned, evidence suggests that not an increased HDL-C, but elevated 
serum apoA-I concentrations should be the target for CVD reduction [51]. Many 
atheroprotective properties have been ascribed to apoA-I [52], in particularly its role 
in increasing cholesterol efflux from macrophages in the artery wall. The 
importance of increasing apoA-I production in order to form functional HDL is 
highlighted by studies concerning genetic variations in genes encoding for proteins 
involved in HDL metabolism [53,54]. Also, mutations in the gene for apoA-I might 
impair HDL particle function [55]. The anti-atheroprotective properties of apoA-I 
have been confirmed in in vivo studies. Mice that were transfected with the human 
gene for apoA-I were protected against CVD development, as they were protected 
against lesion formation [56,57]. Furthermore, apoA-I mimetics may be a beneficial 
strategy to decrease atherosclerosis [58], as the infusion of recombinant apoA-I 
reduced lesion size in patients with acute coronary syndromes [59]. Moreover, 
intravenous infusion of a novel formulation of apoA-I CSL112 in subjects with 
stable atherosclerosis caused a three-fold increase in total cholesterol efflux 
capacity [60]. Together, this evidence illustrates that increasing apoA-I transcription 
may be a promising strategy for CVD prevention. Thus, in order to increase HDL 
functionality we need to discover factors that increase apoA-I transcription, which 
will be the main focus of this thesis. In addition, several features of the metabolic 
syndrome, such as inflammation and ER-stress decrease apoA-I transcription. 
Previous studies have discovered the presence of ER-stress especially in the 
vulnerable atherosclerotic plaque [61]. Also inflammation is a key feature in the 
development of atherosclerosis [62]. Therefore, in this thesis also the effects of 
these detrimental metabolic effects on apoA-I were studied.  
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Apolipoprotein A-I transcription  
 
ApoA-I comprises a total of 243 amino acids and is mainly produced in the human 
hepatocytes and enterocytes from the small intestine. The apoA-I gene is located 
at chromosome 11 of the human genome. Transcription of apoA-I is the result of a 
complex interplay between transcription factors, inhibitors and activators, and only 
occurs in the presence of the apoA-I enhancer, the apoA-I promoter and the apoC-
III enhancer. Especially in the intestine, apoA-I transcription is regulated via 
aforementioned regions, while in hepatocytes the presence of the apoA-I promoter 
is sufficient for apoA-I transcription [63].  
 

  
 
Figure 3. Model of the apoA-I promoter/enhancer region. Image retrieved from 
Dullens et al. [64]. 
 
From the apoA-I promoter/enhancer region (figure 3), the elements “A”, “B” and 
“C” are essential for apoA-I gene expression. Both the elements A and C contain a 
hormone response element (HRE), which is a binding site for several nuclear 
receptors, amongst others HNF-4 [65]. Moreover, the presence of antioxidant 
response elements (AREs) was described in the promoter of apoA-I [66,67]. In 
addition, element A has a PPAR response element (PPRE) which can bind for 
example to transcription factor peroxisome proliferator-activated receptor alpha 
(PPARα), a transcription factor involved in the transcription of apoA-I [68]. Thus, 
although both element A and C contain a HRE binding place, the retinoid X 
receptor (RXR)/PPARα heterodimer exclusively binds to element A [69]. Element B 
of the promoter region can bind CCAAT-enhancer binding proteins (C/EBP) [70], 
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Hepatic Nuclear Factor alpha (HNF3α) and beta (HNF3β) [71]. Moreover, some 
compounds are known to activate the elements in the apoA-I promoter/enhancer 
region. For example, insulin is able to activate Sp1, thereby activating the insulin 
response core element (IRCE). IRCE activation was shown to enhance apoA-I 
production [72]. Furthermore, the estrogen pathway may induce apoA-I promoter 
activation, as the promoter contains several response elements, which are 
activated by estrogen receptor alpha (Erα) and estrogen receptor beta (Erβ). FXR, 
on the other hand, can reduce apoA-I promoter activation in mice [73] and is 
therefore suggested to decrease apoA-I gene activity. As stated earlier, intestinal 
apoA-I gene expression is also regulated by the apoC-III promoter/enhancer region 
[74]. Both the promoter and enhancer regions contain HRE binding sites, whereas 
the apoC-III enhancer provides binding places for Sp1.  
 
 
Strategies to increase apoA-I production 
 
Increasing apoA-I is a promising strategy to enhance HDL particle functionality, 
which may subsequently decrease the risk for CVD development and recurrent 
CVD [46,48]. ApoA-I concentrations in plasma can be increased using different 
strategies. Next to the beneficial effects of apoA-I mimetics or intravenous infusion 
of apoA-I particles, another promising strategy is to focus on enhancing 
transcription of de novo apoA-I.  
Several PPARα activators such as GW7647 and/or PPARα activating fibrates have 
been reported to increase apoA-I transcription. The fibrates gemfibrozil and 
fenofibric acid have been proposed as agents to respectively increase apoA-I or to 
increase the cholesterol efflux capacity towards apoA-I [75,76]. Also PPARα 
agonist GW7647 is known to increase apoA-I production [77] and GW7647 
enables enhanced cholesterol efflux to apoA-I in hypercholesterolemic mice 
expressing the human apoA-I gene [78]. Probably fenofibric acid exerts its actions 
via increased ABCA1 transporter production, rather than via increased production 
of apoA-I.    
Recently, a group of compounds called Bromodomain and Extra-Terminal (BET) 
inhibitors was discovered that clearly increased apoA-I production, as shown in in 
vitro and in vivo studies with monkeys and humans [79]. In humans, the BET 
proteins BRD2, BRD3, BRD4 and testes specific BRD-T are found. The BET 
proteins are involved in the activation of the transcription machinery by binding to 
the acetylated histone residues in the DNA, making it accessible to transcription 
factors. Although the exact mechanism is not known, BET inhibitors act through an 
epigenetic mechanism in which they inhibit the BET family of proteins from binding 
to the acetylated histone residues, thereby increasing apoA-I transcription. BET 
inhibitors with a favorable effect on apoA-I transcription are for example RVX-208 
[80], JQ1(+) [81], I-BET151 [82] and GW841819X [83]. In a recent study, it was 
shown that RVX-208 decreased also pro-atherosclerotic, pro-inflammatory, pro-
atherogenic and pro-thrombotic pathways that might contribute to CVD risk [84]. 
However, the exact mechanism behind the process of BET inhibition is not 
completely understood.  
To summarize, although aforementioned strategies are promising to increase 
apoA-I transcription and consequently HDL functionality, there is an urgent need to 
identify novel compounds that increase apoA-I transcription and to understand the 
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processes involved in apoA-I transcription. Moreover, until now the focus has been 
mainly on the identification of synthetic agents to increase apoA-I transcription. 
Therefore, it is of interest to discover natural compounds with comparable effects 
on apoA-I transcription. 
 
 
Endoplasmic reticulum stress in relation to CVD 
 
Next to the involvement of inflammation in the onset of atherosclerosis, also 
endoplasmic reticulum (ER)- stress is involved in disturbed HDL metabolism [85] 
and atherosclerosis development [61,86,87]. In the atherosclerotic lesion, the 
presence of ER-stress was specifically found in lesions that were unstable, and 
thus were prone to rupture [88,89]. Furthermore, ER-stress is also involved in the 
onset of other metabolic syndrome related diseases such as diabetes, as ER-
stress in the pancreatic cells leads to damage, which could influence insulin 
secretion and prevent glucose homeostasis [90]. Markers of ER-stress are 
increased during obesity in mice, and artificial induction of ER-stress by the 
addition of thapsigargin or tunicamycin has been shown to reduce apoA-I 
production [91] and insulin signaling [92,93], via disruption of calcium levels and 
inhibition of protein glycosylation, respectively. 
 
The ER normally ensures the folding of newly synthesized proteins. During cellular 
stress conditions, such as hyperglycemia or alterations in cellular calcium level, 
poorly folded proteins accumulate in the ER, which is detected by the ER-resident 
trans membrane sensors ATF6, PERK and IRE1 [94,95] (figure 4). First, GRP78 
senses unfolded proteins in the ER, after which it dissociates from the three main 
ER-stress sensors and binds to proteins that are accumulated in the ER. This step 
is the trigger for the onset of the unfolded protein response (UPR) response [96]. 
Initially, the UPR attempts to cope with ER-stress by the attenuation of protein 
translation to stop formation of new proteins, or the induction of chaperone genes 
that promote protein folding and induce the ER-associated degradation (ERAD) 
system, thereby inducing proteasome-dependent protein degradation. If these 
pathways fail to restore cellular homeostasis, for example when there is prolonged 
ER-stress, this UPR response will eventually trigger apoptosis [94]. 
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Figure 4. Schematic representation of the ER-stress induced UPR pathway, in a 
situation of prolonged ER-stress. In a situation of ER-stress, GRP78 proteins that 
are normally bound to the three ER-resident trans membrane sensors ATF6, PERK 
and IRE1, dissociate and bind to the unfolded proteins. This initiates the unfolded 
protein response (UPR). After activation, ATF6 is cleaved in the cytosol and is 
translocated to the nucleus, where it induces chaperone production to aid in protein 
folding and ERAD related genes. PERK induces eIF2a, which leads to a block of 
initial translation, and ATF4 production. In the nucleus ATF4 initiates the 
transcription of CHOP. In the IRE1 pathway, activation results in XBP1 splicing and 
the production of chaperones and ERAD genes, while JNK activation induces 
apoptosis. 
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Outline of the thesis  
 
In this thesis, we focused on the identification and description of the effects of 
several (natural) compounds and cellular metabolic syndrome related pathways, 
such as ER-stress or inflammation, on the transcription of apoA-I. Furthermore we 
aimed to discover strategies to increase the transcription of apoA-I. In chapter 2 of 
this thesis we reviewed the involvement of the C/EBP-β gene in the metabolic 
syndrome. The choice to investigate the C/EBP-β gene was based on preliminary 
data of Dullens et al. [77]. Although generally accepted that PPARα is involved in 
increasing apoA-I production, Dullens et al. showed that two PPARα agonists 
fenofibric acid (FeAc) and GW7647 exerted different effects on apoA-I production 
in a human carcinoma liver cell line (HepG2) and human intestinal cell line (CaCo-
2). Using a microarray approach, we aimed to identify genes that might be 
responsible for the different effects of these two PPARα agonists on apoA-I 
production. C/EBP- β was one of the genes that were differentially expressed in the 
FeAc vs GW7647 conditions. Furthermore, in the apoA-I gene a binding place for 
C/EBP is found. Therefore, in chapter 3 of this thesis we aimed to identify, based 
on the microarray of Dullens et al., the effects of C/EBP- β on apoA-I production. 
We focused on C/EBP-β in particular, as in the promoter of the apoA-I gene a 
C/EBP binding place is found. C/EBP-β overexpression and gene silencing 
experiments were performed and effects on apoA-I production were measured. In 
chapter 4 we aimed to discover natural compounds that are able to increase apoA-
I transcription via a PPARα approach. Natural compounds from a database of the 
company DSM were screened for PPARα transactivation and tested for their ability 
to activate PPARα target gene CPT1α. Twenty-three resulting compounds were 
tested in vitro for their ability to increase apoA-I transcription. Chapter 5 focused 
on a possible link between three processes that are known to influence apoA-I 
transcription: endoplasmic reticulum (ER) stress, bromodomain and extra terminal 
(BET) protein inhibition and PPARα activation. In chapter 6 we examined dose-
response relationships between several fatty acids and PPARα transactivation in 
HepG2 cells. Many studies have only evaluated only the binding of fatty acids to 
the PPARα promoter. However, this does not necessarily lead to PPARα 
transactivation. Apparently, also other factors next to PPARα are involved in 
increasing apoA-I production. Furthermore, we showed that the effects on PPARα 
transactivation are dose-dependent. Recent evidence also showed that 
bromodomain inhibition increases apoA-I production. Therefore, in chapter 7 in 
silico compound similarity searches were performed to discover, if apoA-I 
increasing compounds and/or bromodomain inhibitors showed structural overlap. In 
addition, the structure of apoA-I increasing compounds and/or bromodomain 
inhibitors was compared with the compounds in two natural databases. Finally, in 
chapter 8 the main outcomes of all studies are discussed and placed into broader 
perspective.  
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Abstract  16 
 17 
The prevalence of the metabolic syndrome and underlying metabolic disturbances 18 
increase rapidly in developed countries. Various molecular targets are currently 19 
under investigation to unravel the molecular mechanisms that cause these 20 
disturbances. This is done in attempt to counter or prevent the negative health 21 
consequences of the metabolic disturbances. Here, we reviewed the current 22 
knowledge on the role of C/EBP- in these metabolic disturbances. C/EBP- 23 
deletion in mice resulted in downregulation of hepatic lipogenic genes and 24 
increased expression of -oxidation genes in brown adipose tissue. Furthermore, 25 
C/EBP- is important in the differentiation and maturation of adipocytes and is 26 
increased during ER-stress and pro-inflammatory conditions. So far, studies were 27 
only conducted in animals and in cell systems. The results found indicate that 28 
C/EBP- is an important transcription factor within the metabolic disturbances of 29 
the metabolic system. Therefore, it is interesting to examine the potential role of 30 
C/EBP- at molecular and physiological level in humans. 31 
  32 
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Introduction 33 
 34 
The prevalence of obesity is increasing worldwide. This is worrisome regarding the 35 
known association of obesity with the development of the metabolic syndrome. The 36 
metabolic syndrome comprises a cluster of disturbances in metabolism such as an 37 
impaired glucose- and lipid metabolism, high blood pressure, dyslipidemia and a 38 
pro-inflammatory state [1]. Eventually, these disturbances might result in the 39 
development of type II diabetes mellitus and cardiovascular diseases [2].  40 
Nowadays it is acknowledged that adipose tissue is a highly endocrine organ that 41 
secretes several adipokines, including a variety of pro-inflammatory cytokines [3]. 42 
As a consequence, there is a constant exposure to low-grade systemic 43 
inflammation. Typically, elevated concentrations of C-reactive protein, various 44 
cytokines, pro-thrombotic molecules and adhesion molecules are present in this 45 
inflammatory state [4-6] which play an essential role in the development of 46 
atherosclerosis and insulin resistance [7,8].  47 
It is intriguing to consider the variety and number of processes that are differentially 48 
regulated between metabolic syndrome patients and healthy subjects. Many of 49 
these processes are regulated at the level of gene expression, which is controlled 50 
by downstream processes and factors, such as RNA processing, mRNA 51 
translation, mRNA degradation and interaction with other proteins. Probably the 52 
most influential step in regulating gene expression is the rate of transcriptional 53 
regulation. Transcription factors are able to interact with regulatory sequences of 54 
target genes, thereby influencing their expression level and consequently influence 55 
metabolism in a direct and/or indirect manner [9]. 56 
Next to transcription factors such as PPARs, NFB and chREBP [10-12], there are 57 
strong indications that also the transcription factor CCAAT/enhancer binding 58 
protein (C/EBP-β) is involved in processes related to the metabolic syndrome. 59 
C/EBP-β knockout mice fed a high fat diet showed a decreased fat mass, 60 
decreased serum triacylglycerols and cholesterol concentrations, and lower hepatic 61 
triacylglycerol concentrations compared to their wild type littermates [13]. 62 
Moreover, expression of hepatic lipogenic genes was downregulated, while the 63 
expression of -oxidation genes in brown adipose tissue was increased [13]. These 64 
effects are in line with earlier observations that the beta variant of C/EBP is 65 
important in the differentiation and maturation of adipocytes [13]. Finally, since 66 
C/EBP- is activated in pro-inflammatory conditions [14], there might also be a link 67 
between C/EBP- and low-grade systemic inflammation. Therefore, in this review 68 
we will focus on the influence of C/EBP- and its isoforms on metabolic 69 
disturbances related to the metabolic syndrome.  70 
 71 
 72 
CCAAT/ enhancer binding proteins 73 
 74 
The C/EBP family of transcription factors 75 
 76 
CCAAT/enhancer binding proteins (C/EBPs) are a six-member family (α to ζ) of 77 
transcription factors. They are involved in the regulation and expression of 78 
numerous genes. C/EBPs affect gene expression by binding to a DNA binding site 79 
(consensus sequence “CCAAT”), which is present in many gene promoter- and 80 
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enhancer regions. All members of the C/EBP family contain a basic leucine zipper 81 
(bZIP) domain at the carboxyl-terminus (c-terminus), which is involved in 82 
dimerization and binding to the DNA [9]. Specifically, in all isoforms of C/EBP, an 83 
extension of the zipper dimerization domain, the tail sequence, acts as a motif for 84 
protein-protein interactions. For a detailed description of the structure of CCAAT/ 85 
enhancer binding family members, we refer to two earlier reviews [9,15].  86 
 87 
Tissue specific C/EBP expression of variants α to ζ 88 
 89 
C/EBP protein variants are differentially expressed in various tissues. C/EBP-α is 90 
expressed predominantly in liver and adipose tissue and at lower level in lungs, 91 
intestine, adrenal gland, placenta and peripheral-blood mononuclear cells [16-19]. 92 
C/EBP-β is highly expressed in the intestine, liver, kidney, lungs, spleen, adipose 93 
tissue, pancreatic -cells [20], and monocytes and granulocytes [9,16,17,21-26]. 94 
The expression of the δ-member of the C/EBP family is restricted to adipose tissue, 95 
intestine and lungs, whereas C/EBP-ε expression is found primarily in myeloid and 96 
lymphoid cells [9,18,27,28]. Finally, C/EBP-γ and C/EBP-ζ are ubiquitously 97 
expressed in most tissues [9,29,30].  98 
 99 
A focus on the CCAAT/enhancer binding proteins family member C/EBP- 100 
 101 
Given the large number of publications describing a link between the  isoform of 102 
C/EBP and one or more characteristics of the metabolic syndrome, we decided to 103 
focus in more detail on the C/EBP-β isoform. In the literature, C/EBP-β is known 104 
under various names: NF-IL6 (Nuclear factor for IL-6), TCF5 (Transcription factor 105 
5), LAP (Liver enriched activator protein), IL-6DBP (IL-6 dependent DNA binding 106 
protein), CRP2 (C/EBP–related protein 2), AGP/EBP (Alpha-1-acid glycoprotein 107 
enhancer binding protein), NF-M, SF-B (Silencer factor) or ApC/EBP [9]. C/EBP-β 108 
forms hetero- and homo dimers, thereby altering its preferential DNA binding to 109 
initiate transcription of target genes involved in various cellular processes 110 
[9,14,19,31-34]. 111 
 112 
C/EBP-  isoforms 113 
 114 
C/EBP-β is an intronless gene that codes for the production of a single mRNA 115 
[16,35]. The mouse C/EBP-β mRNA transcript can translate into four different 116 
protein isoforms: full length C/EBP-β or LAP* (liver-enriched transcriptional 117 
activating protein star) with an atomic mass of 38 kDa, LAP (liver-enriched 118 
transcriptional activating protein), which has an atomic mass of 35 kDa, the 20 kDa 119 
isoform LIP (liver-enriched transcriptional inhibitory protein) and a smaller 16 kDa 120 
isoform (figure 1). The isoform LAP is a transcriptional activator, while the isoform 121 
LIP, which lacks the transactivation domain, is a transcriptional inhibitor (figure 2). 122 
This results in isoform specific transcriptional activation potential [16,36,37]. 123 
Already in 1991, Descombes and Schibler [35] have shown that the isoforms LIP 124 
and LAP have antagonistic activities. Also in heterodimerized form with other family 125 
members, LIP inhibits the transcriptional activation activity of its partner [9,36]. 126 
Together, these data suggests that LIP acts as a dominant negative regulator of 127 
other C/EBP family members.  128 
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In some articles authors use the term “LIP/LAP ratio” to refer to changes in the 129 
amount of LAP*, LAP or LIP protein that is produced. In our perception, one should 130 
also refer to exact concentrations of LAP*, LAP or LIP, since a ratio does not give 131 
information on the amount of each isoform that is produced. For example there is a 132 
difference between a LIP/LAP ratio of for example 8/2 or 100/25, while both ratio’s 133 
seem equal: 4. At high amounts of the transcription factors the biological effects 134 
are likely to differ when compared to lower concentrations e.g. at high dose (one 135 
of) the heterodimeric partners of LIP/LAP might become limiting or all binding 136 
places might become fully occupied. 137 
 138 
 139 
 140 

 141 
 142 
Figure 1. Human C/EBP- protein expression in human liver carcinoma cells 143 
(HepG2 cells) under normal and after inflammation induced C/EBP- activation by 144 
the addition of a cytokine cocktail for 48h (IL-6, IL-1, TNF-α), detected by western 145 
blotting. Human C/EBP- isoforms LAP*, LAP and LIP are indicated using the 146 
arrows (note: they run at different size as the mouse isoforms (Santa Cruz 147 
Biotechnology, C/EBP- (C-19): sc-150). Just above 37kDa and below the 37kDa 148 
breakdown fragments of the larger human isoforms are detected. 149 
 150 
 151 
Transcription of C/EBP-β  152 
 153 
Activation of C/EBP- transcription 154 
  155 
In the C/EBP- promoter various binding sites allow binding of transcription factors 156 
that directly influence transcription of C/EBP- mRNA (table 1). Furthermore, there 157 
are two cAMP-like responsive elements (CRE-like sites) in the region close to the 158 
TATA box of the C/EBP-β gene. The PKA/CREB pathway targets these two CRE- 159 
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binding sites and thereby regulates the transcription of C/EBP- [38]. In addition, 160 
C/EBP-β is able to stimulate its own transcription [38].  161 
 162 
Isoform specific translation 163 
 164 
A possible model to explain the production of the various C/EBP-β isoforms 165 
involves a “leaky ribosome scanning mechanism” [39]. In this model, the first AUG 166 
codon is ignored by the ribosomes that are scanning the C/EBP-β mRNA, resulting 167 
in translation initiation starting from the next AUG codon (figure 2) [39]. As an 168 
alternative, Timchenko et al. [40] proposed another pathway for LIP production 169 
named “proteolytic cleavage”, which is regulated by another member of the C/EBP 170 
family; C/EBP-α [41]. Since low proteolytic activity was found in cultured cells, they 171 
also concluded that the generation of LIP is predominantly depending on 172 
translational regulation [40].  173 
 174 
 175 

 176 
 177 
Figure 2. Alignment of C/EBP-β isoforms LAP*, LAP, and LIP created and 178 
annotated using reference sequence (LAP*: NP_005185; LAP:  NP_001272807; 179 
LIP: NP_001272808) [42,43]. Transactivation domain (TAD) 1-4, the DNA binding 180 
domain (DBD), and the leucine zipper domain (LZ) are indicated with the shaded 181 
boxes. Phosphorylation sites are indicated using the letter “p” and acetylation sites 182 
with the letter “a”. 183 
 184 
 185 
C/EBP-β target genes  186 
 187 
Although C/EBP-β increases the expression of a wide variety of target genes that 188 
regulate numerous metabolic processes (table 1), C/EBP-β binding sites are 189 
particularly found in regulatory sequences of genes that are associated with i.e. the 190 
inflammatory response [21], or the ER-stress pathway [44]. In addition, several 191 
C/EBP-β protein interactions and regulatory factors that are involved in C/EBP-β 192 
transcription have been reported (table 1). 193 
  194 
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Table 1. Regulatory factors for C/EBP- -production, C/EBP- -target genes and - 195 
protein interactions (Please note that this list is not exhaustive, for a more 196 
extensive list also visit the GenCards website [45]).  197 
 198 

 199 
 200 
 201 
The role of C/EBP-β in metabolic regulation  202 
  203 
Numerous studies suggest a role for C/EBP-β in pathways related to the metabolic 204 
syndrome. Current insights regarding the involvement of C/EBP-β in adipose tissue 205 
differentiation, glucose- and insulin metabolism, triacylglycerol metabolism, hepatic 206 
steatosis, endoplasmic reticulum stress, inflammation and HDL production will be 207 
described in the following sections (figure 3). When discussing the influence of 208 
C/EBP-β on metabolic aberrations, it is important to consider the effects of C/EBP- 209 
β on weight- or adipose tissue loss, as weight loss might consequently induce 210 
positive effects on the features of the metabolic syndrome [76,77]. 211 
 212 

Regulatory factors in C/EBP-β 
transcription 

C/EBP-β target genes C/EBP-β protein interactions 

Sp1 [46] IL-6 [47] CREB1 [48] 

CREB/ ATF [46] TNF-α [21] CRSP3 [49] 

SREBP1c [50] IL1-β [21] DDIT3/CHOP [51] 

RARa [52] IL-8 [53] EP300 [54] 

Myb [55] IL-12 [21] HMG-I/HMG-Y [56] 

Fra-2 [57] G-CSF or CSF3 [21] HSF-1 [58] 

EGR2 or KROX20 [59] Receptors for G-CSF, GM-
CSF, M-CSF [21] 

SWI/SNF complex [60] 

STAT-3 [61] MIP1-α [47] Sp1 [56] 

NFkB [62] Osteoponin [47] TRIM28/ KAP1 [63] 

C/EBP-β [38] CD14 [47] EGR-1/ zif268/ NGFI-A [64] 

 MIP1-β [15] Smad-3 and Smad-4 [65] 

 CRP [21] ATF2 [66] 

 Hemopexin [21] ATF4 [67] 

 Haptoglobin [15] C/EBP-α, β, γ, δ, ζ [9] 

 AGP-a1 [21] FKHR [68] 

 NFkB, P50 subunit [62]  

 NR3C1 [69]  

 C-FOS [70]  

 PPAR-γ [71,72]  

 C/EBP-α, β, γ, δ, ζ  [9]  

 cAMP [73]  

Albumin [74] 
MDR1 [75] 
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 213 
 214 
Figure 3. Simplified scheme of the involvement of C/EBP-β in factors related to the 215 
metabolic syndrome as described in literature. 216 
 217 
 218 
The role of C/EBP- in adipose tissue mass and adipocyte differentiation 219 
  220 
C/EBP-β, as well as other members of the C/EBP family, plays a role in adipocyte 221 
differentiation and maturation, suggesting involvement in the etiology of overweight 222 
and obesity. When wild type and C/EBP-β deficient mice were fed a high-fat diet 223 
(60 en%) for 12 weeks, the wild type mice gained weight, while the knockouts did 224 
not and even lost body fat. Also on a low-fat diet, the C/EBP-β knockouts had less 225 
total body fat [13]. Similar findings were reported by Staiger et al. [78]. Although we 226 
can certainly not rule out that weight loss itself contributed considerably to the 227 
observed healthier metabolic profile, the C/EBP-β deletion resulted in decreased 228 
expression of hepatic lipogenic genes and lowered expression of acetyl-CoA 229 
carboxylase and reduced fatty acid synthase, suggestive for a reduced hepatic 230 
fatty acid production and increased lipolysis [13]. In addition, after the high-fat diet, 231 
energy expenditure, which was measured by CO2 production, was increased in the 232 
C/EBP-β knockouts, while the amount of brown adipose tissue was not increased. 233 
However, although brown adipose tissue was not elevated, the explanation for the 234 
increased energy expenditure in the C/EBP-β knockout mice was explained by 235 
elevated gene expression in brown adipose tissue β-oxidation (LCAD and AOX). 236 
Although UCP1 and UCP3 in the muscle was clearly increased, the change in UCP 237 
expression in BAT did not reach statistical significance [13].  238 
C/EBP-β and -α are postulated as transcriptional activators for the mouse UCP 239 
gene, as two binding places for C/EBP were detected in the UCP gene promoter. 240 
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Co-transfection of the UCP-CAT vector with C/EBP-β resulted in increased 241 
transactivation of the UCP promoter in primary brown adipocytes of rats [79]. 242 
Furthermore, when exposed to cold, which is a stimulus for development of brown 243 
fat and UCP expression, specifically C/EBP-β expression showed a time 244 
dependent increase in brown adipose tissue of adult rats. Here, LIP protein 245 
production increased rapidly after 12 to 24 hours of cold exposure. Additionally, 246 
C/EBP-β mRNA expression and LIP protein production was higher during fetal 247 
development of brown adipose tissue compared to adult brown adipose tissue, and 248 
during BAT development in the fetus the amount of LIP decreased gradually [80]. 249 
These data suggest a role for C/EBP-β and particularly its isoform LIP in the (fetal 250 
to adult) development of brown adipose tissue BAT and in increasing brown 251 
adipose tissue activity.  252 
As described in table 1, C/EBP-β can induce both PPAR-γ and C/EBP-α gene 253 
expression, since both genes contain C/EBP binding sites in their proximal 254 
promoters [71,72]. Especially, during the first two days of white adipocyte 255 
differentiation, C/EBP-β and C/EBP-δ levels are increased, after which levels 256 
decrease sharply before C/EBP-α levels increase [16]. During the early stage of 257 
adipogenesis, C/EBP-β and C/EBP-δ mRNA activate transcription of PPAR-γ [81]. 258 
Mice deprived of the C/EBP-β gene did show white adipocyte development, e.g. 259 
they could not store lipids inside the adipocytes, regardless the presence of 260 
C/EBP-α and PPAR-γ [81]. In addition, Chung et al., 2012 [82] suggested that 261 
activation of Wnt-β inhibits activations of PPAR-γ and C/EBP-α that are controlled 262 
by C/EBP-β. When adipogenic inducers (such as insulin) were added, knockdown 263 
of C/EBP-β inhibited adipogenesis, while activated signaling of Wnt-β was 264 
maintained. When the C/EBP-β gene was overexpressed, signaling of Wnt-β was 265 
inhibited. These findings suggest that C/EBP-β can inhibit Wnt-β signaling and that 266 
C/EBP-β is necessary to stimulate the expression of genes responsible for 267 
adipogenesis [82].  Zuo et al. have also evaluated the role of C/EBP- in the 268 
activation of C/EBP- [71]. In an earlier study it was shown that after inhibition of 269 
C/EBP- activity by ectopic expression of the protein LIP, the expression of C/EBP- 270 
 and PPAR- were blocked [83]. This suggests that C/EBP- isoform LIP 271 
modulates the expression of C/EBP-. In the past, the role of C/EBP- in inducing 272 
adipogenesis via PPAR- was already extensively investigated [84,85]. For 273 
example, the truncated isoform LIP inhibited adipocyte differentiation in 3T3-L1 274 
cells [84]. However, these studies could not examine effects on C/EBP- induction, 275 
since NIH-3T3 fibroblasts were used, which do not produce C/EBP- [71,86]. Zuo 276 
et al. now suggested that C/EBP- is able to activate adipogenesis through the 277 
stimulation of PPAR-, which activates C/EBP- expression [71].  278 
The role of the adipokine leptin as a mediator of energy balance is well known in 279 
humans [87,88]. ChIP analysis suggested that leptin levels are decreased by 280 
C/EBP-β via association with the promoter of leptin. This finding is confirmed with 281 
observations showing that the leptin promoter contains a C/EBP motif binding site 282 
[20], to which C/EBP-α can bind [89]. In C/EBP-β knockout mice a reduction in 283 
leptin but also a decrease in fat mass was observed [78]. However, as leptin is 284 
produced by white adipose tissue, it is also possible that the observed decrease in 285 
leptin simply results from the decrease in the amount of body fat.  286 
In summary, in vitro and animal studies suggest that C/EBP- plays an important 287 
role in the promoting the development and differentiation of both white- and brown 288 
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adipose tissue. In addition, C/EBP-β plays a role in increasing brown adipose 289 
tissue activity, via elevated UCP expression in brown adipose tissue. Furthermore, 290 
the C/EBP family might be involved in the production of leptin. 291 
 292 
The role of C/EBP- in glucose- and insulin metabolism 293 
 294 
Besides a potential indirect effect of C/EBP-β on metabolism via a reduced 295 
adipocyte mass, there are indications that C/EBP-β directly affects glucose and 296 
insulin metabolism (figure 4). A decreased hepatic C/EBP-β expression coincides 297 
with increased insulin production [20,90,91]. Rats and mice fed a high- 298 
carbohydrate diet (81% sucrose), thereby increasing insulin secretion 5-fold, 299 
showed an 80% decreased hepatic C/EBP-β mRNA production compared to 300 
animals fed a standard diet (41% starch) [90]. Matsuda et al. found that pancreatic 301 
β-cell specific C/EBP-β knockout mice were characterized by increased insulin 302 
secretion, while they did not differ in body weight compared to controls [92]. 303 
Furthermore, C/EBP-β expression was increased in hepatocytes of (streptozotocin- 304 
treated) type I diabetic rats [90]. However, when these animals were treated with 305 
insulin or with the insulin mimetic vanadate, C/EBP-β expression decreased again 306 
[90].  Altogether, these findings not only indicate that C/EBP-β plays a role in 307 
regulating pancreatic insulin secretion, but also that insulin relates to lower hepatic 308 
expression of C/EBP-β [90]. These effects may also translate into differences in 309 
glucose metabolism. Fifty percent of all C/EBP- knockout mice die early due to 310 
disturbances in glycogen mobilization and consequent hypoglycemia [93]. After an 311 
18 hour fast, surviving mice clearly suffered from severe hypoglycemia, decreased 312 
hepatic glucose production (40% reduction) and low plasma free fatty acid (FFA) 313 
concentrations compared to wild type mice. However, plasma insulin levels were 314 
comparable between the knockout and wild type mice. After correction for the 315 
amount of DNA per gram of adipose tissue the overnight fasted knockouts showed 316 
reduced lipid content per cell. The authors state that the decrease in fat mass 317 
might have accounted for the decreased FFA concentrations in C/EBP-β knockout 318 
mice.  Moreover, hepatic cyclic adenosine monophosphate (cAMP) was reduced in 319 
C/EBP-β knockout mice during basal and glucagon stimulated conditions [93], and 320 
administration of cAMP increased glycogen mobilization, resulting in normal blood 321 
glucose concentrations [93,94]. cAMP is an important contributor to whole body 322 
glucose homeostasis, as it is involved in the insulin-signaling cascade by activating 323 
PKA (Madsen, 2010). In relation to this, it has been shown that C/EBP-β is 324 
required in maintaining appropriate cAMP concentrations in liver and adipose 325 
tissue [94]. 326 

Besides an effect on glucose homeostasis via affecting insulin and glucagon 327 
directly, the C/EBP gene family may also affect the uptake of glucose, as the 328 
promoter of the GLUT-4 gene contains a C/EBP binding site [95]. This might 329 
explain partly why adipocytes of C/EBP-β and -δ deficient mouse embryonic 330 
fibroblasts (MEFs) have reduced GLUT-4 mRNA expression [96]. In addition, the 331 
insulin receptor substrate-2 (IRS-2) was decreased in these mice compared to their 332 
control littermates, which could be another explanation for reduced GLUT-4 333 
expression. Furthermore, in HepG2 cells, transcription of the human insulin 334 
receptor (IR) is controlled by a transcriptionally active multi-protein-DNA complex. 335 
This complex is composed of nuclear protein HMGI-Y, transcription factors Sp1 336 
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and C/EBP- [56]. Although IR expression was not changed in adipocytes of 337 
C/EBP-β/δ deficient mouse MEFs [96], the findings of Foti et al. suggest that 338 
C/EBP- is involved in a transcriptional network needed for the transcription of 339 
human insulin receptors [56]. In contrast, deleting C/EBP-β in mice increased IRS- 340 
1 levels as well as skeletal muscle insulin sensitivity [97]. Moreover, despite the 341 
decreased amount of adipose tissue, which could explain (part of) the favourable 342 
metabolic effects, mice with a C/EBP-β gene deletion showed reduced plasma free 343 
fatty acid concentrations and increased insulin-signal transduction in skeletal 344 
muscle, indicating improved whole-body insulin sensitivity [97]. This was supported 345 
by findings that C/EBP-β suppression in palmitate-treated 3T3L1 cells improved 346 
Akt phosphorylation in response to insulin [98]. Furthermore, in mice, the 347 
accumulation of C/EBP-β leads to failure of pancreatic β-cells, due to increased 348 
vulnerability to ER-stress. These findings suggest that C/EBP-β is also involved in 349 
the onset of insulin resistance and type II diabetes [92]. 350 
 351 
In conclusion, animal and cell studies suggest that C/EBP-β influences insulin and 352 
glucose metabolism. However, in most cases the effect of C/EBP-β knockout 353 
resulted in decreased body weight or adipose tissue loss, which might have caused 354 
the reduction of blood glucose and free fatty acids. Since the accumulation of 355 
C/EBP-β in the pancreatic β-cells may increase the risk for type II diabetes in 356 
animals, it might be interesting to investigate the contribution of C/EBP-β in the 357 
onset of type II diabetes in humans.   358 

 359 

Figure 4. C/EBP- in metabolic processes related to the metabolic syndrome. 360 
  361 
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The role of C/EBP- in triacylglycerol metabolism and hepatic steatosis 362 
 363 
Although we can not rule out the beneficial metabolic effects of subsequent weight 364 
loss, C/EBP- knockout mice showed lower serum and triacylglycerol 365 
concentrations and a decreased hepatic triacylglycerol content, when compared to 366 
their wild type littermates on the same high-fat diet (figure 4)  [13]. In addition, in 367 
Lepr(db/db) mice, where no weight loss could be detected, the deletion of C/EBP-β 368 
reduced hepatic fat content, and thereby the risk to develop diabetes and obesity 369 
[99]. Moreover, hepatic triacylglycerol content as well as lipogenic enzyme activity 370 
of C/EBP-β(-/-) x Lepr(db/db) mice was dramatically decreased in comparison to 371 
wild type mice.  However, in the same study, overexpression of C/EBP-β isoform 372 
LIP in wild type mice resulted in a 50% reduction of hepatic triacylglycerol 373 
concentrations. This might be explained by the fact that LIP is a dominant negative 374 
protein, which might inhibit other C/EBP-β isoforms that seem to cause steatosis 375 
[99]. Non Alcoholic Steatohepatitis (NASH) is strongly associated with obesity, type 376 
II diabetes and the metabolic syndrome [100]. The first step in development of 377 
NASH is the increased accumulation of triacylglycerol in the liver caused by lipid 378 
overflow. Next, inflammation is induced which can eventually result in development 379 
of fibrosis and ultimately liver cell death. Rahman et al. have shown that C/EBP-β 380 
knockout mice, in which NASH was induced using a methionine-choline deficient 381 
diet (MCDD), were partly protected from the development of steatosis, although the 382 
results on weight loss in MCDD fed C/EBP-β knockout mice were not shown [101]. 383 
The authors also mention the possibility of C/EBP-β deletion leading to reduced 384 
accumulation of lipids in the liver. They ascribe the decreased steatosis 385 
development to decreased lipogenesis, resulting in decreased hepatic 386 
triacylglycerol content and a decreased activation of inflammation [101]. Similar to 387 
the phenotypic response in MCDD fed mice, C/EBP-β overexpression in 388 
hepatocytes of wild-type mice increased PPAR-γ activation, NFκB, hepatic 389 
triacylglycerol level, steatosis and ER-stress. These data suggest that high C/EBP- 390 
β levels contribute to the development of NASH and that C/EBP-β inhibition is 391 
potentially beneficial in preventing hepatic steatosis.  392 
 393 
The role of C/EBP- in endoplasmic reticulum stress  394 
 395 
The endoplasmic reticulum (ER) plays a role in folding newly synthesized proteins 396 
[102]. In conditions of ER-stress, poorly folded proteins accumulate in the ER, 397 
which is detected by the three main ER-stress sensors IRE1α/β, PERK and ATF6 398 
[103-105]. The master regulator of ER-stress is GRP78 or BiP protein. When 399 
GRP78 detects ER-stress, it dissociates from the ER-stress sensors to activate the 400 
unfolded protein response (UPR) [103].  Initially, the UPR copes with ER-stress by 401 
introducing chaperones and by attenuation of protein translation. However, 402 
persistent ER-stress will eventually trigger cell death or apoptosis [104]. 403 
In cultured HepG2 cells, C6 cells and mouse insulinoma cells, C/EBP-β (especially 404 
the C/EBP-β isoform LAP) was activated during ER-stress (figure 4) [44,59,106]. 405 
This increased LAP production was followed in time by an increase of the isoform 406 
LIP. Meir et al. have shown that LAP overexpression decreased, whereas LIP 407 
overexpression increased ER-stress triggered cell death [44]. These findings were 408 
confirmed by Li et al, who furthermore showed that C/EBP-β binds to ATF4 and 409 
CHOP (also named C/EBP-ζ), which are both induced during the UPR [106]. LIP 410 
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lowered the expression of pro-survival ATF-4 target genes, and C/EBP-β was 411 
found to increase the production of CHOP and its downstream cell death related 412 
proteins [106]. Besides hepatocytes, also other tissues such as adipocytes, 413 
macrophages and β-cells are targeted by C/EBP-β induced ER-stress. For 414 
example, Matsuda et al. showed that accumulation of C/EBP-β in the β-cells of the 415 
pancreas of diabetic mice induced loss of β-cell mass and insulin production [92]. 416 
The explanation for this finding was the accumulation of C/EBP-β blocking ATF6- 417 
mediated GRP78 transcription, which makes cells more vulnerable for ER-stress 418 
and ultimately to the onset of type II diabetes [92].  419 
Together, these results show a link between C/EBP-β and ER-stress. C/EBP-β 420 
isoform LIP appears important in the switch from a protective to an apoptotic 421 
pathway in cells that are exposed to ER-stress related UPR. This makes C/EBP-β 422 
and its isoforms interesting for further research in the prevention of ER-stress in 423 
humans, in which reduction of isoform LIP seems beneficial to reduce ER-stress 424 
triggered cell death. 425 
 426 
 427 
The role of C/EBP- in the inflammatory cascade 428 
 429 
Evidence for a role of the different members of the C/EBP family in the 430 
inflammatory response rapidly increases [98,107]. Many studies have shown that 431 
C/EBP-β is transcriptionally activated by inflammatory stimuli such as turpentine 432 
oil, cytokines such as IL-6, IL-1 and TNF-α, and bacterial LPS [107]. When the 433 
transactivation domain of C/EBP-β becomes phosphorylated due to the presence 434 
of inflammatory stimuli, transcription of the C/EBP-β gene increases [108]. C/EBP- 435 
β on its turn elevates expression of various pro-inflammatory genes. It is generally 436 
accepted that C/EBP-β is a key regulator of IL-6 signaling and is important in 437 
transcriptional regulation of the IL-6 gene [31,109]. IL-6 is a key player in various 438 
characteristics of the metabolic syndrome, since it is an important contributor to the 439 
low-grade pro-inflammatory state [110].  IL-6 on the other hand suppresses the 440 
production of insulin in subjects with type II diabetes, which indicates increased 441 
insulin sensitivity [111]. One question is whether all C/EBP-β isoforms are equally 442 
important in its effects on inflammation. After treatment of BALB/c mice with LPS, 443 
particularly the expression of the LIP isoform was strongly increased whereas the 444 
expression of isoform LAP did not change [112]. This could indicate that 445 
particularly an increase in isoform LIP is important in regulating the inflammatory 446 
state. 447 
In macrophages, C/EBP-β is involved in coordinating the expression of IL-1, IL-6, 448 
IL-8, TNF-α, granulocyte colony-stimulating factor (G-CSF), nitric oxide synthase, 449 
neutrophil elastase, myeloperoxidase, and lysozyme- and the macrophage 450 
granulocyte and granulocyte-macrophage receptor genes [113]. C/EBP-β is also 451 
able to increase the gene expression of macrophage inflammatory protein 1 (MIP- 452 
1α), osteopontin and CD14 in a monocytic cell line (M1 cells) [113]. In addition, 453 
C/EBP-β knockout mice showed an impaired ability to activate macrophages, 454 
pointing towards a distorted immune response [94]. Moreover, C/EBP-β knockout 455 
mice suffered from defects in their innate, humoral and cellular immunity, which is 456 
due to a deficiency in the activation of splenic macrophages, an impaired IL-12 457 
production (involved in activation of natural killer cells and T-cells), and an altered 458 
T-helper function. These data reveal that C/EBP-β is crucial for the accurate 459 
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functioning of the immune response, in particular of haemopoietic and lymphoid 460 
compartments. Further, Yan et al. showed in macrophages that C/EBP-β and –δ 461 
activated the inflammatory response even more when overexpressed together, 462 
suggesting that C/EBP-β-C/EBP-δ heterodimers are more potent activators [114].  463 
There is also a link between C/EBP-β expression and inflammation in high fat 464 
treated RAW 264.7 macrophage cells, 3T3-L1 adipocytes [98]. C/EBP-β deletion 465 
completely blunted the high-fat diet-induced development of inflammation [98]. 466 
Moreover, IL-10 and LXRα gene expression as well as its targets (SCD1 and 467 
DGAT2) was largely increased in peritoneal C/EBP-β knock out macrophages. 468 
Even more, they showed suppressed expression of the NLRP3 gene, which is 469 
necessary for the activation of the inflammasome [98]. In the macrophage cell line 470 
RAW 264.7 or in 3T3-L1 adipocytes, knock down of C/EBP-β also blocked the 471 
onset of inflammation after palmitate addition, probably via a decreased activation 472 
of p65-NFκB [98]. The latter finding was confirmed by performing a C/EBP-β 473 
overexpression experiment in which NFκB binding, pro-inflammatory cytokine gene 474 
expression and JNK activation were indeed increased [98].  Finally, Screpanti et al. 475 
showed diminished NO production after C. ablicans infection by macrophages from 476 
C/EBP-β knockout mice, while wild type macrophages were perfectly capable of 477 
producing the vasodilator NO [31].  478 
These results suggest that C/EBP-β is an important contributor in the onset of the 479 
inflammatory response. It would be interesting to evaluate the effects of C/EBP-β 480 
inhibition in the prevention of obesity induced systemic inflammation. Evaluation of 481 
the most important isoform within this context also deserves attention. 482 
 483 
The role of C/EBP- in HDL metabolism  484 
 485 
Large-scale epidemiological studies suggest that increased high-density lipoprotein 486 
cholesterol (HDL-C) concentrations protect against the development of 487 
cardiovascular diseases [115,116]. However, recent studies failed to show that an 488 
increase in serum HDL-C levels translates into a lower CVD risk [117]. Nowadays, 489 
the emphasis is on increasing HDL functionality [118] and there is growing 490 
evidence that the protective effects of HDL-C depend on apoA-I, the main protein 491 
constituent of an HDL particle [119,120]. The apoA-I promoter has a C/EBP binding 492 
site, which suggests C/EBP-β could be involved in the production of apoA-I. 493 
However, available data for a possible role of C/EBP- in regulating apoA-I 494 
production is not conclusive. Although Kan and colleagues [121] concluded that 495 
C/EBP-β was not involved in apoA-I production, this was not explored during 496 
inflammatory conditions. Testing this hypothesis during inflammatory conditions 497 
might be interesting since inflammation is a prominent feature of the metabolic 498 
syndrome, and apoA-I is a negative acute phase protein. Moreover, effects of 499 
different isoforms were not explored by Kan. Given the potential differences in 500 
regulatory effects, it is possible that specific C/EBP- isoforms influence apoA-I 501 
production differently. 502 
  503 
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Conclusions 504 
  505 
We have evaluated a possible role for C/EBP-β and its isoforms in the etiology and 506 
progression of the metabolic syndrome (table 2 and figure 4). Currently, all data 507 
available regarding the role of C/EBP-β arise from animal and in vitro experiments 508 
whereas data from human studies is lacking. There is evidence that C/EBP-β, in 509 
particular its isoform LIP, plays a role in the development of white- and brown 510 
adipose tissue and in increase activity of brown adipose tissue. Furthermore, 511 
animal studies showed that C/EBP-β knockout results in weight loss, lower plasma 512 
free fatty acids and decreased plasma glucose concentrations. However, one 513 
should be aware that C/EBP-β deletion coincides with a strong reduction in body 514 
weight and fat mass. This decline in fat mass can be ascribed to the prominent role 515 
of C/EBP-β in adipogenesis. Therefore, it is questionable whether the metabolic 516 
effects described are due to C/EBP-β itself or are actually indirect effects due to an 517 
inability to increase in body weight and in fat mass. Besides these metabolic effects 518 
there is a vast amount of evidence showing a role of C/EBP-β in increased 519 
inflammatory response and ER-stress. In conclusion, in light of these results it is 520 
also important to examine the potential role of C/EBP- in humans with and without 521 
the metabolic syndrome. 522 
  523 
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Table 2. The involvement of C/EBP- in metabolic processes 525 
 526 
 527 
 528 
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Abstract 875 

Increasing apolipoproteinA-I (apoA-I) production may be anti-atherogenic. Thus, 876 
there is a need to identify regulatory factors involved. Transcription of apoA-I 877 
involves peroxisome-proliferator-activated-receptor-alpha (PPARα) activation, but 878 
endoplasmic reticulum (ER) -stress and inflammation also influence apoA-I 879 
production. To unravel why PPARα agonist GW7647 increased apoA-I production 880 
compared to PPARα agonist fenofibric acid (FeAc) in human hepatocellular 881 
carcinoma (HepG2) and colorectal adenocarcinoma (CaCo-2) cells, gene 882 
expression profiles were compared. Microarray analyses suggested 883 
CCAAT/enhancer-binding-protein-beta (C/EBP-β) involvement in the FeAc 884 
condition. Therefore, C/EBP-β silencing and isoform-specific overexpression 885 
experiments were performed under ER-stressed, inflammatory and non- 886 
inflammatory conditions. mRNA expression of C/EBP-β, ATF3, NF-IL3 and GDF15 887 
were upregulated by FeAc compared to GW7647 in both cell lines, while DDIT3 888 
and DDIT4 mRNA were only upregulated in HepG2 cells. This ER-stress related 889 
signature was associated with decreased apoA-I secretion. After ER-stress 890 
induction by thapsigargin or FeAc addition, intracellular apoA-I concentrations 891 
decreased, while ER-stress marker expression (CHOP, XBP1s, C/EBP-β) 892 
increased. Cytokine addition increased intracellular C/EBP-β levels and lowered 893 
apoA-I concentrations. Although a C/EBP binding place is present in the apoA-I 894 
promoter, C/EBP-β silencing or isoform-specific overexpression did not affect 895 
apoA-I production in inflammatory, non-inflammatory and ER-stressed conditions. 896 
Therefore, C/EBP-β is not a target to influence hepatic apoA-I production. 897 
  898 
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Introduction 899 
 900 
Many large-scale prospective epidemiological studies have shown an inverse 901 
relationship between serum HDL-cholesterol (HDL-C) concentrations and 902 
cardiovascular disease (CVD) risk, most likely due to the role of HDL-C in reverse 903 
cholesterol transport [1]. Interestingly, increasing HDL concentrations per se did 904 
not lower CVD risk. Therefore, the focus has shifted towards increasing HDL 905 
functionality [2]. In this respect, accumulating evidence shows that in particular 906 
elevated serum apolipoprotein A-I (apoA-I) concentrations are athero-protective [3] 907 
and should be the target for CVD prevention [4]. ApoA-I is the most abundant 908 
apolipoprotein in HDL and is produced mainly in the human liver and intestine. It is 909 
well known that human apoA-I transgenic mice are protected against 910 
atherosclerotic lesion development [5]. Additionally, apoA-I mimetics are potential 911 
agents to prevent atherosclerosis [6]. For example, intravenous infusion of 912 
recombinant apoA-I was protective in the context of CVD development by reducing 913 
atheroma size in patients with acute coronary syndromes [7]. The importance of 914 
apoA-I production in the formation of functional HDL is also shown in studies with 915 
patients suffering from familial hypoalphalipoproteinemia [8] and 916 
analphalipoprotenemia [9]. Moreover, mutations in the apoA-I gene might result in 917 
impaired HDL particle function [10]. Finally, apoA-I was shown to be involved in 918 
regulating insulin secretion and glucose metabolism in smooth muscle cells, which 919 
may also contribute to a reduced CVD risk [2]. These data emphasize the need to 920 
better understand the regulatory processes of apoA-I transcription, translation and 921 
secretion, when the ultimate aim is to elevate apoA-I production and consequently 922 
HDL functionality. The production of apoA-I is mediated via the activation of 923 
transcription factor peroxisome proliferator–activated receptor alpha (PPARα) [11]. 924 
However, PPARα activation alone is not always sufficient to enhance apoA-I 925 
production, as apoA-I production might also be influenced by other factors like 926 
HNF4, HNF3b [12,13] or BET proteins [14]. We observed that PPARα agonists 927 
FeAc and GW7647 exerted different effects on apoA-I production in HepG2 and 928 
CaCo-2 cells, which was also found in a previous study of Dullens et al [15]. The 929 
aims of this study were to identify via a micro-array approach, which (transcription) 930 
factors are causing the differences in apoA-I production in HepG2 and CaCo-2 931 
after addition of the PPARα agonists (FeAc or GW7647), and to find additional 932 
targets that are part of the regulatory network of apoA-I transcription in HepG2 933 
cells. Since conditions like endoplasmic reticulum (ER) -stress and inflammation 934 
are associated with decreased serum apoA-I concentrations [16] we specifically 935 
investigated possibilities to change apoA-I production under these conditions.  936 
 937 
 938 
Materials & Methods  939 
 940 
HepG2 and CaCo-2 cell culture 941 
 942 
HepG2 cells (kindly provided by Sten Braesch-Andersen, PhD, Mabtech, Nacka 943 
Strand, Sweden) were maintained in Minimum Essential Medium (MEM) plus L- 944 
glutamine (5.5mM low glucose, Invitrogen Life Technologies, Carlsbad, CA, USA) 945 
and CaCo-2 cells (European Collection of Cell Cultures (ECACC)) were cultured in 946 
Dulbecco's Modified Eagle Medium (DMEM, 25mM glucose). Both MEM and 947 



CHAPTER 3 

 48 

DMEM were supplemented with 10% Fetal Bovine Serum (FBS, v/v), 1% Non 948 
Essential Amino Acids (NEAA, v/v), 1% penicillin/streptomycin (v/v), and 1% 949 
sodium pyruvate (1mM v/v). Medium supplements were obtained from Invitrogen 950 
Life Technologies, Carlsbad, CA, USA. Cells were grown in a humid atmosphere, 951 
with 5% CO2 at 37C.  952 
CaCo2 cells undergo spontaneous differentiation when a monolayer of polarized 953 
cells is cultured for two to three weeks [17] and after differentiation they produce 954 
apoA-I. Therefore, CaCo-2 cells were seeded in 6-well plates (5x10^5 cells per ml, 955 
2 ml/well), and culture medium was refreshed every two to three days. To ensure 956 
that the CaCo-2 cell monolayer remained confluent they were microscopically 957 
followed over time. HepG2 cells were cultured in 6-well plates (5x10^5 cells per ml, 958 
2 ml/well) to a confluency of ±90 percent. Three hours prior determination of the 959 
gene expression profiles, the cells were exposed in triplicate to 0.6mM fenofibric 960 
acid (FeAc) (sonificated for 30 minutes at 47kHz in medium; Fournier, Dijon, 961 
France) or 100nM GW7647 dissolved in medium (Sigma St. Louis, MO, USA). 962 
Changes in the gene expression profile were measured 3 hours post-drug 963 
exposure [18]. Moreover, we aimed to measure gene expression in an early phase, 964 
before changes in apoA-I expression were evident.  965 
 966 
 967 
Search for potential regulatory factors in apoA-I production via micro-array 968 
 969 
Using twelve 22K Agilent Human 1A micro-arrays, genes that were differentially 970 
expressed following treatment of HepG2 or CaCo-2 cells with FeAc or GW7647, 971 
were identified according to manufacturers’ protocol. Hybridization and image 972 
scanning was performed at the Microarray Facility, Leuven University, Leuven, 973 
Belgium. 974 
 975 
 976 
RNA isolation and Agilent hybridization 977 
 978 
In order to perform the micro-arrays, RNA was isolated using the ABI Prism 6100 979 
Nucleic Acid Prep Station according to manufacturer’s protocol (Applied 980 
Biosystems, Warrington, UK). RNA of FeAc-treated cells was Cy5-labeled and 981 
RNA of GW7647-treated cells was Cy3-labeled. FeAc- and GW7647-labeled total 982 
RNA was paired and hybridized on a 22K Agilent Human 1A oligo nucleotide V2 983 
micro-arrays (Agilent Technologies, Santa Clara, CA, USA). In addition, a dye-flip 984 
was performed on a second micro-array. 985 
 986 
 987 
Micro-array Image and Data analysis 988 
 989 
Agilent images were scored with the Agilent G2567AA Feature Extraction Software 990 
v8.5 (Agilent Technologies, Santa Clara, CA, USA) using the default parameters, 991 
as defined by the Agilent Human 1Av2 protocol and statistically analyzed with the 992 
Bioconductor “limma” package build 2.8.1 [19]. Only values that met our quality 993 
criteria were used. The quality criteria were: 1) each fluorescent spot had to consist 994 
of at least 55 pixels, 2) the background-corrected spot intensity (MeanSignal – 995 
BGUsed) had to be greater than 2.6 x SD of the measured background, and 3) the 996 
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fluorescent spot intensity was unsaturated for both channels. The intensities 997 
corrected for background were normalized for all micro-arrays by the LOESS 998 
algorithm (within-array) and a quantile normalization step (between-array) [20]. 999 
Verification for consistency of the signal intensity was done by subtracting the 1000 
corrected signal of the red (Cy5-labeled) channel with the green (Cy3-labeled) 1001 
signal of its dye-flip counterpart and vice versa. The result was plotted 1002 
(supplemental figures S1 and S2) and expected to center around 0. For one 1003 
micro-array this spread was too large and therefore this micro-array was excluded.  1004 
A gene list for each cell line was generated for the remaining micro-arrays using 1005 
the “limma” functions lmfit and eBayes. Next, the gene lists were filtered (filter 1006 
criteria: P-values (P≤0.05) and absolute fold changes (|FC|1.2)) following: a) 1007 
manually comparison to each other, b) used for pathway- and GO analysis 1008 
(GenMAPP v2.1/GO-elite v1.17 beta) for pathway analysis and controlled for 1009 
reporter specificity (31). A pathway was considered differentially regulated when 1010 
the z-score was ≥1 in one of the cell lines. 1011 
 1012 
 1013 
Real-time quantitative RT-PCR analysis  1014 
 1015 
Real-time quantitative PCR (RTq-PCR) analysis was performed to verify the 1016 
differential expression of genes as identified in the micro-array experiments. 1017 
Hereto, the following Taqman gene expression assays were applied and analyzed 1018 
on a Taqman ABI7000 (Applied Biosystems, Warrington, UK); ApoA-I 1019 
(Hs00163641_m1), ATF3 (Hs00231069_m1), C/EBP- (Hs00942496_s1), DDIT3 1020 
(Hs99999172_m1), DDIT4 (Hs01111686_g1), GDF15 (Hs00171132_m1), NFIL3 1021 
(Hs00993282_m1) PPARα (Hs00231882_m1), CPT1α (Hs00912671_m1), the 1022 
housekeeping gene Cyclophilin A (Hs99999904_m1), and quantified as described 1023 
by Livak et al [21]. 1024 
 1025 
 1026 
ApoA-I protein concentrations 1027 
 1028 
Cell culture medium from treated HepG2 and differentiated CaCo-2 cells was 1029 
collected after 48 hours of incubation and human apoA-I protein concentrations 1030 
were determined with a sandwich ELISA (Mabtech, Nacka Strand, Sweden) in 1031 
combination with the apoA-I calibration curve using purified human apoA-I (Sigma, 1032 
St. Louis, MO, USA). 1033 
 1034 
 1035 
Activation of C/EBP- in HepG2 cells 1036 
 1037 
To activate C/EBP-β, 8-bromo-cAMP [22] (0.5mM; Calbiochem) or a cytokine 1038 
cocktail (comprised of human IL-6 100 ng/ml (kindly provided by Prof. W.A. 1039 
Buurman, Maastricht University, The Netherlands) TNF- (100 ng/mL; Sigma), and 1040 
IL-1 (5 ng/mL; Sigma)) was used alone or in combination with the PPARα agonist 1041 
GW7647.  1042 
Induction of ER-stress in HepG2 cells 1043 
 1044 
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To induce ER-stress in HepG2 cells, four different concentrations (0.001µM, 1045 
0.01µM, 0.1µM, or 0.5µM) of thapsigargin, obtained from Sigma Aldrich (St. Louis, 1046 
MO, USA) were incubated for 48 hours. ER-stress was monitored via expression 1047 
analysis of ER-stress markers XBP1s and CHOP by western blotting as described 1048 
later. 1049 
 1050 
 1051 
Inhibition of C/EBP-β expression in HepG2 cells 1052 
 1053 
To inhibit C/EBP-β, HepG2 cells were transfected with C/EBP-β siRNA sc-29229 1054 
(h) or sc-44251 (h2) (Santa Cruz Biotechnology, Inc.). siRNA-A sc-37007 was used 1055 
as a control (Santa Cruz Biotechnology, Inc.). Transfections were performed in 1056 
quadruplicate using Lipofectamine (Roche Diagnostics, Basel, Switzerland) 1057 
according to the manufacturers’ instruction for 48 hours. 1058 
 1059 
 1060 
Transient transfection of C/EBP- isoforms LAP*, LAP and LIP 1061 
 1062 
Isoform specific overexpression of C/EBP-β in HepG2 or Caco2 cells was achieved 1063 
through transfection of 0.25 g of the specific isoform of C/EBP-β cloned into the 1064 
pcDNA 3.1 plasmid: liver-enriched transcriptional activating protein star (LAP*), 1065 
liver-enriched transcriptional activating protein (LAP), and liver-enriched 1066 
transcriptional inhibitory protein (LIP) (Invitrogen Life Technologies, Carlsbad, CA, 1067 
USA). Transfections were performed according to the manufacturer’s instructions, 1068 
for 48 hours, using XtremeGENE9 or Lipofectamine LTX PLUS from Roche and 1069 
Invitrogen respectively. A Histon-GFP expression vector was used to control for 1070 
successful transfection. A transfection efficiency of at least 75% green cells was 1071 
considered to be sufficient, which was estimated visually by fluorescence 1072 
microscopy. 1073 
 1074 
 1075 
Preparation of cell lysates and protein quantification 1076 
 1077 
To prepare cell lysates, cells were washed twice with a PBS solution and lysed on 1078 
ice for 20 minutes in 100μl Radioimmunoprecipitation assay buffer (RIPA) buffer 1079 
(RIPA buffer, Sigma-Aldrich), containing a protease inhibitor cocktail (Complete, 1080 
Mini Protease inhibitor Cocktail Tablets, Roche) and a phosphatase inhibitor 1081 
cocktail (PhosSTOP, Phosphatase Inhibitor Cocktail Tablets, Roche). Protein 1082 
content was determined using the Pierce BCA assay kit according to the 1083 
manufacturers’ manual (Pierce® BCA Protein Assay Kit).  1084 
 1085 
 1086 
Western blotting 1087 
 1088 
Typically, 15μg protein of each cell lysate was loaded on a 12% running and 4% 1089 
stacking SDS-PAGE gel. The Precision Plus Protein™ All Blue marker (Biorad) 1090 
was used to determine protein size. After the samples were separated and blotted 1091 
overnight on a PVDF membrane the transfer and equal loading of proteins was 1092 
checked using PonceauS staining. At each occasion the primary antibody was 1093 



NATURAL PPARα TRANSACTIVATING COMPOUNDS 

 51 

incubated overnight at 4°C, washed with TRIS buffered saline containing 0.2% 1094 
tween (TBS-T), incubated with a proper secondary antibody coupled to horse 1095 
radish peroxidase (Stabilized Conjugated Goat anti-rabbit HRP) for 4 hours at 4°C 1096 
and visualized using either the SuperSignal West Femto kit or SuperSignal West 1097 
DURA kit (Pierce) and the ChemiDoc XRS imaging system (Biorad). Antibodies to 1098 
XBP1s (#647501, mouse), CHOP (#1649, mouse), apoA-I (#0650180, sheep) and 1099 
C/EBP- (#A2109 c-19, rabbit) were purchased from Biolegend (ITK diagnostics, 1100 
San Diego, CA), Cell Signaling, Select Science (MorphoSys UK Ltd) and Santa 1101 
Cruz Biotechnology Inc. (Heidelberg, Germany), respectively. Secondary 1102 
antibodies used were donkey-anti-sheep-HRP (Abcam), goat- anti-mouse (Pierce) 1103 
and goat-anti-sheep HRP (Pierce). 1104 
 1105 
 1106 
Statistical analysis 1107 
 1108 
All data are shown as mean ± standard deviations. Differences between treatments 1109 
were tested by Kruskall Wallis nonparametric test, following Dunn’s test for multiple 1110 
comparison, unless indicated otherwise. Statistical analyses were performed 1111 
Graphpad Prism 7 (GraphPad Software, Inc., CA, USA).   1112 
 1113 
 1114 
Results 1115 
  1116 
Search for potential regulatory factors in apoA-I production via micro-array 1117 
 1118 
Despite the fact that FeAc and GW7647 are both accepted PPARα agonists and 1119 
both induced CPT1α at a dose dependent manner in HepG2, HepG2 cells treated 1120 
with GW7647 showed a significantly higher apoA-I secretion in cell culture medium 1121 
as compared to FeAc (figure 1 and S3A). The concentration of the PPARα 1122 
agonists, was based on the previous studie of Dullens et al. To explain this 1123 
differential apoA-I production by FeAc and GW7647, gene expression profiles of 1124 
FeAc- and GW7647-treated HepG2 and CaCo-2 cells were compared using micro- 1125 
arrays (for the rationale of the study see figure 1B).  1126 
  1127 
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 1128 
 1129 
Figure 1. (a) Relative effect of GW7647 and FeAc on apoA-I secretion in HepG2 1130 
cells; ApoA-I production of HepG2 cells incubated with PPARα activators FeAc 1131 
(0.6mM) or GW7647 (100nM) for 48 hours. DMSO was used as control condition. 1132 
(b) Schematic presentation of the study rationale. To explain the differential effect 1133 
of FeAc and GW7647 on apoA-I production, gene expression profiles of FeAc- and 1134 
GW7647- treated HepG2 and CaCo-2 cells were compared using micro-arrays. 1135 
One of the differentially expressed genes was C/EBP-β. The effect of C/EBP-β on 1136 
apoA-I production was investigated via silencing and overexpression experiments, 1137 
during normal, ER-stressed and cytokine treated conditions.  1138 
 1139 
 1140 
Micro-array data analysis resulted in a differentially regulated gene set for FeAc 1141 
versus GW7647 treated cells that consisted of 473 up-regulated genes and 396 1142 
down-regulated genes in HepG2 cells, and 238 up-regulated genes and 222 down- 1143 
regulated genes in differentiated CaCo-2 cells. From these genes, 63 were 1144 
differentially expressed in both cell lines, as presented in the Venn diagrams 1145 
(figure 2A) and listed in supplemental table 1. These 63 genes were considered as 1146 
candidate genes responsible for the differential regulation of apoA-I production 1147 
following treatment with FeAc versus GW7647 both in HepG2 and CaCo-2 cells. 1148 
Pathway analysis of the FeAc versus GW7647 treated HepG2 and CaCo-2 cells 1149 
showed that the MAPK signalling pathway (KEGG), adipogenesis, and hypertrophy 1150 
were differentially regulated (for the affected GenMAPP v2.1 pathway list see 1151 
supplemental table 2). The extended list of affected genes within these pathways is 1152 
presented in supplemental table 3. In the MAPK signalling pathway (KEGG) for 1153 
example the genes for DDIT1, ATF4 and MOS were upregulated in HepG2, but not 1154 
in CaCo-2 cells, whereas the genes for NDN, SOCS3 and BMP2 were increased 1155 
from the adipogenesis pathway in HepG2 only. Moreover, of the hypertrophy 1156 
related genes, IFRD1 and VEGF were increasingly expressed in HepG2 or CaCo-2 1157 
and HepG2 respectively. 1158 
Interestingly, when focusing on the complete set of data, especially the 1159 
transcription factors ATF3, GDF15, NF-IL3 and C/EBP-β were strongly upregulated 1160 
after FeAc compared to GW7647 treatment in both cell lines (supplemental table 1161 
4 and figure 2B and 2C). Gene expression of DDIT3 and DDIT4 were only 1162 
differentially expressed in HepG2 cells (supplemental table 4 and figure 2C). 1163 
PPARγ or PPARα expression both did not differ between the FeAc and the 1164 
GW7647 treated cells. Furthermore, to verify that PPARα activity was increased 1165 
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after exposure to both PPARα agonists, CPT1α mRNA expression was measured. 1166 
The PPARα target CPT1α was indeed dose dependently increased for in both 1167 
FeAc and GW7647 conditions (supplemental figure S3A). In addition, PPARα 1168 
transactivation increased after GW7647 as well as FeAc addition (supplemental 1169 
figure S3B). A dose response curve for apoA-I production after GW7647 and FeAc 1170 
addition in HepG2 cells can be found in supplemental figure S4A and S4B.  1171 
 1172 
 1173 

 1174 
 1175 
Figure 2. Microarray results of GW7647 and FeAc treated CaCo-2 and HepG2 1176 
cells; (a) Venn diagram, indicating that 63 genes are differentially expressed in the 1177 
FeAc vs GW7647 condition, after three hours of incubation; (b) Relative fold 1178 
changes of gene expression in the FeAc compared to GW7647 condition in CaCo- 1179 
2 cells after three hours of incubation or 2C: Relative fold changes of gene 1180 
expression in the FeAc compared to GW7647 condition in HepG2 cells after three 1181 
hours of incubation. N=2. * P≤0.05: Statistically different between FeAc and 1182 
GW7647. 1183 
 1184 
 1185 
Subsequent analysis of the list of all regulated transcription factors revealed 1186 
abundance of factors associated with ER-stress (supplemental table 4). Since ER- 1187 
stress is associated with decreased apoA-I production [16], this observation was 1188 
explored into more detail. Increased production of the ER-stress markers 1189 
(supplemental table 4) was also confirmed at the protein level and showed a clear 1190 
increase in the production of CHOP, XBP1s and C/EBP- in the FeAc condition as 1191 
compared to GW7647 (figure 3). 1192 
  1193 
 1194 
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 1195 
 1196 
Figure 3. Protein expression of C/EBP-β, CHOP, XBP1s, apoA-I in FeAc-, 1197 
GW7647- and thapsigargin treated HepG2 cells; HepG2 cells were incubated with 1198 
0.6mM FeAc, 100nM GW7647 or 0.01μM thapsigargin for 48 hours. Using western 1199 
blotting the protein expression of the proteins C/EBP-β, CHOP, XBP1s and apoA-I 1200 
was determined. -actin was used as a control for equal protein loading. Protein 1201 
degradation bands are indicated accordingly. 1202 
  1203 
 1204 
Activation of ER-stress via thapsigargin lowers apoA-I production 1205 
 1206 
Activation of ER-stress by thapsigargin dose-dependently increased intracellular 1207 
levels of the ER-stress related proteins CHOP, XBP1s and C/EBP- (figure 3).  1208 
The observed effects after FeAc treatment are in line with the effects seen after 1209 
thapsigargin addition. Thapsigargin also clearly decreased intracellular apoA-I 1210 
protein content (figure 3) and apoA-I protein production in culture supernatant 1211 
(figure 4A).  1212 
 1213 
 1214 
 1215 
 1216 
 1217 
  1218 
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Induction of inflammation lowers apoA-I production 1219 
 1220 
To induce inflammation, HepG2 cells were treated with IL-6 or a cytokine cocktail 1221 
composed of IL1-, TNF- and IL-6. This resulted in reduced production of apoA-I, 1222 
while C/EBP- mRNA production and C/EBP- protein production increased 1223 
(figure 4B).  1224 
 1225 
 1226 

 1227 
 1228 
Figure 4. Relative apoA-I protein or C/EBP-β mRNA production after GW7647 1229 
addition and stress induction using cytokines or thapsigargin in HepG2 cells; (a) 1230 
The effect of a cytokine cocktail composed of TNF-α, IL-6 and IL-1β, and/or 1231 
GW7647 addition on apoA-I protein and C/EBP-β mRNA in HepG2 cells, after 48 1232 
hours of incubation; (b) The effect of several doses of thapsigargin (0; 1; 10; 100 1233 
and 500nM) on apoA-I production in HepG2 cells, after 48 hours of incubation; (c) 1234 
The effect of C/EBP-β activator cAMP on apoA-I production in HepG2 cells, after 1235 
48 hours of incubation. Changes are indicated with a * 1236 
when significantly different (p≤0.05) compared to the control condition or with a # 1237 
when the cAMP condition is significantly different (p≤0.05) from the cAMP plus 1238 
GW7647 treated condition. 1239 
  1240 
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Effect of biochemical C/EBP- activation, C/EBP- overexpression or C/EBP- 1241 
inhibition on apoA-I production 1242 
 1243 
The addition of C/EBP- activator cAMP clearly prevented the increase in apoA-I 1244 
secretion by GW7647 in HepG2 cells (figure 4C). To evaluate the role of C/EBP- 1245 
on the decreased apoA-I production in the experiments described above, all 1246 
C/EBP- isoforms were silenced at once at protein level for 72 hours by C/EBP- 1247 
RNAi. Approximately 90% of C/EBP- was silenced (figure 5A) in our silencing 1248 
experiments. Furthermore, transfections clearly resulted in succesfull 1249 
overexpression of the three individual C/EBP- isoforms (figure 5B). Interestingly, 1250 
silencing of all C/EBP-β isoforms during ER-stress, inflammation or in non- 1251 
stressed conditions or overexpression of the three individual C/EBP- isoforms, did 1252 
not alter apoA-I production in HepG2 cells (figure 5C and 5D), also not during ER- 1253 
stress (figure 6A), inflammation (figure 6B) or in non-stressed conditions (figure 5 1254 
and 6).  1255 

 1256 
 1257 
Figure 5. Effect of C/EBP-β silencing and overexpression on apoA-I production in 1258 
HepG2 cells; (a) Western blot results of C/EBP-β silencing using RNAi, with or 1259 
without the addition of a cytokine cocktail, after 48 hours of incubation; (b) Protein 1260 
expression of specific C/EBP-β isoforms determined after 48 hours of C/EBP-β 1261 
isoform overexpression. UT= untreated HepG2 cells; (c) The effects of C/EBP-β 1262 
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silencing on apoA-I production, with or without addition of a cytokine cocktail, after 1263 
48 hours of incubation; (d) The effect of C/EBP-β isoform specific overexpression 1264 
on apoA-I production in HepG2 cells, after 48 hours of incubation. Protein 1265 
degradation bands are indicated accordingly. Changes are indicated with a * 1266 
when significantly different (p≤0.05) compared to the control condition or with a # 1267 
when the RNAi treated condition is significantly different (p≤0.05) from the RNAi 1268 
plus cytokine condition. 1269 
 1270 
 1271 

 1272 

Figure 6. The effect of C/EBP-β silencing or overexpression on apoA-I production 1273 
during ER-stress, inflammatory conditions or after FeAc or GW7647 addition; (a) 1274 
Relative apoA-I production in HepG2 cells that are transfected with C/EBP-β 1275 
isoforms with or without the addition of Thapsigargin, after 48 hours of incubation; 1276 
(b) Relative apoA-I production in HepG2 cells that are transfected with C/EBP-β 1277 
isoforms with or without the addition of a cytokine cocktail, after 48 hours of 1278 
incubation; (c) Relative apoA-I production in HepG2 cells treated with siRNA 1279 
against C/EBP-β, with or without the addition of either a cytokine cocktail, 1280 
thapsigargin, FeAc or GW7647, for 48 hours. 1281 
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 1282 
Discussion 1283 

Obesity and type II diabetes, both part of the metabolic syndrome, are associated 1284 
with low-grade systemic inflammation, resulting in lower serum HDL-C and apoA-I 1285 
concentrations [23-25]. Besides obesity, type II diabetes and inflammation, 1286 
hyperglycemia is associated with the metabolic syndrome and is known to induce 1287 
endoplasmatic reticulum (ER) stress [16]. ER-stress is described to decrease 1288 
apoA-I concentrations [16]. In this study we searched for targets that play a role in 1289 
the regulatory network of apoA-I transcription. In the regulation of apoA-I protein 1290 
synthesis it is generally accepted that PPARα is involved [11]. Although fibrates are 1291 
known to increase apoA-I concentrations mediated through PPARα activation, 1292 
individual fibrates may exert different effects on apoA-I production [11]. Indeed, our 1293 
results showed that in HepG2 cells, exposure to the PPARα activator FeAc 1294 
resulted in a 21.5% lower apoA-I production compared with the PPARα activator 1295 
GW7647. PPARα expression was equal in the HepG2 and CaCo-2 cells treated 1296 
with both agonists. Also confirmative qPCRs showed in both conditions an 1297 
increased expression of the specific PPARα target CPT1α [26]. In agreement with 1298 
earlier observations [15], these results suggest that PPARα activation alone is not 1299 
sufficient to increase apoA-I production which implies that additional (co)factors, 1300 
and/or transcription factors, all part of the yet not fully identified transcription factor 1301 
network, also participate in this complex mechanism leading to increased apoA-I 1302 
production. 1303 
We showed that in both HepG2s and CaCo-2 cells the genes ATF3, C/EBP-, 1304 
GDF15 and NF-IL3 were consistently increased after treatment with FeAc 1305 
compared to GW7647. Our micro-array analysis also showed that a reduced apoA- 1306 
I production as seen in the FeAc condition was associated with increased 1307 
expression of a panel of genes that are typically upregulated during cellular stress 1308 
or ER-stress. This indicates that there is a remarkable similarity between our 1309 
results and biochemically-induced ER-stress signatures [27-29].  1310 
Furthermore, exposure of HepG2 cells to FeAc not only decreased apoA-I 1311 
production, but simultaneously increased intracellular production of several ER- 1312 
stress markers such as CHOP and XBP1s. Therefore it is tempting to suggest that 1313 
the FeAc-induced decrease in apoA-I secretion could be the result of increased 1314 
activation of the ER-stress pathway. Further experiments, in which HepG2 cells 1315 
were exposed to thapsigargin-induced ER-stress, showed that intracellular C/EBP- 1316 
 protein expression was increased, which supported earlier findings that C/EBP- 1317 
is part of the ER-stress signature [27,28,30]. As C/EBP- was also one of the 1318 
candidate genes on the list of the micro-array experiment, we next explored the 1319 
role of C/EBP-β on apoA-I production. Another rationale for focusing on C/EBP- is 1320 
the presence of a C/EBP binding site in the promoter region of apoA-I [31]  and the 1321 
known association of C/EBP- with inflammation [32-35].  1322 
Indeed, we showed that ER-stress and inflammatory conditions clearly decreased 1323 
apoA-I production and simultaneously increased C/EBP-β production. However, 1324 
C/EBP-β silencing in inflammatory-, non-inflammatory and ER-stress conditions did 1325 
not influence hepatic apoA-I production. As the various C/EBP-β isoforms have 1326 
different transcriptional activation potentials [36-38], we next evaluated their 1327 
individual effects on apoA-I production. LAP is known as a transcriptional activator, 1328 
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while isoform LIP is known as a transcriptional inhibitor [36,39]. Until now, the role 1329 
of these two different C/EBP- isoforms, or the role of full length C/EBP- isoform 1330 
LAP* on apoA-I production during non-inflammatory-, inflammatory and ER-stress 1331 
conditions has never been explored. Remarkably, isoform specific C/EBP- 1332 
overexpression did not change apoA-I production and secretion in HepG2 cells 1333 
during ER-stress, and the inflammatory- and non- inflammatory condition. Our data 1334 
therefore extend the findings of Kan et al. [40], who found that in unstressed 1335 
conditions C/EBP was not involved in apoA-I production. Unfortunately, isoform 1336 
specific knockdown experiments to further examine the role of the various C/EBP- 1337 
isoforms on apoA-I production is impossible due to the structural overlap of the 1338 
three different isoforms. 1339 
As was previously reviewed by our group [41], C/EBP-β is able to bind to the 1340 
promoter of IL-6 [42] and IL1 β [43]. Although the addition of the cytokine cocktail 1341 
clearly induced C/EBP-β mRNA expression, we should keep in mind that C/EBP-β 1342 
is involved in inflammation onset. However, here we aimed to show that a 1343 
(cytokine-induced) decrease in apoA-I production, leads to an increased production 1344 
of C/EBP-β. A binding place in the promoter region of apoA-I and the increase in 1345 
C/EBP-β mRNA after cytokine addition made C/EBP-β a likely candidate for our 1346 
study. Nowadays, identification of components to increase apoA-I production 1347 
receives more and more attention. One of these components is RVX-208, which 1348 
has been shown to increase production of apoA-I and HDL-C concentrations in in 1349 
vitro and in vivo studies [14]. RVX-208 is an inhibitor of the bromo- and extra 1350 
terminal (BET) family of transcription factors, which mediates apoA-I production 1351 
[44-46]. Whether RVX-208 also acts via inhibition of ER-stress and thereby 1352 
influences apoA-I production has not been investigated. In this respect, however, 1353 
Hart et al. [47] have found that specifically the expression of genes from the UPR 1354 
response were downregulated upon treatment with the bromodomain inhibitor JQ1. 1355 
Possibly, BET inhibitors are potentially interesting compounds for down regulation 1356 
of the ER-stress pathway. In differentiated CaCo-2 cells, oxidized fatty acids 1357 
(oxFA) increased apoA-I production [48], possibly because oxFA are ligands for 1358 
PPAR. There may be a link between ER-stress and PPARγ, as PPARγ is able to 1359 
restore the function of the islets of diabetic mice by reducing ER-stress [49]. 1360 
Interestingly, literature suggests that FeAc addition could also induce PPARγ, 1361 
however, we did not find a significant difference in PPARγ between our FeAc and 1362 
GW7647 treated HepG2 or Caco2 cells. This is also in line with the expected 1363 
expression profile of PPARγ which is the predominant PPAR in fat tissue instead of 1364 
liver of colon [50]. Therefore, we did not consider PPARγ a candidate responsible 1365 
for this difference in apoA-I production. Thus, mechanisms underlying the effects of 1366 
compounds that enhance apoA-I production such as RVX208 and oxidized fatty 1367 
acids may involve ER-stress, which suggests that ER-stress inhibition might indeed 1368 
be an important target in conditions of low endogenous apoA-I production.  1369 
In a study of Arakawa et al. [51], ABCA1 mRNA expression increased after 1370 
treatment of immune cells with FeAc. Indeed, an increased ABCA1 production 1371 
might be beneficial regarding CVD risk reduction, as it could lead to increased 1372 
cholesterol efflux to apoA-I. On the other hand, in the DAIS study [52] no effect of 1373 
FeAc on apoA-I production was found. The combination of our data, data of 1374 
Arakawa and the DAIS study, show that FeAc may exert beneficial effects on CVD 1375 
development in vivo, probably independent of a change in apoA-I production. 1376 
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In conclusion, ER-stress and inflammatory conditions lower apoA-I production and 1377 
increase the expression of the ER-stress parameter C/EBP-β. Despite the fact that 1378 
there is a C/EBP binding place in the apoA-I promoter, neither overexpression nor 1379 
silencing of C/EBP-β in inflammatory, non-inflammatory or ER-stress conditions, 1380 
influenced hepatic apoA-I production. Therefore, C/EBP-β is not a target to rescue 1381 
the attenuated apoA-I production during ER-stress and inflammation. Additional 1382 
research is needed to elucidate factors that link ER-stress and inflammation to 1383 
reduced apoA-I production, which is often seen in the metabolic syndrome. 1384 
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Supplemental data 1529 

 1530 
 1531 
 1532 

 1533 
Supplemental figure S1: Micro-array quality check I 1534 
Quality check of the Agilent micro-arrays to verify the consistency of the signal 1535 
intensity differences between the red and green dye of FeAc labelled samples in 1536 
HepG2 and in differentiated CaCo-2 cells. 1537 



NATURAL PPARα TRANSACTIVATING COMPOUNDS 

 65 

 1538 
 1539 
 1540 
 1541 
 1542 

 1543 
Supplemental figure S2: Micro-array quality check II 1544 
Quality check of the Agilent micro-arrays to verify the consistency of the signal 1545 
intensity differences between the red and green dye of GW7647 labelled samples 1546 
in HepG2 and in differentiated CaCo-2 cells. 1547 
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 1548 

 1549 
 1550 
Supplemental figure S3A: CPT1 expression by GW7647 and FeAc. 1551 
Increased relative CPT1 expression in HepG2 cells following treatment with 1552 
GW7647 or FeAc. 1553 
 1554 
 1555 

 1556 
 1557 
 1558 
Supplemental figure S3B: PPARα transactivation by GW7647 and FeAc. 1559 
Increased PPARα transactivation in HepG2 cells following treatment with 100nM 1560 
GW7647 or 0.6mM FeAc.  1561 
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 1562 

 1563 
Supplemental figure S4A: The effect of different concentrations of fenofibric acid 1564 
on percentual changes in apoA-I protein production in HepG2 cells after 48 hours 1565 
of incubation. Values are expressed as percentual changes ± percentual standard 1566 
deviations compared to 0 mM FeAc (DMSO only). 1567 
 1568 

 1569 
 1570 
Supplemental figure S4B: The effect of different concentrations of GW7647 on 1571 
percentual changes ± standard deviation on apoA-I protein production in HepG2 1572 
cells after 48 hours of incubation. Values are expressed as percentual changes ± 1573 
percentual standard deviations compared to 0 mM GW7647 (DMSO only). 1574 
  1575 
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Supplemental table 1 (part 1). Differentially expressed genes by fenofibric acid 1576 
versus GW7647 in HepG2 cells and in differentiated CaCo-2 cells. 1577 
 1578 
 1579 
 1580 
 1581 
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Supplemental table 1 (part 2). Differentially expressed genes by fenofibric acid 1582 
versus GW7647 in HepG2 cells and in differentiated CaCo-2 cells. 1583 
 1584 
 1585 
 1586 
 1587 
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Supplemental table 1 (part 3). Differentially expressed genes by fenofibric acid 1588 
versus GW7647 in HepG2 cells and in differentiated CaCo-2 cells. 1589 
 1590 
 1591 
 1592 
 1593 
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Supplemental table 2 (part 1). Differentially affected GenMAPP v2.1 pathways by 1594 
fenofibric acid versus GW7647 in HepG2 cells and in differentiated CaCo-2 cells. 1595 
 1596 
 1597 
 1598 
 1599 



CHAPTER 3 

 72 

Supplemental table 2 (part 1). Differentially affected GenMAPP v2.1 pathways by 1600 
fenofibric acid versus GW7647 in HepG2 cells and in differentiated CaCo-2 cells. 1601 
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Supplemental table 3 (part 1). Differentially expressed genes by fenofibric acid 1651 
versus GW7647 in HepG2 cells and/or in differentiated CaCo-2 cells present in 1652 
affected human GenMAPP v2.1 pathways.  1653 
 1654 
 1655 
 1656 
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Supplemental table 3 (part 2). Differentially expressed genes by fenofibric acid 1657 
versus GW7647 in HepG2 cells and/or in differentiated CaCo-2 cells present in 1658 
affected human GenMAPP v2.1 pathways.  1659 
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Supplemental table 3 (part 3). Differentially expressed genes by fenofibric acid 1708 
versus GW7647 in HepG2 cells and/or in differentiated CaCo-2 cells present in 1709 
affected human GenMAPP v2.1 pathways.  1710 
 1711 
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Supplemental table 3 (part 6). Differentially expressed genes by fenofibric acid 1815 
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 1818 

 1819 



NATURAL PPARα TRANSACTIVATING COMPOUNDS 

 79 

Supplemental table 3 (part 7). Differentially expressed genes by fenofibric acid 1820 
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Supplemental table 3 (part 10). Differentially expressed genes by fenofibric acid 1875 
versus GW7647 in HepG2 cells and/or in differentiated CaCo-2 cells present in 1876 
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Supplemental table 4. Differentially expressed genes of selected transcription 1926 
factors by fenofibric acid versus GW7647 in HepG2 cells and/or in differentiated 1927 
CaCo-2 cells present in human GenMAPP v2.1 pathways. 1928 
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Abstract 1952 
 1953 
Increasing apoA-I, the predominant protein of high-density lipoprotein (HDL) 1954 
particles, has favorable effects on atherogenic risk factors. Although providing 1955 
recombinant proteins and apoA-I mimetics is a promising method, this is not 1956 
feasible at population level. In this study we aimed to I) discover novel natural 1957 
compounds with the capacity to transactivate PPARα and to II) determine the 1958 
effects of the identified compounds on apoA-I transcription in HepG2 cells. By 1959 
using transient PPARα agonist transactivation assays, 2500 compounds derived 1960 
from two natural databases were tested for PPARα transactivation in HEK293 1961 
cells. To discover the effects of the selected natural compounds on apoA-I 1962 
transcription, HepG2 cells were exposed to 0.1; 1 and 10 μg/ml of each compound 1963 
and apoA-I mRNA expression was determined using qPCR. Extensive dose- 1964 
response experiments were performed using compounds that increased apoA-I 1965 
transcription minimally by 20%. A decreased KEAP1 expression was used as a 1966 
BRD4 inhibition marker and CPT1α expression was measured to confirm PPARα 1967 
activation. 28 out of 2500 natural compounds increased PPARα transactivation by 1968 
2-fold. Despite the increased CPT1α expression seen after addition of most 1969 
PPARα activating compounds, CPT1α expression and PPARα transactivation did 1970 
not correlate. Addition of 0.05 μg/ml 9(S)-HOTrE increased apoA-I mRNA 1971 
expression by 35%, whereas 10 to 25 μg/ml cymarin increased apoA-I transcription 1972 
by 37%. Clearly, apoA-I transcription involves multiple regulatory players and 1973 
PPARα transactivation alone is not sufficient. Since 9(S)-HOTrE and cymarin have 1974 
clear limitations to be used for the general population, a search for natural 1975 
compounds that resemble the molecular structure of 9(S)-HOTrE and cymarin 1976 
could lead to additional components with comparable effects on apoA-I 1977 
transcription.   1978 
  1979 
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Introduction 1980 
 1981 
A promising strategy to reduce the risk for cardiovascular diseases (CVDs) is 1982 
raising intestinal or hepatic de novo production of apolipoprotein A-I (apoA-I) [1,2]. 1983 
The relevance of increasing apoA-I, the predominant protein of high-density 1984 
lipoprotein (HDL) particles, is related to its favorable effects on a variety of 1985 
atherogenic risk factors. Amongst others, the apoA-I protein may dampen 1986 
inflammation [3] and decrease the risk for type II diabetes in humans by increasing 1987 
pancreatic β-cell function and improving glycemic control [4,5]. However, the major 1988 
anti-atherogenic effect of apoA-I is enhancing reverse cholesterol transport (RCT). 1989 
A key process of RCT, and an important biomarker for CVD development, is the 1990 
efflux of cholesterol from macrophages from the arterial wall towards apoA-I 1991 
particles in the circulation [6]. Indeed, intravenous infusion of recombinant apoA-I 1992 
reduced atheroma volume in patients with acute coronary syndromes [7]. 1993 
Moreover, infusion of CSL112, an HDL mimetic composed of purified, authentic 1994 
human plasma apoA-I reconstituted with phospholipids [8], enhanced cholesterol 1995 
efflux capacity thereby increasing functionality of the HDL lipoprotein fraction [9]. 1996 
Obviously, providing recombinant proteins and mimetics is not feasible at a 1997 
population level as part of prevention strategies. This emphasizes the need to 1998 
discover novel strategies to increase endogenous apoA-I production. Current in 1999 
vitro studies have mostly used pharmacological agents to increase apoA-I 2000 
production, such as the synthetically derived PPARα activator GW7647, the 2001 
Bromodomain and ExtraTerminal protein (BET) inhibitors RVX-208 [10] and JQ1(+) 2002 
[11] or experimental members of the (thieno- or benzo-) triazolodiazepine family 2003 
[12]. Although the effects of aforementioned strategies are certainly promising, 2004 
detailed knowledge of natural compounds that have the capacity to increase apoA- 2005 
I transcription is lacking.  2006 
It is generally accepted that in human hepatocytes and intestinal cells, transcription 2007 
of apoA-I is regulated by transcription factor Peroxisome Proliferator-Activated 2008 
Receptor alpha (PPARα) [13]. This is underlined by the fact that the promoter of 2009 
the apoA-I gene contains a PPAR response element (PPRE) [13,14], which 2010 
functions as a binding place for the PPARα/RXR heterodimer following PPARα 2011 
activation. Previous in vitro studies have indeed shown that PPARα agonists such 2012 
as GW7647, WY14643 [15] and the fatty acid α-linolenic acid [16] increased apoA-I 2013 
production in HepG2 and CaCo-2 cells in a PPARα-dependent manner. In this 2014 
study we aimed to I) discover novel natural compounds with the capacity to 2015 
transactivate PPARα and II) determine the effects of the identified compounds on 2016 
apoA-I transcription in human hepatocellular carcinoma (HepG2) cells.  2017 
 2018 
 2019 
Methods  2020 
 2021 
 2022 
Transient PPARα agonist transactivation assay  2023 
 2024 
Human embryonic kidney (HEK293) cells (ATCC, Molsheim, France) were cultured 2025 
in Eagle minimum essential medium containing Earle's balanced salt solution 2026 
without L-glutamine, supplemented with 10% fetal bovine serum (Sigma-Aldrich 2027 
Corp., St. Gallen, Switzerland), 1 mM sodium pyruvate (Life Technologies), 2 mM 2028 
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glutamax (Life Technologies AG, Basel, Switzerland) and 0.1 mM nonessential 2029 
amino acids (Life Technologies) in an atmosphere of 37°C and 5% CO2, as 2030 
previously described [17]. For the transient transfections, HEK293 cells, were 2031 
plated in white 96-well cell culture plates (Corning, Basel, Switzerland) at a density 2032 
of 7.5 × 104 cells per well, in 80 μl minimum essential medium (Eagle) containing 2033 
Earle's balanced salt solution without L-glutamine and phenol red, supplemented 2034 
with 10% charcoal-treated fetal bovine serum (HyClone Laboratories, Inc., Logan, 2035 
UT, USA), 2 mM glutamax, 0.1 mM non-essential amino acids, and 1 mM sodium 2036 
pyruvate. When the cells reached 80% confluence the next day, they were 2037 
transfected with the PPARα Ligand Binding Domain (LBD) and the 4xGAL4 binding 2038 
sequence controlling the luciferase firefly reporter gene, using polyethylene-imine- 2039 
based transfection (figure 1).  2040 
Stocks of the compounds of interest were dissolved in DMSO and pre-diluted in 2041 
PBS, reaching a final DMSO concentration of 0.45%. Five hours after the addition 2042 
of the transfection mixture, the pre-diluted compounds were added in the 2043 
respective dilution onto the cells. This was incubated for 16 hours, which was 2044 
followed by firefly and renilla luciferases measurement according to the Promega 2045 
protocol (Promega AG, Dübendorf, Switzerland). Transfection efficiency was 2046 
checked by transfection of the pRL-TK renilla luciferase reporter. The ligand- 2047 
binding domain of PPARα was expressed from a Gateway (Invitrogen, Zug, 2048 
Switzerland)-compatible version of pCMVBD (Stratagene Corp., Santa Clara, CA, 2049 
USA) as a fusion to the GAL4 DNA-binding domain (amino acids 1 to 147). pFR- 2050 
Luc (Stratagene Corp.) was used as a reporter plasmid.  2051 
A dose-response curve between GW7647 with PPARα normalized luciferase units 2052 
is depicted in supplemental figure 1. Based on these results, a concentration of 1 2053 
μM GW7647 was used as positive control in the screening assays. By using the 2054 
transactivation assay (figure 1), a total of 2500 compounds derived from an 2055 
extensive natural compound database (established by DSM) was screened for their 2056 
PPARα transactivation. A concentration of 9 μg/ml was used for each compound. 2057 
Four biological replicate samples were analyzed, each in threefold. Compounds 2058 
that consistently elevated PPARα transactivation for four consequent times by at 2059 
least 200% compared to the DMSO carrier control were considered as candidates 2060 
to examine apoA-I transcription in the subsequent HepG2 cell culture assay. 2061 
Selection was also based on compound availability.  2062 
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 2063 
 2064 
 2065 
Figure 1. Schematic representation of the PPARα transactivation assay. 2066 
After addition, a PPARα agonist will bind to the PPARα Ligand Binding Domain 2067 
(LBD). This LBD contains a GAL4 DNA Binding Domain (DBD) that will bind to the 2068 
4xGAL4 binding sequence inserted upstream of the thymidine kinase promoter, 2069 
controlling the luciferase firefly reported gene. The transactivation of PPARα due to 2070 
the PPARα agonist is monitored by measuring the expression of the luciferase 2071 
reporter gene.  2072 
 2073 
 2074 
Human liver cell culture and experiments 2075 
 2076 
Human hepatocellular liver carcinoma (HepG2) cells (kindly provided by Sten 2077 
Braesch-Andersen, PhD, Mabtech, Nacka Strand, Sweden) were maintained at 2078 
37°C and 5% CO2 in a humidified atmosphere. Cell culture medium was composed 2079 
of Minimum Essential Medium (MEM) supplemented with L-glutamine (Invitrogen 2080 
Life Technologies, Carlsbad, CA, USA), 10% Fetal Calf Serum (v/v, South- 2081 
American, Greiner Bio-one, Frickenhausen, Germany), 1% NEAA (v/v), 1% 2082 
penicillin/streptomycin (v/v) and 1% sodium pyruvate (v/v, all from Invitrogen Life 2083 
Technologies, Carlsbad, CA, USA). 2084 
To obtain insight into the effects of the selected natural compounds on in vitro 2085 
apoA-I transcription, HepG2 cells were exposed to doses of 0.1, 1 and 10 μg/ml of 2086 
each compound. Each dose was tested in fourfold and each sample was analyzed 2087 
in duplo. JQ1(+) (3 μM final concentration, Tocris Bioscience, Abingdon, UK) was 2088 
used as a positive control, whereas thapsigargin (0.01 μM final concentration, 2089 
Sigma Aldrich, St. Louis, MO, USA), a commonly used ER-stress inducer known to 2090 
decrease apoA-I transcription [18], was used as negative control. Compounds were 2091 
diluted in DMSO with a DMSO concentration of 0.1% in medium. After incubation, 2092 
cells were visually inspected for viability using a microscope (data not shown). For 2093 
compounds that (i) transactivated PPARα minimally by 200% and (ii) increased 2094 
apoA-I mRNA expression by at least 20% compared to control in HepG2 cells after 2095 
doses of 0.1, 1 or 10 μg/ml, a more extensive dose-response curve was made.  2096 
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 2097 
 2098 
CPT1α, apoA-I and KEAP1 qPCR measurement 2099 
 2100 
Total RNA was extracted from the HepG2 cells according the Trizol/Qiagen 2101 
protocol, after which cDNA was synthesized using Taqman RT reagents (Applied 2102 
Biosystems). mRNA expression of apoA-I (Hs00163641_m1) and CPT1α 2103 
(Hs00912671_m1) were determined using the 7300 Real-Time PCR System. 2104 
CPT1α was determined as marker for PPARα activation. Further, to determine if 2105 
the PPARα transactivating compounds possibly changed BET inhibitor function, 2106 
KEAP1 (Hs00202227_m1) was measured. It is known that KEAP1 decreases upon 2107 
BRD4 inhibition [19]. Cyclophilin A (Hs99999904_m1) was used as internal control. 2108 
All TaqMan Gene Expression Assays were obtained from Applied Biosystems.  2109 
 2110 
 2111 
Statistics 2112 
 2113 
The differences of the extensive dose-response curves for the compounds 9(S)- 2114 
HOTrE and cymarin compared to control were tested statistically using a Mann- 2115 
Whitney U test. All data is shown as average ± SD. Spearman correlation 2116 
coefficients (rs) between PPARα transactivation and CPT1α mRNA expression 2117 
were calculated using Graphpad Prism 7 (GraphPad Software, Inc., CA, USA).  2118 
 2119 
  2120 
Results 2121 
 2122 
From the total list of 2500 natural compounds, 1.1% or 28 compounds increased 2123 
PPARα transactivation minimally 2-fold. Four of these compounds were excluded 2124 
from further analysis, since they were not available for further testing. The 2125 
transactivation of PPARα was highest for 9(S)-HOTrE, baicalein, 3,2’- 2126 
dihydroxyflavone, undecylenic acid and 5-deoxy-peonidin, and the lowest for 2127 
undecanoic acid, gentisin, gamma-linolenic acid, 2’hydroxychalcone and cymarin 2128 
(figure 2A). Following the PPARα transactivation assay in HEK293 cells, three 2129 
different doses were tested for each of the 24 compounds in HepG2 cells: 0.1, 1.0, 2130 
and 10μg/ml. To confirm PPARα activation of these 24 compounds in HepG2 cells, 2131 
mRNA expression of the PPARα target CPT1α was also analyzed (figure 2B). 2132 
More results are presented in supplemental figures S2 panel A-D. 2133 
  2134 
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 2135 
 2136 
Figure 2. A) The effect of the 24 selected natural compounds on fold of PPARα 2137 
transactivation (minimally 2-fold) in HEK293 cells. For each compound a dose of 9 2138 
μg/ml was tested and the known PPARα agonist GW7647 was used as a positive 2139 
control. Results are presented as average of four biological replicates samples and 2140 
were all analyzed in triplicate. Values were compared to the control condition 2141 
(DMSO carrier), which was arbitrarily set at 1. B) Relative CPT1α mRNA 2142 
expression in HepG2 cells treated with 10 μg/ml of the 24 selected natural 2143 
compounds. Results are presented as average of two biological samples measured 2144 
in duplo, with standard deviation. Data are compared with the control condition 2145 
(DMSO carrier), which was arbitrarily set at 1. 2146 
 2147 
The 24 identified compounds could be divided into five major categories: (I) fatty 2148 
acids, (II) polyphenols or chalconoids, (III) triterpenoids, saponins or steroids, (IV) 2149 
alkaloids or (V) quinones (table 1). The most potent PPARα activators were the 2150 
fatty acids and the polyphenols or chalconoids. These findings were confirmed by 2151 
the CPT1α mRNA measurements, as changes in CPT1α mRNA levels were most 2152 
pronounced in these two categories (table 1). In general, except 2,3- 2153 
dimethoxyhydroquinone and eburicoic acid, all identified compounds with PPARα 2154 
transactivating activity increased mRNA expression of the PPARα target gene 2155 
CPT1α by more than 20% (figure 2B and table 1). However, the expression of 2156 
CPT1α mRNA fluctuated strongly between all compounds and did not correlate 2157 
with the fold of PPARα transactivation (supplemental figure S3; rs=0.097, 2158 
P=0.645). Also within subcategories, Spearman correlation coefficients did not 2159 
reach statistical significance.  2160 
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Table 1. The effect of the 24 selected natural compounds on fold of PPARα 2161 
transactivation (minimally 2-fold) in HEK293 cells, and on CPT1α mRNA 2162 
expression in HepG2 cells. For each compound a dose of 9 μg/ml was tested.  The 2163 
known PPARα agonist GW7647 was used as a positive control for PPARα 2164 
transactivation. Results are presented as average of four biological replicates and 2165 
were all analyzed in triplicate. Values were compared to the control condition 2166 
(DMSO carrier), which was arbitrarily set at 1. Compounds were categorized into 2167 
different classes: I: fa= fatty acid; II: pp/ch= polyphenols / chalconoids; III: tt/sp/st= 2168 
triterpenoids / saponins / steroids; category IV: alk= alkaloids or category V: qu= 2169 
quinone, from low to high fold PPARα transactivation.  2170 
 2171 

 2172 
 2173 
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Of the 22 compounds that elevated CPT1α mRNA expression (figure 2B and table 2174 
1), only two compounds, i.e. 9(S)-HOTrE and cymarin, also increased apoA-I 2175 
mRNA expression (figure 3 and 4). Changes in apoA-I transcription of all 24 2176 
compounds are presented in supplemental figures S4A-F. Next, dose-response 2177 
curves ranging from 0.01 to 10 μg/ml were made for 9(S)-HOTrE (figure 3) and 2178 
cymarin (figure 4). The addition of 9(S)-HOTrE at a concentration of 0.05 μg/ml 2179 
increased apoA-I mRNA expression by 35% (figure 3; P=0.0043). At higher doses, 2180 
starting at 3 μg/ml, apoA-I mRNA expression gradually decreased. For cymarin, 2181 
apoA-I expression seemed to decrease slightly in the range of 0.01 to 0.5 μg/ml, 2182 
after which apoA-I mRNA expression increased until 37% at doses ranging from 15 2183 
to 25 μg/ml (figure 4; P=0,0186 and P= 0.003 respectively). To put these changes 2184 
into perspective, the positive control JQ1(+) increased apoA-I transcription by 2185 
approximately 300%, whereas the negative control thapsigargin reduced apoA-I 2186 
transcription by 50% (figure 3 and 4).  2187 
 2188 
 2189 
 2190 

 2191 
 2192 
Figure 3. Relative apoA-I mRNA expression in HepG2 cells treated with different 2193 
doses of the PPARα transactivating compound 9(S)-HOTrE. JQ1(+) (3 μM) was 2194 
used as a positive control for apoA-I transcription, whereas thapsigargin (0.01 μM) 2195 
was used as a control for reduced apoA-I transcription. Results are presented as 2196 
average of 6 individual experiments, measured in duplo, with standard deviation.   2197 
 2198 
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 2199 
 2200 
 2201 
Figure 4. Relative ApoA-I mRNA transcription in HepG2 cells treated with different 2202 
doses of PPARα transactivating compound Cymarin. JQ1(+) (3 μM) was used as a 2203 
positive control for apoA-I transcription, whereas thapsigargin (0.01 μM) was used 2204 
as a control for reduced apoA-I transcription. Results are presented as average of 2205 
6 individual experiments, measured in duplo, with standard deviation.   2206 
 2207 
 2208 
To examine if effects of 9(S)-HOTrE and cymarin on apoA-I transcription were 2209 
related to BET inhibition next to PPARα activation, mRNA expression of the 2210 
Bromodomain-containing protein 4 (BRD4) inhibitor target KEAP1 was measured in 2211 
HepG2 cells. Compared to DMSO, the control for BET inhibition JQ1(+) clearly 2212 
decreased KEAP1 mRNA expression (figure 5). At the optimal doses for apoA-I 2213 
mRNA expression, 9(S)-HOTrE increased the expression of KEAP1 mRNA. 2214 
Cymarin on the other hand clearly decreased KEAP1 and effects were in the same 2215 
order (-50%) as observed for JQ1(+). 2216 
  2217 
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 2218 
 2219 
 2220 
Figure 5. Relative KEAP1 mRNA expression after addition of 9(S)-HOTrE or 2221 
Cymarin. Ethanol or DMSO was used as a control condition. JQ1(+) (3 μM) was 2222 
used as a control for BET inhibition. Results are presented as average of two wells 2223 
measured in duplo, with standard deviation.  2224 
 2225 
 2226 
Discussion 2227 
 2228 
In this study we aimed to identify natural compounds with the ability to transactivate 2229 
PPARα, which may consequently result in increased apoA-I transcription. Our 2230 
PPARα transactivating assay in HEK293 cells resulted in the identification of 24 2231 
natural PPARα transactivators. Obviously, all but two compounds also increased 2232 
mRNA expression of the PPARα target gene CPT1α in HepG2 cells. Surprisingly, 2233 
out of the 24 identified PPARα transactivating compounds, only two compounds, 2234 
9(S)-HOTrE and cymarin clearly increased apoA-I transcription by 35% and 37% 2235 
respectively. Interestingly, these two compounds were not the most potent in terms 2236 
of elevating CPT1α expression. Popeijus et al. [16] also suggested that individual 2237 
fatty acids exerted different effects on PPARα transactivation and on PPARα target 2238 
genes like apoA-I. This indicates that PPARα is not the only determinant for 2239 
increased apoA-I transcription. Another explanation may be that besides the 2240 
activation motif also the inhibitory motif of the PPARα protein becomes activated 2241 
[20] by another (transcription)factor that is also produced upon adding the 2242 
compound, which results in a lower apoA-I transcription.  2243 
Interestingly, recent studies have demonstrated that besides PPARα activation, 2244 
also inhibition of bromodomain (BRD) 4 by Bromodomain and Extra-Terminal 2245 
(BET) inhibitors increased the production of apoA-I [12,21]. Data of our group 2246 
suggest that the effect of BET inhibitor JQ1(+) on apoA-I transcription is PPARα 2247 
independent, since PPARα was decreased upon BET inhibition (Krieken et al. 2248 
unpublished data). Next to beneficial effects on apoA-I production, BET inhibitor 2249 
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JQ1(+) has been reported to reduce reactive oxygen species (ROS) formation and 2250 
inflammation in mice [22]. Therefore, the discovery of natural BRD4 inhibitors may 2251 
be a new strategy for the prevention of cardiovascular disease risk in general. To 2252 
explore the possibility that our two candidate natural compounds 9(S)-HOTrE and 2253 
cymarin increased apoA-I transcription via BRD4 inhibition, KEAP1 mRNA 2254 
expression was measured. Interestingly, cymarin, which clearly increased apoA-I 2255 
mRNA expression, also reduced KEAP1 mRNA expression, whereas 9(S)-HOTrE 2256 
did not. One could now speculate that cymarin actually exerted its actions via 2257 
BRD4 inhibition, whereas 9(S)-HOTrE increased apoA-I via PPARα activation.  2258 
The question is whether the two natural compounds that were identified can be 2259 
applied in a human setting. 9(S)-HOTrE, a monohydroxy polyunsaturated fatty acid 2260 
found in leaves of the Glechoma hederacea, is produced by the action of 5- 2261 
lipooxygenase on alpha-linolenic acid [23]. Interestingly, Popeijus et al. observed 2262 
that alpha-linolenic acid increased apoA-I secretion in HepG2 cells [16]. This could 2263 
provide a possible explanation for the fact that a metabolite of alpha-linolenic, 2264 
namely 9(S)-HOTrE, induces apoA-I transcription. Although 9(S)-HOTrE was below 2265 
detection limits in human plasma [24], it is likely that humans can produce this 2266 
compound. In humans, 5-lipooxygenase, which is the enzyme needed to convert 2267 
alpha-linolenic acid into 9(S)-HOTrE, is activated by 5-lipoxygenase activating 2268 
protein (FLAP), a protein encoded by the ALOX5AP gene [25]. Although genetic 2269 
variations in the ALOX5AP gene have never been related to 9(S)-HOTrE 2270 
production in humans, genetic variation studies did not show a link between allelic 2271 
variations in the 5-lipoxygenase gene and cardiovascular disease development risk 2272 
[26,27].  2273 
Treatment of bone marrow-derived macrophages with 9(S)-HOTrE reduced 2274 
inflammation-induced osteoclatogenesis, suggesting a potential role in the 2275 
treatment of bone diseases such as rheumatoid and osteoporosis [28]. In that 2276 
study, a dose of 25μg/ml of 9(S)-HOTrE appeared to be non-cytotoxic [28]. We 2277 
here show that for increasing apoA-I production in HepG2 cells, the optimal dose 2278 
for 9(S)-HOTrE was much lower, i.e. 0.05μg/ml. Obviously, the fact that humans 2279 
may be able to produce this compound does not necessarily mean that this 2280 
compound is safe to use in vivo.   2281 
The second promising compound we discovered to enhance apoA-I transcription 2282 
was cymarin. Cymarin, also referred to as Strophantisel, h-Strophanthin or 2283 
Tsimarin, is a digoxine, of which the natural source is the digitalis plant. Although 2284 
digoxin is already used in the clinic for the prevention of cardiac arrhythmias in 2285 
doses ranging from 10 to 25 μg per kg of bodyweight, there is discussion regarding 2286 
its toxicity and long-term health effects. In the DIG study, the use of approximately 2287 
0.250 mg digoxin a day (0.8–2.5 ng/ml in serum) reduced hospitalization in diabetic 2288 
patients with a decreased heart ejection fraction, without any signs of toxicity of 2289 
digoxin [29,30]. Currently, guidelines prescribe that serum digoxin concentrations 2290 
should be between 0.5 and 0.9 ng/ml, which indicates that the optimal dose of 2291 
cymarin that we used to increase apoA-I mRNA expression (between 10 and 25 2292 
μg/ml) was higher than the recommended serum concentration. However, in 2293 
previous cell studies, even higher doses of 1 mg/mL appeared to be non-toxic in 2294 
human lung carcinoma and murine leukemic cells [31,32]. This indicates that 2295 
additional studies are needed to assess possible toxicity.  2296 
A limitation of our study relates to the dose of 9 μg/ml used in the screening to 2297 
identify the PPARα transactivation potential of the natural compounds. Possibly, 2298 
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the selection of higher or lower doses would have revealed additional interesting 2299 
compounds.  However for the screening of 2500 compounds selection of more 2300 
doses would have been too time consuming.  2301 
So far our results suggest that: (i) our screening system was functional, as the 2302 
addition of most PPARα transactivating compounds also increased CPT1α in 2303 
HepG2 cells. In other words, bioavailability of these compounds in HepG2 cells 2304 
was not a limiting factor, but probably was different between compounds. This 2305 
could explain the lack of a correlation between PPARα transactivation and CPT1α 2306 
mRNA expression, and (ii) that activating PPARα only is not sufficient to elevate 2307 
apoA-I transcription, clearly indicating that regulating apoA-I transcription involves 2308 
multiple regulatory players.  2309 
Both apoA-I increasing compounds 9(S)-HOTrE and cymarin have clear limitations 2310 
to be used for the general population. Therefore, an interesting step forward could 2311 
be a search for natural compounds that resemble the molecular structure of 9(S)- 2312 
HOTrE and cymarin to find additional components with comparable effects on 2313 
apoA-I transcription. 2314 
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Abstract 
 
Increasing apolipoprotein A-I (apoA-I) production is a promising strategy for 
enhancing reverse cholesterol transport. Activating transcription factor peroxisome 
proliferator-activated receptor alpha (PPARα) may increase apoA-I transcription. 
Furthermore, Bromodomain and Extra-Terminal domain (BET) protein inhibitors 
increase, whereas Endoplasmic Reticulum (ER) stress decreases apoA-I 
transcription. We examined possible interrelationships between these processes as 
related to apoA-I transcription in HepG2 cells. JQ1(+), thapsigargin and GW7647 
were used to induce respectively BET inhibition, ER-stress and PPARα activation. 
Expression of ER-stress markers (CHOP, XBP1s) was analyzed by western 
blotting. PPARα, KEAP1 (marker for BET inhibition) and apoA-I mRNAs were 
measured using qPCR. ER-stress and BET inhibition both decreased PPARα 
mRNA expression and activity, but did not interfere with each other, as ER-stress 
did not change KEAP1 and JQ1(+) did not influence ER-stress marker production. 
Interestingly, PPARα activation and BET-inhibition diminished ER-stress marker 
production and rescued apoA-I transcription during existing ER-stress.  We 
conclude that ER-stress mediated reduction in apoA-I transcription could be partly 
mediated via the inhibition of PPARα mRNA expression and activity. In addition, 
BET inhibition increased apoA-I concentrations, even if PPARα production and 
activity were decreased. Finally, both BET inhibition and PPARα activation 
ameliorate the apoA-I lowering effect of ER-stress and are therefore interesting 
targets to elevate apoA-I transcription. 
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Introduction 
 
Despite the consistent finding that elevated plasma high-density lipoprotein 
cholesterol (HDL-c) concentrations are associated with a lower risk for 
atherosclerosis, recent intervention trials have questioned a causal relationship 
between HDL-c and cardiovascular diseases (CVDs) [1]. Therefore, not increasing 
HDL-c concentrations, but improving HDL functionality is the current target to 
reduce CVD risk [1]. A frequently used method to measure HDL functionality is the 
capacity of HDL to accept cholesterol from cholesterol-loaded macrophages, i.e. 
cholesterol-efflux capacity [2]. Recent evidence has indeed suggested that an 
increased cholesterol-efflux capacity protects against CVD [3] and recurrent 
cardiovascular events [4].  
Next to its anti-inflammatory, anti-oxidative, anti-coagulant and glucose-lowering 
properties [1], apolipoprotein A-I (apoA-I), the main protein in the HDL particle, is a 
key factor in the process of cholesterol efflux, since it is the ligand for human ATP-
binding cassette (ABC) transporter mediated efflux. Recently, Tricoci et al. have 
shown that infusion with the apoA-I mimetic CSL112 in subjects with stable 
atherosclerosis increased total cholesterol efflux capacity by 3-fold as compared to 
placebo [5]. This illustrates that increasing apoA-I synthesis is an interesting target 
for the prevention of CVD, and emphasizes the need to discover factors that 
influence apoA-I production.  
It is generally accepted that activation of the transcription factor peroxisome 
proliferator-activated receptor alpha (PPARα) is involved in elevating apoA-I 
transcription [6]. On the other hand, several factors related to the metabolic 
syndrome, such as endoplasmic reticulum (ER) stress and inflammation, are 
known to lower apoA-I production and cholesterol efflux to apoA-I [7,8]. However, 
varying results are reported for apoA-I mRNA expression after the induction of ER-
stress, as in one study apoA-I mRNA expression decreased [8] whereas in the 
other study it increased [7]. In the in vivo situation an increased blood glucose level 
or increased inflammation are typical features of the metabolic syndrome, and have 
been shown to increase ER-stress. During ER-stress, proteins accumulate in the 
ER, thereby activating the Unfolded Protein Response UPR [9]. The UPR may 
either lead to cell rescue or to apoptosis. In humans, prolonged ER-stress was 
linked to the onset of diabetes due to damage of the pancreatic beta-cells [10]. 
Moreover, studies have demonstrated that Bromodomain and Extra-Terminal 
domain (BET) protein inhibitors such as RVX-208 and JQ1(+) increase the 
transcription and production of apoA-I [11,12]. In humans, the BET protein family 
consists of four members: BRD2, BRD3, BRD4 and the testes specific BRDT [13]. 
The relationship between BET proteins and apoA-I concentrations seems to be 
restricted to BRD4, since silencing of BRD4 increased apoA-I production, whereas 
BRD2 and BRD3 silencing did not[14]. Binding of RVX208 and JQ1(+) to BRD4 
has been confirmed by the presence of  crystal structures of these compounds 
bound to BRD4 [15-17]. Recently, it was also shown that knockdown of BRD4 
resulted in decreased KEAP1 protein production, while KEAP1 mRNA expression 
was decreased upon treatment with the known BET inhibitor JQ1(+) [18]. This 
indicates that KEAP1 is a target for BRD4 inhibition.  
It is not known whether these regulatory factors (PPARα activation, ER-stress and 
BET inhibition) operate independently or interfere with each other. A possible link 
between ER-stress and BET inhibition might exist, as the expression of genes 
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involved in the ER-stress related unfolded protein response (UPR) response, such 
as CHOP, XBP1s and ATF3 was reduced upon treatment with the bromodomain 
inhibitor JQ1 [19]. Interestingly, XBP1s, which is one of the main players of the ER-
stress response was linked to PPARα [20]. However, if ER-stress also affects BET 
inhibition and whether the regulatory factors between PPARα, ER-stress and BET 
inhibition overlap is unknown. Therefore, the main focus of the experiments 
described was to examine interrelationships between PPARα activation, ER-stress 
and BET inhibition, in relation to apoA-I transcription in HepG2 cells (figure 1).  
 
 

 
 
Figure 1. Schematic representation of the research questions. The lines in the 
middle represent apoA-I responses (+ positive or – negative) in HepG2 cells, which 
are already known from the literature. Activation of PPARα and inhibition of BET 
increase apoA-I production, whereas ER-stress decreases apoA-I production. The 
lines with the question marks are unknown relationships and relate to the research 
questions of our current experiments. 
 
 
Methods 
 
Reagents  
 
To activate PPARα, GW7647 (100nM final concentration, Sigma Aldrich, St. Louis, 
MO, USA) was used. ER-stress was induced by thapsigargin (0.01μM final 
concentration, Sigma Aldrich, St. Louis, MO, USA) and BET was inhibited by 
JQ1(+) (3μM final concentration Tocris Bioscience, Abingdon, UK). All compounds 
were first dissolved in DMSO, before adding it to the medium. Medium 
supplemented with DMSO was used as negative control. 
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Human hepatocellular liver carcinoma cell culture 
  
Human hepatocellular liver carcinoma (HepG2) cells (kindly provided by Sten 
Braesch-Andersen, PhD, Mabtech, Nacka Strand, Sweden) were cultured in 
Minimum Essential Medium (MEM) containing L-glutamine (Invitrogen Life 
Technologies, Carlsbad, CA, USA), 10% FCS (v/v, (FCS; South-American, Greiner 
Bio-one, Frickenhausen, Germany), 1% NEAA (v/v), 1% penicillin/streptomycin 
(v/v) and 1% sodium pyruvate (v/v, all from Invitrogen Life Technologies, Carlsbad, 

CA, USA). Cells were maintained at 37C in a humid atmosphere with 5% CO2.  
For each experiment, HepG2 cells were seeded in 24 well plates (2x105 cells per 
well) in MEM containing 10% FBS, 1% NEAA and 1% penicillin/streptomycin. Two 
days after plating, the medium was replaced by MEM containing 1% NEAA, 1% 
penicillin/streptomycin plus the compounds to be tested. After 48 hours of 
incubation, culture medium and cell lysate was collected.  
 
Harvesting of HepG2 cells and bicinchoninic acid assay (BCA) protein 
quantification 
 
Before harvesting, cells viability was ascertained by visual inspection using a 
microscope. Medium was collected and snap frozen for further analysis. HepG2 
cells were washed twice with PBS and subsequently lysed using TRIzol® 
(ThermoFisher, Bleiswijk, The Netherlands) for RNA isolation or for 20 minutes on 
ice in 100μl RIPA+ solution with PhosSTOP (Phosphatase Inhibitor Cocktail 
Tablets and Complete, Mini Protease inhibitor Cocktail Tablets, Roche). Total 
amount of protein was determined using the Pierce BCA assay kit according to the 
manufacturers’ protocol (Pierce® BCA Protein Assay Kit).  
 
Western blotting 
 
To monitor changes in the synthesis of the markers for ER-stress, XBP1s and 
CHOP, 20μg protein of each cell lysate was separated on Mini-Protean 10% 
Precast gels and blotted on a nitrocellulose membrane using the Trans- Blot Turbo 
system (Biorad, Veenendaal, The Netherlands). Equal protein loading was checked 
using PonceauS staining after which the membranes were blocked with 5% non-fat 
dry milk solution in tris buffer saline containing 0.1% tween (TBS-T). Membranes 
were then probed with the primary antibody overnight at 4°C. Blots were then 
washed with TBS-T and incubated for 4 hours at 4°C with the secondary antibody. 
After washing with TBS-T, proteins were visualized using the ChemiDocXRS 
imaging system (Biorad), with the SuperSignal West FEMTO kit from Pierce. The 
antibodies to XBP1s (#647501, mouse) and CHOP (#1649, mouse) were obtained 
from Biolegend and Cell Signaling respectively and the secondary antibody used 
was goat- anti-mouse from Pierce. 
 
qPCR measurements 
  
Following RNA extraction and cDNA production, the internal control Cyclophilin A 
(Hs99999904_m1), ApoA-I (Hs00163641_m1), KEAP1 (Hs00202227_m1) and 
PPARα (Hs00231882_m1) mRNA expression was determined using the 7300 
Real-Time PCR System. All TaqMan Gene Expression Assays were purchased 
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from Aplied Biosystems. KEAP1 was measured as a marker for BET inhibition, 
since it is a transcriptional target of BET, and KEAP1 production is decreased after 
BET knockdown [18]. PPARα was measured as a marker for PPARα activation.  
 
PPARα transactivation 
 
Following the methods described by Popeijus et al. [21], PPARα transactivation 
was measured using a luciferase reporter pGL3 construct containing three PPRE 
elements [22]. The empty pGL3 luciferase reporter, which lacks the PPRE 
elements, was used as negative control. After treatment with luciferase lysis buffer 
(Promega Corporaton, Madison, Wisconsin, USA), PPARα transcriptional activity 
was measured using luciferase assay substrate (Promega Corporaton, Madison, 
Wisconsin, USA) using a luminometer (Gomex, 96 microplate luminometer, 
Promega Corporaton, Madison, Wisconsin, USA), according to the user manual. 
 
 
Results  
 
The effect of BET-inhibition, ER-stress and PPARα activation on apoA-I mRNA 
expression 
 
48 hour treatment with JQ1(+) to induce BET inhibition doubled apoA-I mRNA 
expression compared to the control condition in HepG2 cells (figure 2). Likewise, 
activating PPARα via the addition of GW7647 increased apoA-I mRNA expression 
by 60%. On the other hand, inducing ER-stress by using thapsigargin clearly 
lowered apoA-I mRNA expression (figure 2).  
 
 

 

Figure 2. The effect of BET inhibition, ER-stress and PPARα activation on apoA-I 
mRNA expression in HepG2 cells. HepG2 cells were treated with 3μM JQ1(+) to 
induce BET inhibition, 0.01μM thapsigargin to induce ER-stress, or with 100nM 
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GW7647 to activate PPARα, for 48 hours. ApoA-I mRNA expression was 
measured using qPCR. Each compound was tested in 3-fold (N=3) and 
measurements were performed in duplicate. All results are presented as the mean, 
while error bars indicate the standard deviation. The arrows on the right indicate 
the effects as related to the research questions. 

 
The effect of BET-inhibition and ER-stress on PPARα mRNA expression and 
PPARα transactivation 
 
Addition of GW7647 resulted in a 20% higher PPARα mRNA expression (figure 
3A) and increased PPARα transactivation (figure 3B) compared to control. 
Interestingly, both the BET inhibitor JQ1(+) and the ER-stress inducer thapsigargin 
decreased PPARα mRNA expression by approximately 30% compared to the 
control condition (figure 3A). Simultaneously, PPARα transactivation was 
decreased in both BET inhibition and ER-stress conditions (figure 3B). 
  
 

 

Figure 3. The effect of BET inhibition, ER-stress and PPARα activation on PPARα 
mRNA expression (A.) and PPARα transactivation (B.). A. Cells were incubated 
with 3μM JQ1(+) to induce BET inhibition, or with 0.01μM thap to activate ER-
stress. 100nM GW7647 was used for PPARα activation. PPARα mRNA expression 
was measured after 48 hours of incubation. B. HepG2 cells were transfected with a 
luciferase reporter construct driven by three PPRE elements or with a construct 
without these PPRE elements. Then, 3μM JQ1(+), 0.01μM thapsigargin or 100nM 
GW7647 was added. PPARα promoter transactivation was expressed in relative 
light units. Each compound was tested in 3-fold (N=3) and measurements were 
performed in duplicate. All results are presented as the mean, while error bars 
indicate the standard deviation. The arrows on the top of each graph indicate the 
effects as related to the research questions.  
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The effect of ER-stress and PPARα activation on BET inhibitor target KEAP1 
 
Addition of the known BET inhibitor JQ1(+) lowered KEAP1 mRNA expression 
(figure 4). KEAP1 was used as a marker for BET inhibition, as KEAP1 was 
recently shown to decrease upon BET inhibition via JQ1(+) in Human Embryonic 
Kidney 293 cells [18]. Activation of ER-stress following addition of thapsigargin or 
activation of PPARα by GW7647 did not influence KEAP1 mRNA expression 
(figure 4).  
 
 

 

Figure 4. The effect of BET inhibition, ER-stress and PPARα activation on BET 
inhibition in HepG2 cells. HepG2 cells were incubated with 3μM JQ1(+) to induce 
BET inhibition, 100nM of GW7647 to activate PPARα, or with 0.01μM thapsigargin 
to activate ER-stress. KEAP1 mRNA expression, which is a marker for BET 
inhibition, was measured after 48 hours of incubation. Each compound was tested 
in 3-fold (N=3) and measurements were performed in duplicate. All results are 
presented as the mean, while error bars indicate the standard deviation. The 
arrows on the right indicate the effects as related to the research questions.  

 
The effect of BET-inhibition and PPARα activation on ER-stress markers CHOP 
and XBP1s 
 
48-hour incubation with thapsigargin induced a pronounced ER-stress response in 
the HepG2 cells (figure 5). BET inhibition using JQ1(+) did not show an ER-stress 
response, since CHOP and XBP1s protein levels remained unchanged (figure 5). 
Likewise, PPARα activation (GW7647) did not show any signs of ER-stress (figure 
5).  
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Figure 5. The effect of BET inhibition, ER-stress and PPARα activation on ER-
stress marker protein expression. HepG2 cells were incubated with 3μM JQ1(+) to 
induce BET inhibition, 100nM of GW7647 to activate PPARα, or with 0.01μM 
thapsigargin to activate ER-stress. Using western blotting ER-stress marker protein 
production of CHOP and XBP1s was assessed. The protein expression was 
quantified, and the control condition was set to 1. Each compounds was tested in 
3-fold (N=3) and western blots were performed in 3-fold. The arrows on the right 
indicate the effects as related to the research questions. 
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Figure 6. The effect of BET inhibition and PPARα activation on the presence, and 
the onset of ER-stress in HepG2 cells. Using western blotting ER-stress markers 
XBP1s and CHOP were detected. The protein expression was quantified, and the 
control condition was set to 1. ER-stress was induced using thapsigargin for 4 or 
48 hours, after which BET inhibitor JQ1(+) or PPARα activator GW7647 were 
added. In the lower part of the figure the incubation duration of each compound is 
shown. For thapsigargin, GW7647 and JQ1(+) a suboptimal dosage was used, due 
to cell death with the combination of the optimal dosages. For thapsigargin a 
concentration of 0.005μM was used, for JQ1(+) a concentration of 1.5μM and for 
GW7647 50nM. Each compound was tested in 3-fold (N=3) and western blots were 
performed in 3-fold.  

Although BET inhibition via JQ1(+) did not affect ER-stress directly (figure 5), 
JQ1(+) lowered CHOP and XBP1s expression after a four hour pre-incubation 
period of ER-stress induction (figure 6). Furthermore, when ER-stress and BET 
inhibition were induced simultaneously for 48 hours, this resulted in a lower ER-
stress marker protein expression compared to ER-stress alone (figure 6). Similar 
experiments were performed using GW7647. The effect of PPARα activation after 
a period of 4 hours of ER-stress and the effect of 48 hours of ER- stress plus BET-
inhibition were tested. In both situations, GW7647 addition slightly decreased ER-
stress marker protein production (figure 6).  
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The effect of BET-inhibition and PPARα activation on PPARα and apoA-I mRNA 
expression during ER-stress 
 
After 4 hours of ER-stress, the addition of JQ1(+) further decreased the production 
of PPARα mRNA (figure S1A), but apoA-I mRNA expression was rescued (figure 
S1B). To examine if BET inhibition could ameliorate the ER-stress induced 
decreased apoA-I and PPARα mRNA expression, HepG2 cells were treated with a 
combination of thapsigargin and JQ1(+) for 48 hours. Following this treatment, 
PPARα production increased slightly compared to the ER-stress condition alone. 
However, PPARα levels were still lower compared to the DMSO control condition 
(figure S1A). ApoA-I production clearly decreased following 48 hours of ER-stress, 
but slightly improved in the condition of combined ER-stress and BET-inhibition 
(figure S1B). Comparable experiments were performed using ER-stress and 
PPARα activation. After 4 hours of ER-stress, the activation of PPARα by GW7647 
did not rescue PPARα mRNA expression (figure S1A). However, apoA-I mRNA 
expression was slightly increased (figure S1B). Likewise, 48-hour incubation of a 
combination of ER-stress and PPARα activation did not influence PPARα, but still 
increased apoA-I mRNA expression (figure S1A+B). A schematic summary of our 
findings is depicted in figure 7. 

 

Figure 7. Schematic summary of our findings. In HepG2 cells, possibly the ER-
stress mediated reduction in apoA-I transcription is partly mediated via the 
inhibition of PPARα mRNA expression and activity. In addition, BET inhibition 
increased apoA-I concentrations, even if PPARα mRNA expression and activity 
were decreased. The dashed lines show the results of the experiments that were 
performed in a situation of ER-stress. Interestingly, BET inhibition and PPARα 
activation both decreased the production of ER-stress markers.  
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Discussion   

Increasing endogenous apoA-I production is a promising target for enhancing 
reverse cholesterol transport and consequently the prevention of CVD [23]. 
Therefore, there is a clear need to discover pathways that influence apoA-I 
synthesis. The production of apoA-I is negatively associated with ER-stress [7], but 
both PPARα activation [6] and BET inhibition increase apoA-I production [12]. Here 
we have evaluated whether ER-stress, BET inhibition and PPARα activation are 
independent processes affecting apoA-I transcription or if these three pathways 
share overlap. While BET inhibition and ER-stress both lowered PPARα 
transcription, BET inhibition increased, whereas ER-stress decreased apoA-I 
production. This suggests that at least a part of the ER-stress induced reduction in 
apoA-I production is related to a lower PPARα level. However, the finding that BET 
inhibition lowers PPARα mRNA expression and transactivation, suggests that the 
corresponding increase in apoA-I concentrations after BET inhibition is PPARα 
independent. Moreover, it shows that BET inhibition can even overcome the 
decrease in apoA-I production caused by reduced mRNA expression and 
transactivation of PPARα, suggesting that BET inhibition is a very potent 
mechanism.  
Except for JQ1(+), also other BET inhibitors, such as the benzodiazepine 
GW841819X [14], RVX-208 [24] and I-BET726 (GSK1324726A) [25] were found to 
increase apoA-I promoter activity in HepG2 cells. Furthermore, the 
triazolodiazepine Ro 11-1464 and its derivatives MDCO-3770 and MDCO-3783, 
which were recently also identified as BET inhibitors, increased apoA-I protein 
production in human primary hepatocytes [12]. Benzodiazepine compounds are 
known modulators of the GABA (γ-aminobutyric acid) receptor in the central 
nervous system and are used for treatment of sleeping disorder, muscle spasms 
and anxiety [26]. To prevent unfavorable side effects, when examining the use of 
BET inhibitors in the context of CVD prevention or treatment, the ability of binding 
to the GABA-receptor is an important feature that should be studied into detail.  
BET inhibitors are already used in different conditions and diseases. Compound 
JQ1(+) for example is used in the field of cancer research, as it exhibits anti-
proliferative effects in several in vitro cancer malignancies models such as human 
lung adenocarcinoma cells, human leukaemia stem cells, human and murine mixed 
lineage leukaemic cell lines, and in vivo in an immunodeficient mice with 
neuroblastoma [27-30]. In addition, RVX-208 decreased the production of adhesion 
molecule and cytokine mRNA expression in hyperlipidemic apoE deficient mice 
[11], suggesting that BET inhibition could improve endothelial function by reducing 
inflammation. Interestingly, it is known that inflammation and apoA-I concentrations 
are inversely associated [31], which makes it tempting to suggest that BET 
inhibition could also increase apoA-I production via a decrease in inflammation. 
The exact mechanism by which BET inhibitors increase endogenous apoA-I 
production is not known. Recently, Kokkola et al. have shown that SIRT1 is 
activated by BET inhibition via JQ1 [32]. This might point towards a role for SIRT1 
in increased apoA-I production caused by BET inhibition. Although the direct 
involvement of SIRT-1 activation on apoA-I production needs to be determined, 
apoA-I-mediated cholesterol efflux was decreased in SIRT1 knockout mice [33]. 
Increased levels of SIRT-1 are also linked to attenuated ER-stress [34,35], as 
SIRT-1 overexpression in LDL knockout mice decreased UPR related protein 
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production [36]. Furthermore, another BET inhibitor RVX-208, which is a derivative 
of the known SIRT-1 activator resveratrol (3,4',5-trihydroxy-transstilbene) [37,38], 
increased apoA-I production in vitro in primary human hepatocytes [12] and in 
HepG2 cells, and in vivo in cynomolgus monkeys and humans [24].  
Our experiments demonstrated that BET inhibition did not induce ER-stress and 
ER-stress did not induce BET inhibition. However, an already existing ER-stress 
signature was clearly decreased by BET inhibition. These findings are in line with 
the results of Hart et al. [19], who also showed that expression of proteins from the 
ER-stress pathway including CHOP, XBP1s and ATF3, were reduced upon 
treatment with the bromodomain inhibitor JQ1. Several metabolic conditions, 
including hyperlipidemia, inflammation and hyperglycemia are known to disrupt 
normal protein folding in the ER, leading to ER-stress [39]. In HepG2 cells, 
thapsigargin induced ER-stress resulted in a decreased apoA-I production [7]. 
Therefore, our finding that BET inhibition lowers the existing ER-stress response 
makes BET inhibitors even more interesting in the context of apoA-I production [7].  
Next to the effect of BET inhibition in a situation of ER-stress, we also determined if 
PPARα activation via GW7647 addition could rescue HepG2 cells from ER-stress. 
According to Su et al. [40], PPARα knockout mice express higher CHOP mRNA 
levels compared to wild type mice, and restoration of PPARα activity could relieve 
ER-stress by decreasing CHOP. In support, our results showed that GW7647 
slightly reduced ER-stress marker protein production in a situation where ER-stress 
was induced beforehand. This suggests that PPARα activation can attenuate an 
existing ER-stress phenotype and thereby could rescue the ER-stress related 
decreased production of apoA-I in HepG2 cells. Although GW7647 is a very potent 
PPARα inducer [41], the effect of GW7647 in the luciferase assay was less 
pronounced. These findings are in line with earlier observations of Popeijus et al. 
[21], who showed that compounds like C20:5(n-3) or C22:6(n-3)) which are known 
PPARα binders, did not necessarily increase, but could even repress PPARα 
transactivation. 
To conclude, we here show that the ER-stress mediated reduction on apoA-I 
transcription is mediated via the inhibition of PPARα production and 
transactivation. In addition, BET inhibition increased apoA-I transcription, even if 
PPARα production and activity were decreased. Finally, BET inhibition as well as 
PPARα activation ameliorate the apoA-I lowering effects of ER-stress. This 
underscores the importance of BET inhibition and PPARα activation as targets to 
elevate apoA-I transcription. 
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Supplemental figure 1. The effect of BET-inhibition and PPARα activation on 
PPARα and apoA-I mRNA expression during ER-stress.   
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Abstract  
 
Fatty acids regulate PPARα activity, however, most studies evaluated the binding 
ability of fatty acids to PPARα, which does not necessarily results in PPARα 
transactivation. We therefore examined dose-response relationships between fatty 
acids and PPARα transactivation in HepG2 cells. Secretion of apoA-I protein as-
well-as CPT1, ACO, and PPARα mRNA expression, all accepted PPARα targets, 
were determined as read-outs. HepG2 cells transfected with full-length human 
PPARα and a PPRE luciferase reporter were exposed to different fatty acid 
concentrations. Lauric and lower doses of myristic acid increased PPARα 
transactivation. Palmitic and stearic acid inhibited and their monounsaturated 
counterparts palmitoleic and oleic acid increased PPARα transactivation. Linoleic 
and γ-linolenic acid did not influence PPARα transactivation, while α-linolenic acid 
strongly increased transactivation. Arachidonic, eicosapentaenoic (EPA), and 
docosahexaenoic (DHA) acid all activated PPARα transactivation at lower doses, 
but acted at higher concentrations as PPARα repressors. In line with these results, 
α-linolenic acid increased and DHA decreased apoA-I protein secretion and 
PPARα mRNA expression. Interestingly, ACO mRNA expression did not change 
while CPT1 mRNA expression showed the opposite pattern.  We conclude that 
fatty acids, reported to bind to PPARα, could even repress PPARα transactivation 
though results may vary gene dependently illustrating involvement of multiple 
regulatory factors. 
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Introduction 
 
Peroxisome proliferator activated receptors (PPARs) are members of the nuclear 
receptor super family of ligand-activated receptors. Within this super family, they 

form a group of transcription factors that consist of three isoforms, PPARα, PPAR 

and PPAR, which are encoded by separate genes and are differentially expressed 
[1]. All PPAR genes contain six exons that encode for several functional domains. 
These domains include the N-terminal A/B domain, a ligand binding domain (LBD), 
and a DNA binding domain (DBD) [2]. Upon ligand binding to the LBD, the 
consequent conformational change in the PPAR modulates its transactivation 
ability [3,4]. The two zinc fingers present in the DBD enable binding of the PPARs 
to the consensus DNA sequence (A/G)GGT(C/G/A)AAAGGTCA, which is called 
the PPAR response element (PPRE), present in the regulatory domains of PPAR 
responsive genes [3,4].  

PPARα plays an important role in maintaining lipid homeostasis. Therefore, PPARα 
agonists have received and still receive a lot of attention [5]. PPARα agonists 
include synthetic compounds like fibrates, but also natural ligands like dietary fatty 
acids. The effects of fatty acids on PPARα have almost exclusively been studied by 
using ligand-binding assays [6,7]. From these studies, it can be concluded that 
polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) 
have a higher binding affinity for PPARs than saturated fatty acids (SAFAs) have 
[3,6]. However, only limited information is available concerning the effects of 
dietary fatty acids on PPAR-mediated transcriptional activity. Using a luciferase 

system with GAL4 fused to the LBD of either ratPPARα or ratPPAR, Mochizuki et 
al. have shown that especially linoleic acid, α-linolenic acid, γ-linolenic acid, 
arachidonic acid, and eicosapentaenoic acid stimulated ratPPAR-induced 
transactivation [8]. Less induction was seen for palmitic acid, while oleic acid and 
docosahexaenoic acid hardly induced any transactivation of the LBD-GAL4 fused 
construct [9]. However, a Gal4 fusion system is not suitable to investigate the 
effects of PPAR transactivation on PPREs. In addition, they used only the LBD of 
ratPPAR fused to the DNA-binding domain of Gal4, which means the PPAR protein 
lacked a major part of the full length PPAR that might contain other important 
regulatory parts. Therefore, we investigated the ability of different fatty acids to 
transactivate human PPARα (hPPARα) by overexpression of the full-length 
hPPARα. Its transcriptional activity following fatty-acid stimulation was monitored 
using a luciferase reporter construct driven by three PPRE elements in HepG2 
cells, a liver cell-line model. We hypothesized that the effects of fatty acids on 
PPARα transactivation or repression (a) depend on fatty-acid chain length and 
saturation; (b) is dose-dependent. In addition, it was hypothesized that binding of a 
fatty acid to PPARα does not necessarily result in transactivation. To investigate 
whether the observed PPARα transactivation or repression was functional, we also 
measured apoA-I protein secretion by HepG2 cells, since apoA-I is a well-known 
PPARα-regulated protein [10]. Moreover, mRNA expression of three additional 
PPARα target genes, CPT1, ACO and PPARα itself, were determined as additional 
read-out. We conclude that fatty acids, reported to bind to PPARα, could even 
repress PPARα transactivation though results may vary gene dependently 
illustrating involvement of multiple regulatory factors. 
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Methods 
 

Reagents 

 
Caprilic acid (C8:0), lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), 
palmitoleic acid (C16:1(n-7)), stearic acid (C18:0), oleic acid (C18:1(n-9)), linoleic 
acid (C18:2(n-6)), arachidonic acid (C20:4(n-6)), eicosapentaenoic acid (EPA, 
C20:5(n-3)), docosahexaenoic acid (DHA, C22:6(n-3)),  α-linolenic acid (C18:3(n-
3)), γ-linolenic acid (C18:3(n−6)) and fenofibric acid (FeAc) and fatty acid free 
Bovine Serum Albumin (BSA) were purchased from Sigma-Aldrich. 
 
 
Expression plasmids 

 
Full length PPARα was PCR amplified from cDNA derived from human embryonal 
kidney cells (HEK cells) and cloned via topo-TA cloning (Invitrogen Corporation, 
Paisley, UK) into the NotI/XbaI restriction sides of the pcDNA3.1 vector (Invitrogen 
Corporation, Paisley, UK) using the forward primer 5’-
ATGGTGGACACGGAAAGCC-3’ and the reverse primer 5’-
TCAGTACATGTCCCTGTAGATCTCC-3’. The pcDNA3.1(+)-PPARα construct was 
checked for the proper orientation and sequence verified. PPAR transactivation 
was determined using a luciferase reporter pGL3 vector containing three PPRE as 
previously described [11]. The pcDNA3.1 (empty vector) and the empty pGL3 
luciferase reporter (without PPRE elements) were used as negative control. 
 
 
Cell culture, transfections, fatty acid treatment and luciferase assays 
 
Human hepatocellular liver carcinoma cells (HepG2 cells, kindly provided by Sten 
Braesch-Andersen, PhD, Mabtech, Nacka Strand, Sweden) and human embryonal 
kidney cells (293T HEK, Invitrogen) were cultured at 37 ºC in a humidified 
atmosphere of 5% CO2 in minimal essential medium (MEM) containing 10% head 
inactivated Fetal Calf Serum (FCS; South-American, Greiner Bio-one, 
Frickenhausen, Germany), L-Glutamine, sodium pyruvate, non essential amino 
acids (NEAA) and penicillin & streptomycin (Pen/Strep). Minimal Essential Medium 
(MEM), trypsin, penicillin streptomycin (PS), sodium pyruvate (SP) and non-
essential amino acids (NEAA) were obtained from Invitrogen Corporation (Paisley, 
UK). Three days prior to seeding the cells, the growing medium was replaced by 
MEM containing 10% FBS, L-Glutamine, NEAA and Pen/Strep. Cells were allowed 
to grow to 80% confluence.  
For each experiment, HepG2 cells were seeded in 24 well plates at a density of 
2x105 cells per well. When the cells reached a density of 40% (24 hours after 
seeding), they were transfected with the appropriate plasmids using Fugene 6 
Transfection Reagent according to the user manual (Roche Diagnostics, Basel, 

Switzerland). All transfections were performed with an equal amount of 0.2 g DNA 
by adding the pCDNA3.1 empty vector when necessary. 
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Various fatty acids, dissolved in DMSO, were added 6 hours after transfection, in 
testing medium (Gibco, MEM, Invitrogen) containing NEAA, L-Glutamine and 
Pen/Strep and BSA (0.1%). The cells were incubated for 24 hours. Prior to 
harvesting, cells were visually inspected using a microscope to ensure cells were 
viable. No differences were seen in cells treated with fatty acid concentrations up to 
175 µM when compared to the negative control.  Cells treated with fatty acids at a 
concentration of 200 µM started to grow slower and in some cases became 
apoptotic. To ensure the cells were in proper condition, the highest dose used was 
restricted to 125 µM. After 24 hours, cells were lysed in lysis buffer (Promega 
Corporaton, Madison, Wisconsin, USA) and the medium was directly snap-frozen 
and stored at -80 ºC for further analysis. The transcriptional activity was measured 
using a luminometer (Gomex, 96 microplate luminometer, Promega Corporaton, 
Madison, Wisconsin, USA) and luciferase assay substrate (Promega Corporaton, 
Madison, Wisconsin, USA) according to the user manual. 
 
 
Detection of apoA-I 
 
ApoA-I concentrations in culture medium were determined using an Enzyme-
Linked Immuno Sorbent Assay (ELISA) (Mabtech, Nacka Strand, Sweden) 
according manufacturers instructions. The apoA-I calibration curve was obtained 
with purified human apoA-I from Sigma (St. Louis, MO, USA). The detection limit of 
this ELISA was 1.3 ng/mL and the variation coefficient was less than 5%. 
 
 
Detection of PPARα overexpression 
 
Prior lyses on ice in lysis buffer (10mM Tris pH7.5, 150mM NaCl, 1% NP40, 1% 
sodium deoxycholate, and 0.1% sodium dodecylsulfate (SDS) containing protease 
and phosphatase inhibitors) cells were washed twice with ice-cold PBS. Lysates 
were cleared by centrifugation and 30 µg of protein was loaded and run on 10% 
acrylamide gels and transferred onto nitrocellulose membranes (immun-blotTM 
PVDF membrane; Bio-rad laboratories). The PPARα antibody used was rabbit anti-
human PPARα (Santa Cruz, CA, USA). 
 
 

Detection of CPT1a, ACO, and PPAR mRNA 
 
Total RNA was isolated from cells using TRI Reagent (Sigma Aldrich). 350ng RNA 
was used to produce cDNA. TaqMan Gene Expression Assays were used to 
quantify carnitine palmitoyltransferase 1a (CPT1a; Hs00912671_m1), acyl coA 
oxidase 1 (ACO; Hs01074241_m1), PPARα (Hs00231882_m1), and the internal 
control cyclophilin A (Hs99999904_m1) by the Aplied Biosystems 7300 Real-Time 
PCR System according to the manufacturers manual (Life Technologies). The 
thermocycling conditions were: 50°C for 2 min, 95°C for 10 min, and then 40 cycles 
of 95°C for 15 seconds and 60°C for 1 min. Values are presented as relative gene 
expression normalized for the internal control cyclophilin A and compared to the 
DMSO. 
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Experimental design and statistical data analysis 

 
Luciferase experiments were performed in 24 well-plates. In all the experiments, 
the compounds were added at the same time points before cell lyses. To account 
for biological variation between samples, all the experimental conditions were 
tested in quadruplicate. All the experiments were performed at least three times, 
with the exception of the detection of CPT1a, ACO, and PPARα mRNA levels, for 
which one experiment was preformed in four fold. Effects of PPARα 
activation/inhibition on the PPRE and apoA-I production were statistically tested 
with the non-parametric Wilcoxon signed rank test. Statistical analysis was 
performed using SPSS 17.0 for Macintosh (SPSS, Chicago, IL, USA). Results are 

presented as means  standard error of mean. Unless stated otherwise, the 
luciferase values were normalized to the activity of the reporter gene combined 
with PPARα, which was set to zero. 
 
 
Results 
 
Functional hPPARα transactivation via the PPRE 
 
First, the hPPARα was PCR amplified from human embryonal kidney cells (HEK 
cells), cloned into the pcDNA3.1 expression construct, sequence verified, and 
transfected into HEK cells for protein analysis. hPPARα was expressed at the 
expected size of 53kDa (Fig. 1a).  
To demonstrate that hPPARα transactivation was mediated through the PPRE and 
did not influence  the reporter construct without the PPRE elements, we performed 
a double transfection with hPPARα (0.02 µg to 0.10 µg) and the reporter construct 
(0.10 µg) with and without the PPRE. No transactivation was observed without the 
PPRE elements (Fig. 1b). Increasing the amount of the hPPARα expression 
construct dose-dependently increased transactivation (Fig. 1b). Based on these 
results, 0.06 µg hPPARα expression construct was used in all further experiments 
to be able to detect an increase as well as a decrease of PPRE-mediated 
transactivation. FeAc, a well-known PPARα ligand [10], clearly enhanced PPARα 
transactivation by approximately 90%, showing the functionality of the LBD of 
hPPARα (Fig. 1c). 
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Figure 1. A: Western blot detection of hPPARα after transient transfection of the 
hPPARα and the empty vector (pcDNA3.1) in HEK cells using an hPPARα specific 
antibody. The arrow indicates hPPARα at 53 kDa. Equal protein loading was 
shown by using PonceauS. B: Dose-response curve of hPPARα (0.02, 0.04, 0.06, 
0.08 and 0.10 µg) using the PPRE luciferase reporter construct. Co-transfection of 
this construct with the empty vector pCDNA3.1 allowed determination of the basal 
level of expression (0.00 µg hPPARα) which was set at 1. The correlation 
coefficient between the amount of hPPARα and fold activation was 0.99. C: Effect 
of 10 mM fenofibric acid (FeAc) on hPPARα transactivation in HepG2 cells 
transfected with hPPARα (0.06 µg), using a luciferase reporter construct driven by 
three PPRE elements or without these PPRE elements.  
 
 
Fatty acid specific hPPARα regulation  
 
We first tested the ability of SAFA and MUFA to regulate PPARα transcriptional 
activity. Caprilic acid (C8:0) increased PPARα transactivation, although effects did 
not reach statistical significance (Fig. 2). Lauric acid (C12:0), on the other hand, 
increased PPARα transactivation dose-dependently (P<0.05 for 50 and 125 µM). 
At the lower dose, myristic acid (C14:0) slightly activated whereas at the higher 
dose it inhibited transactivation (Fig. 2). Palmitic acid (C16:0) and stearic acid 
(C18:0) dose-dependently inhibited PPARα transactivation (Fig. 2). This clearly 
illustrated that effects of individual SAFAs on PPARα transactivation are not 
uniform and can even be the opposite. The monounsaturated counterparts of 
C16:0 and C18:0, i.e. palmitoleic acid (C16:1(n-7)) and oleic acid (C18:1(n-9)) 
significantly (p<0.05) increased PPARα transactivation at lower concentrations (50 
and 75 µM), but this effect was lost at higher concentrations (Fig. 2).  
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Figure 2. Effects of the fatty acids C8:0, C12:0, C14:0, C16:0, C16:1(n-7), C18:0 
and C18:1(n-9) at concentrations ranging from 1 - 125 μM on PPARα 
transactivation. The transactivation properties of fatty acids are shown relative to 
the transactivation of PPARα alone. Basal PPARα transactivation without fatty 
acids was set at zero % activation. The maximum reduction is -100% (no 
transactivation). Statistically significant changes (p<0.05) are indicated with an 
asterisk (*). 
 
 
We also evaluated the effects of different PUFAs. Linoleic acid (C18:2(n-6)) and γ-
linolenic acid (C18:3(n−6)) did not significantly influence PPARα transactivation 
(Fig. 3). Interestingly, α-linolenic acid (C18:3(n-3)) increased PPARα 
transactivation. In fact, this effect was the strongest of all fatty acids tested, 
especially at doses between 50 to 125 µM (p<0.05) (Fig. 3). Arachidonic acid 
(C20:4(n-6)), eicosapentaenoic acid (EPA; 20:5(n-3)), and docosahexaenoic acid 
(DHA; C22:6(n-3)) all significantly (p<0.05) activated PPARα transactivation at 
lower doses. However, transactivation decreased dose-dependently and at higher 
concentrations these fatty acids even significantly inhibited PPARα transactivation 
(p<0.05) (Fig. 3). Especially DHA (C22:6(n-3)) inhibited PPARα transactivation at 
concentrations of 50 µM and higher (Fig. 3). 
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Figure 3. Effects of C18:2(n-6), C18:3(n-3), C18:3(n-6), C20:4(n-6), C20:5(n-3) 
and C22:6(n-3) at concentrations ranging between 1 - 125 μM on PPARα 
transactivation. Effects are shown relative to transactivation of PPARα alone. 
PPARα activation without fatty acids was set zero %. Significant changes relative 
to the control condition (p<0.05) are indicated with an asterisk (*). 
 
 
Fatty acid induced changes in of CPT1a, ACO, and PPARα mRNA expression 
 

To examine whether the fatty acid induced transactivation of the luciferase assay is 
also reflected in changes in mRNA expression of a panel of other known PPARα 
target genes we evaluated mRNA expression of CPT1a, ACO, and PPARα. CPT1a 
was dose-dependently increased after treatment with α-linolenic acid (C18:3(n-3)) 
up to 1.8 fold and DHA (C22:6(n-3)) up to 6 fold (Fig. 4). No changes were 
observed for ACO mRNA expression (Fig. 4). Finally, α-linolenic acid (C18:3(n-3)) 
increased PPARα mRNA expression dose dependently up to 1.9 fold whereas 
DHA (C22:6(n-3)) initially increased PPARα expression up to 1.7 fold from 1 to 10 
µM, following a decrease in expression to basal level (Fig. 4), which is in line with 
the PPAR luciferase data (Fig. 3). 
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Figure 4. The effect of C18:0, C18:1, C18:3(n-3) and C22:6(n-3) in a concentration 
ranging from 1 - 125 μM, on CPT1, ACO, and PPARα mRNA expression. The 
mRNA expression is shown relative to the condition without fatty acids set at 1 
normalized for the internal control cyclophilin A. 
 
 
Fatty acid induced changes in apoA-I production 
 
To determine whether PPARα transactivation / repression was translated into 
regulation of a PPARα target gene, we determined the production of apoA-I protein 
in the medium of HepG2 liver cells following incubation with the different fatty 
acids. As typical examples, data for α-linolenic acid which showed the strongest 
PPARα transactivation and DHA which had the strongest inhibitory effect on 
PPARα transactivation, are shown. Incubation with α-linolenic acid (50 to 125 µM) 
indeed resulted in a dose-dependent and significant (p<0.05) 50% increased apoA-
I protein concentration in the HepG2 culture medium (Fig. 5). On the other hand, 
incubation with DHA (50 to 125 µM) significantly reduced the apoA-I protein 
concentration by 50% (Fig. 5). Interestingly, changes in apoA-I concentrations 
paralleled the pattern of PPARα transactivation, suggesting a functional 
relationship between these two parameters. 
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Figure 5. The effect of C18:3(n-3) and C22:6(n-3) in a concentration ranging from 
1 - 125 μM, on apoA-I production. The percentage apoA-I production is relative to 
the condition without fatty acids set at zero % apoA-I production. Significant 
changes (p<0.05) is indicated with an asterisk (*). 
 
 
Discussion 
 
It has been shown that fatty acids are able to bind to the LBD of PPARs, including 
the LBD of PPARα [12,13]. However, since binding does not necessarily result in 
transactivation, we investigated systematically the effects of various fatty acids on 
PPARα transactivation on its natural DNA binding elements (PPRE’s), using a 
luciferase reporter system. Based on data from ligand-binding assays [12,13], we 
expected that all fatty acids could lead to PPARα transactivation, although to 
various degrees due to the reported differences in binding strength of the fatty 
acids to hPPARα. Several fatty acids (caprilic acid (C8:0), lauric acid (C12:0), 
palmitoleic acid (C16:1(n-7)), oleic acid (C18:1(n-9)), linoleic acid (C18:2(n-6)), γ-
linolenic acid (C18:3(n−6)), and α-linolenic acid (C18:3(n-3)) indeed showed 
variation in transactivation. Interestingly, Forman et al., have reported earlier that 
C8:0 and C12:0 poorly bind to the LBD [13]. However, in our hands – despite this 
potentially poor binding capacity – these two fatty acids clearly and dose-
dependently increased PPARα transactivation. Furthermore, we observed for 
myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0), arachidonic acid 
(C20:4(n-6)), EPA (C20:5(n-3)) and DHA (C22:6(n-3)), after an initial increased 
transactivation of hPPARα at lower concentrations, a decrease at higher 
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concentrations even followed by repression. At 75 μM, DHA repressed PPARα 
transactivation almost completely. These observations are comparable to results of 
Mochizuki et al., who reported in a Gal4 fusion experiment that DHA strongly binds 
to hPPARα, but does not increase transactivation [9]. Repression, however, cannot 
be determined with this Gal4 fusion system.  
We here show that mRNA expression of the known PPARα target gene CTP1a 
dose dependently increased up to 1.6 fold by α-linolenic acid (C18:3(n-3)) and up 
to 6 fold by DHA (C22:6(n-3)). The relatively high increase in CPT1a mRNA 
expression by DHA (C22:6(n-3)) seems to contradict with our transactivation assay 
data (Fig. 3). However, we observed that α-linolenic acid (C18:3(n-3)) and DHA 
(C22:6(n-3)) also modulated PPARα in line with transactivation assay. This means 
that the transactivation assay has predictive value though not for all fatty acids 
investigated. Interestingly, mRNA expression of a third PPARα target gene, ACO, 
did not change at all after fatty acid exposure. Combining the results of Mochizuki 
et al. and our study suggests that for fatty acids binding does not necessarily mean 
activation of hPPARα and in addition seems specific for the gene of interest. This 
illustrates that besides fatty acid induced PPARα activation to explain changes in 
gene expression other regulatory factors play a role, which are probably gene-
specific. Moreover, our results point to different optimal concentrations for maximal 
transactivation for the various fatty acids, which could be rather low for some fatty 
acids. The inhibitory effect of certain fatty acids on PPARα transactivation might be 
explained by small changes in PPAR conformation. Instead of activating the co-
activator domain, these fatty acids may activate the co-repressor domain [14]. The 
PPRE elements in the luciferase transactivation system that are derived from the 
CPT1a promotor [11] show a reduction in transactivation at higher doses of DHA 
while it is exactly the opposite in the native situation based on CPT1a mRNA 
expression. Therefore, the constitution of the promotor of the gene of interest 
probably plays an important role as well. 
α-Linolenic acid, the strongest PPARα transactivator and DHA, the strongest 
inhibitor of PPARα transactivation, were also tested for their effects on apoA-I 
production. In line with the transactivation experiments, α-linolenic acid significantly 
increased apoA-I and DHA significantly decreased apoA-I production in a dose-
dependent manner. This apoA-I lowering effect of DHA is in line with a previous 
study using human HepG2 in which a mixture of EPA and DHA at a 5-20 µM range 
tended to lower apoA-I production [15]. Comparable effects for DHA were recently 
also described by Kuang et al [16], who showed that both fatty acids lowered 
apoA-I mRNA and protein expression in HepG2 cells. Moreover, for DHA it was 
also shown that the apoA-I promotor activity was lowered. In addition, effects of 
DHA on apoA-I gene expression in HepG2 cells were mediated via hepatocyte 
nuclear factor-3b (HNF3b) [16]. This suggests that both PPARα and HNF3b are 
involved in DHA-induced reduction of apoA-I production in HepG2 cells. In 
conclusion, PPARα plays a prominent role in apoA-I production pathways, but 
increasing PPARα activation alone may not be sufficient to induce apoA-I 
increases in vivo. 

Another interesting observation is that in contrast to the SAFAs palmitic acid 
(C16:0) and stearic acid (C18:0) that both repress PPARα activation, their 
unsaturated metabolites palmitoleic acid (C16:1(n-7)) and oleic acid (C18:1(n-9)) 
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do activate PPAR transcription. It is generally assumed that in vitro palmitoleic acid 
(C16:1(n-7)) and oleic acid (C18:1(n-9)) have different effects than palmitic acid 
(C16:0) and stearic acid (C18:0).  For example, Hommelberg et al., described that 

incubation with palmitic acid (C16:0) and stearic acid (C18:0) induced both NF-B 
transactivation and insulin resistance in skeletal C2C12 cells, whereas palmitoleic 
acid (C16:1(n-7)) and oleic acid (C18:1(n-9)) did not [17]. This suggests that 
efficient conversion of palmitic acid (C16:0) and stearic acid (C18:0) into 
respectively palmitoleic acid (C16:1(n-7)) and oleic acid (C18:1(n-9)) via stearoyl-
CoenzymeA desaturase 1 (SCD1) ultimately affects regulation of PPAR activation 
or repression. As far as we know, this concept to influence apoA-I production 
through fatty acid desaturation has not been discussed before. This may open new 
venues to consider SCD1 as a desirable target for interventions to change PPAR 
activation / repression, when our body is in a situation of palmitic acid (C16:0) and 
stearic acid (C18:0) surplus. 

It is well known that PPAR activation inhibits NF-B activation [18]. The finding that 

palmitic acid (C16:0) activated NF-B very strongly in the C2C12 skeletal muscle 
cells [17] might also imply that the repression of PPARα activation by palmitic acid 

(C16:0) is responsible for a lack of PPARα induced blocking of NF-B activation. If 

NF-B activation results in a more pronounced low-grade pro-inflammatory status, 
this might in turn also have a lowering effect on apoA-I production.  
 
An intriguing question is whether a pattern could be detected in the effects of 
(clusters of) certain fatty acids on PPARα binding and transactivation potential. It 
has been demonstrated that PUFAs and MUFAs have a higher binding affinity for 
PPARs than SAFAs [3,6]. In line with this, medium chain SAFAs (C10:0-C16:0) 
apparently were poor PPARα transactivators [13]. Furthermore, it has been 
postulated that optimal PPARα binding is achieved by fatty acids containing 16-20 
carbons with several double bonds in their chain [13,19]. This was confirmed by 
Mochizuki et al. [9], who further found that fatty acids with 22 carbon atoms did not 
result in transactivation of PPARα. Which of these findings do also apply to our 
experiments when considering PPARα transactivation instead of binding? In 
contrast to the binding studies, the medium chain SAFAs C8:0 and C12:0 dose-
dependently increased PPARα transactivation in our study. In agreement with the 
results from Mochizuki et al. [9] our results showed that a high dose of the 22 
carbon DHA (C22:6(n-3)) results in strong inhibition of PPARα transactivation. On 
the other hand, we did not find that all unsaturated fatty acids with 16-20 carbon 
atoms increased transactivation, e.g. linoleic acid (C18:2(n-6)) and γ-linolenic acid 
(C18:3(n−6)). Besides structure, also the dose of a particular fatty acid was a 
critical factor in our experiments. Like Mochizuki et al. [9], we found that 
arachidonic acid (C20:4(n-6)), EPA (20:5(n-3)), and DHA (C22:6(n-3)) increased 
PPARα transactivation at low doses, but decreased transactivation at high doses. 
Our data confirm the observation that, next to PPARα binding, low doses of PUFA 
increases PPARα transactivation. Interestingly, it should be noted that this is 
probably also dependent of the target gene that is researched as CPT1 is strongly 
induced at high doses DHA (C22:6(n-3)), while ACO does not alter and PPARα 
follows the expected pattern. This is also in line with data of Pawar, et al. who 

tested high doses of PUFA (250M and higher) and found no induction of PPARα 
activity [20]. Thus, it seems that transactivation is not only depending on PPARα 
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binding affinity, the number of carbon atoms and of double bonds, but also on the 
concentration of fatty acids that is used. A clear structure-function relationship is 
therefore difficult to deduce. 
 
In conclusion, except for linoleic and γ-linolenic acid, all fatty acids studied dose-
dependently changed PPARα transactivation. We even found that fatty acids, 
reported to bind strongly to PPARα, could repress PPARα activation illustrating that 
these binding assays should be interpreted with caution. Functionality of our fatty 
acid induced transactivation / repression findings was suggested by the association 
between PPARα transactivation and secretion of apoA-I, a well-known PPARα 
target gene. Most important to realize, though the data from transactivation assays 
do provide an indication for changes in target gene expression but at the same 
time it should be noted that individual PPARα target genes might react in a 
different way than expected and should therefore be tested individually. 
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Abstract 

 
Although increasing apoA-I production is a promising strategy to reduce the risk for 
cardiovascular diseases (CVDs), our knowledge on natural compounds with the 
capacity to elevate hepatic apolipoprotein A-I (apoA-I) transcription is limited. 
Therefore, we aimed to discover natural compounds that elevate apoA-I 
transcription in HepG2 cells. Since evidence points towards a role for BRD4 
inhibitors in increasing apoA-I transcription, we also focused on natural compounds 
with the ability to bind to BRD4. Literature was screened for compounds that might 
increase apoA-I and/or were BRD inhibitor. This resulted in the compilation of list 
A, containing apoA-I increasing compounds with unknown BRD4 protein-binding 
capacity; list B with known BRD4 inhibitors that increased apoA-I production; and 
list C with reported BRD4 binding function, but with unknown effects on apoA-I 
production. Using virtual fingerprint analyses, the structures of the compounds on 
each list were compared to each other and to two natural compound databases. 
Comparing list A and B to the natural databases resulted in the recognition of four 
compounds: hesperetin, equilenin, 9(S)-HOTrE and cymarin. In list C, a common 
substructure was discovered in 60% of all BRD4-inhibitor compounds. This 
substructure was found in 179 compounds from one of the two natural databases 
we used, i.e. the Dictionary of Natural Products (DNP). Experiments in HepG2 cells 
revealed that equilenin, 9(S)-HOTrE and cymarin increased apoA-I transcription 
respectively by 27%, 35% and 37% whereas hesperetin did not. For each of these 
compounds also a structural look a like compound was selected. For hesperetin 
this look a like was eriodictyol, for equilenin we chose hordenine, for 9(S)-HOTrE 
this was 5(S),15(S)-DiHETE and for cymarin we chose emicymarin. Of the 
structural look a likes, eriodictyol and emicymarin increased apoA-I transcription by 
35% and 77%. Based on these findings, we conclude that next to equilenin, 9(S)-
HOTrE and cymarin, which were found in literature, the two natural compounds 
eriodictyol and emicymarin may be interesting targets for further studies to increase 
apoA-I production.  
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Introduction 
 
Cholesterol efflux capacity, which is defined by the amount of cholesterol taken up 
from cholesterol-loaded macrophages by high-density lipoprotein (HDL) particles, 
is inversely associated with the incidence of cardiovascular events [1]. As an 
elevated in vitro cholesterol efflux capacity may reflect increased reverse 
cholesterol transport in vivo, the efflux capacity may be a useful biomarker for the 
development of cardiovascular disease (CVD) lowering strategies [1]. 
Apolipoprotein A-I (apoA-I) is the principal component of HDL, which can acquire 
cholesterol by binding to the ATP-binding cassette A1 (ABCA1), the trans 
membrane cholesterol transporter on macrophages [2]. As the plasma 
concentration of apoA-I is associated with increased cholesterol efflux capacity [3], 
a promising strategy to increase cholesterol efflux capacity is to increase the 
amount of nascent HDL particles by increasing de novo apoA-I production [4,5]. 
The effectiveness of increasing apoA-I concentrations in the combat against CVD 
is supported by several in vivo animal [6,7] and human studies [8,9]. For example, 
intravenous infusion of recombinant apoA-I particles decreased atherosclerosis 
progression, as it reduced atheroma volume in patients with acute coronary 
syndromes [8]. Moreover the use of apoA-I mimetics like CSL112 [9] clearly 
enhanced cholesterol efflux capacity. Besides the involvement of apoA-I in 
enhancing cholesterol efflux capacity, apoA-I may also provide other 
cardioprotective effects. ApoA-I is anti-inflammatory [10], anti-thrombotic [11] and 
has glucose lowering properties [12,13]. Altogether, this illustrates the crucial role 
for elevating apoA-I production in CVD risk management.  
Several studies have indicated a role for the family of bromodomain and extra-
terminal (BET) protein inhibitors in apoA-I production. For example, in in vitro as 
well as in vivo studies the BET inhibitor RVX-208 (or apabetalone) increased apoA-
I transcription and protein production [14]. Additionally, there are many other 
compounds with BET inhibiting function and the capacity to increase apoA-I 
synthesis, at least in vitro, such as JQ1(+) [15], Ro11-1464 [16], GW841819X [17], 
GSK1210151A or I-BET151 [18], alaprazolam [19], GSK1324762A or I-BET762 
[20], and thieno- or benzo-triazolodiazepines [15] such as U-34599 and U-51477 
[15,21]. In humans, four types of BET proteins have been identified namely, 
bromodomain-containing protein (BRD) 2, BRD3, BRD4 and testes-specific BRDT. 
Although many BET inhibitors are multi-BET active, experiments have shown that 
specifically the silencing of BRD4 is involved in increasing apoA-I production [17]. 
Also JQ1(+) and RVX208 inhibit BRD4, which may explain their effects on 
increasing apoA-I production. Currently, BET-inhibition is considered a promising 
therapy to increase apoA-I transcription and most BET inhibitors that are 
development are of synthetic origin. Possibly, natural compounds can, when safe, 
be used as a functional food ingredient. Therefore, the aim of this research was to 
identify by an in silico and in vitro approach natural compounds that increase apoA-
I transcription, thereby also focusing on BRD4 binding capacity.  
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Methods 
 
To generate leads of compounds or structures with the potency to increase apoA-I 
transcription, three different lists (Lists A, B and C) were compiled based on results 
of a systematic literature search. Using in silico screening the structures of the 
compounds in these lists were compared to each other and to natural compounds 
from two databases. Compounds of interest were tested in vitro for their ability to 
increase apoA-I transcription (for a schematic representation of the study design 
see figure 1). 
 

 
 
Figure 1. Schematic representation of the study design. In order to find natural 
compounds with the ability to increase apoA-I transcription in HepG2 cells, a 
literature compound search was performed, which resulted in three lists (Lists A, B 
and C). In the virtual screening process these lists were compared to two natural 
compound databases. Additionally, a search for a common substructure was 
performed in all three lists. Subsequently, 4 hits from the screening, and for each 
compound a structural look a like, were tested for their effect on apoA-I 
transcription in HepG2 cells. 
 
 
Literature review 
 
To search for compounds that increase apoA-I production, inhibit BET proteins - 
especially BRD4 - or both, a computer-assisted literature search was performed in 
the PubMed database for articles published until August 2015. The following 
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search terms were used: (((BRD*) OR bromodomain)) AND (((apo*) OR High-
Density Lipoproteins, Pre-beta) OR apolipoprotein A-I). In addition, a well-curated 
database of bioactivities named CHEMBL [22] was used to search for compounds 
with binding ability to BRD4. Additionally, we have found earlier that cymarin and 
9(S)-HOTrE have apoA-I transcriptional elevating effects (data unpublished). 
Therefore, these two compounds were included in our search results as well. 
When their simplified molecular-input line-entry system (SMILES) was available, 
identified compounds were used for further analysis, which resulted in the 
formation of three lists (figure 1): List A contained compounds that increased 
apoA-I production with unknown BRD4 protein-binding capacity. List B contained 
compounds that were BRD4 inhibitors and increased apoA-I production. List C was 
composed of compounds with reported BRD4 inhibitor function, but with unknown 
effects on apoA-I production. For classification as a BRD4 inhibitor, a cut off IC50 
of lower than 500nM was used. 
 
Virtual screening 
 
Two databases were searched for natural compounds that may inhibit BRD4 
and/or increase apoA-I transcription: a database provided by DSM (N=2.000; 
available upon request) and a commercially available one, the Dictionary of Natural 
Products database (version 18.1; N ≈ 260.000, Francis & Taylor).  
The method used to screen for molecules depended on the list of molecules: since 
lists A and B contained relatively few compounds, a structural similarity search was 
performed for each compound from these lists in both databases (Tanimoto-based, 
using Functional Class Fingerprints of maximum diameter 4 (FCFP_4)). In addition, 
the structural similarity of compounds from lists A and B was calculated based on a 
structural similarity matrix search. By performing a substructure search in list C, we 
determined if the BRD4 inhibitors in this list contained a common substructure. All 
compounds retrieved were filtered on a) having a structural similarity of at least 0.5, 
and b) being commercially available. In the results section the top 10 of 
compounds with the highest similarity will be presented.  BioVIA’s PipelinePilot 
version 9.2 was used for all cheminfo-related calculations (similarity calculations, 
substructure searches) and virtual screening tasks. 
 
Human liver cell culture 
 
Human hepatocellular liver carcinoma (HepG2) cells (kindly provided by S. 
Braesch-Andersen, Mabtech, Nacka Strand, Sweden) were cultured at 37°C in a 
humidified atmosphere and 5% CO2. For cell culturing, Minimum Essential Medium 
(MEM) was used supplemented with 10% Fetal Calf Serum (v/v, South-American, 
Greiner Bio-one, Frickenhausen, Germany), L-glutamine (Invitrogen Life 
Technologies, Carlsbad, CA, USA), 1% penicillin/streptomycin (v/v), 1% non-
essential amino acids (NEAA, v/v), and 1% sodium pyruvate (v/v, all from 
Invitrogen Life Technologies, Carlsbad, CA, USA). To gain insight into the effect of 
the selected natural compounds on apoA-I transcription, HepG2 cells were 
exposed for 48 hours to different doses of each compound. Stocks were prepared 
in recommended carrier solutions and were diluted in culture medium. For carrier 
controls, maximally 0.5% DMSO or ethanol was used. After incubation, cells were 
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microscopically inspected and pictures of each condition were made to confirm cell 
vitality (data not shown). Different doses of the BRD4 inhibitor RVX208 were used 
as positive controls for their ability to increase apoA-I transcription. Furthermore, in 
each experiment 3 μM JQ1(+), another known BRD4 inhibitor was used as a 
control for increased apoA-I transcription in HepG2 cells. 
 
qPCR measurements 
 
Total RNA was isolated according to the Qiagen Trizol protocol. Next, cDNA was 
produced using Taqman reagents. ApoA-I (Hs00163641_m1) and internal control 
cyclophilin A (Hs99999904_m1) mRNA expression was determined using the 7300 
Real-Time PCR System. Both TaqMan Gene Expression Assays and reagents 
were obtained from Applied Biosystems.  
 
 
Results 
 
Literature review and virtual screening 
 
The literature review resulted in the identification of 8 compounds that increased 
HDL-C or apoA-I protein and/or mRNA expression, but with unknown BRD4 
binding capacity (table 1; list A), and 6 compounds that increased apoA-I 
production (either measured as transcription, protein secretion or luciferase 
reporter activity) with known BRD4 inhibitor activity (table 1; list B). Two of the 
compounds from list A and three of the compounds of list B also increased in vitro 
apoA-I protein secretion. By virtual comparison of the molecular structures within 
list A and B, a structural overlap of 0.7 was found between U-51477 and 
alprazolam (supplemental table 1). Data derived from the searches for structural 
similarity of the compounds found in literature (list A and B) to the natural 
databases of DNP and DSM are presented in table 1. Four literature hits were 
confirmed to be of natural origin: hesperetin, equilenin, 9(S)-HOTrE and cymarin 
(figure 2, upper panel). For each of these four hits, a “look a like” compound was 
selected based on commercial availability (figure 2, lower panel) and the highest 
structural similarity (supplemental tables 2, 3, 4 and 5). For compound 
hesperetin, eriodictyol was selected (0.79 similarity); for compound equilenin we 
selected hordenine (0.53 similarity); for compound 9(S)-HOTrE we selected 
5(S),15(S)-DiHETE (0.91 similarity), and for the compound cymarin we selected 
the structural look a like emicymarin (0.81 similarity). These eight compounds were 
tested for effects on apoA-I transcription in HepG2 cells. 
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Figure 2. Comparison of list A and B to the DNP and DSM natural database 
resulted in the confirmation of 4 structures: hesperetin, equilenin, (9)S-HOTrE and 
cymarin (panel A). In panel B the structural look a likes are presented: eriodictyol, 
hordenine, 5(S),15(S)-DiHETE and emicymarin. 
The literature review also resulted in the identification of 48 compounds that were 
described to bind to BRD4 (IC50<500nM) but without known effects on apoA-I 
transcription (table 2; list C). After comparing the structures of these BRD4 
inhibitors within list C to each other, a common substructure was discovered in 
60% of all compounds (figure 3). Again, the DNP and DSM databases were 
searched for natural compounds that contained this common structure. This search 
resulted in the identification of approximately 100 compounds with a similarity of 
>0.5 (supplemental table 6). 
 
 
 
 
 
 
 
Figure 3. The common ethylbenzene substructure found in 60 % of all BRD4 
inhibitor compounds with unknown effects on apoA-I. 
 
 
Effects of the selected compounds on apoA-I mRNA expression in HepG2 cells 
 
Addition of different doses of the known BET inhibitor RVX208 (supplemental 
figure 1) clearly increased dose-dependently the production of apoA-I mRNA. 
Likewise, the positive control JQ1(+) increased apoA-I transcription in all 
experiments (figure 4). One of the hits resulting from the fingerprint analyses, 
hesperetin, did not increase apoA-I transcription. If anything, apoA-I transcription 
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was reduced (figure 4a). However, eriodictyol, the selected compound with a high 
similarity to hesperetin, did induce apoA-I transcription by 35% at a dose of 50 μM 
(figure 4b). Eriodictyol in doses ranging from 100 to 250 μM decreased apoA-I and 
had no effect at lower doses. Equilenin raised apoA-I transcription in HepG2 cells, 
although no clear dose-response pattern was evident (figure 4c). Hordenine, the 
compound with a look a like structure of equilenin, did not affect apoA-I 
transcription (figure 4d). 9(S)-HOTrE increased apoA-I transcription by 35% at a 
dose of 170 nM (figure 4e), while the structural variant of this compound 
5(S),15(S)-DiHETE, reduced apoA-I transcription (figure 4f). Cymarin slightly 
decreased apoA-I mRNA expression at low concentrations, but increased its 
expression by 37% at doses ranging from 18 to 45 μM (figure 4f). The structural 
look a like emicymarin increased apoA-I up to 77% (figure 4h). All compound 
doses were tested in duplo in HepG2 cells, and measurements were performed in 
duplo.  
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Figure 4. Relative apoA-I mRNA expression in HepG2 cells treated with different 
doses of a) hesperetin, b) eriodictyol, c) equilenin, d) hordenine, e) 9(S)-HOTrE, f) 
5(S),15(S)-DiHETE, g) cymarin and h) emicymarin. Known BET inhibitor and apoA-
I increaser JQ1(+) (3 μM) was used as a positive control, whereas thapsigargin 
(0.01μM) was used as a control to confirm decreased apoA-I expression. 
Compounds were tested in duplo.  
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Table 1. Results of the literature review and virtual screening in the Dictionary of 
Natural Products (DNP) and DSM databases.  

 
Compounds from literature Compounds from the virtual 

screen 

List Relation to 
apoA-I 

BET  Molecule Reference DNP DSM 

A ↑ 
transcription 

? 9(S)-HOTrE  * Supplemental 
table 4 

Supplemental 
table 4 

A ↑ 
transcription 

? Cymarin * Supplemental 
table 5 

Supplemental 
table 5 

A ↑ cholesterol 
efflux to 
apoA-I 

? BMS-
309403 

Furuhashi, 2007 0 0 

A ↑ cholesterol 
efflux to 
apoA-I 

? Equilenin Zhang, 2001 Supplemental 
table 3 

Supplemental 
table 3 

A ↑ luciferase 
reporter 
activity 

? GW694481 Mirguet, 2012 0 0 

A ↑ cholesterol 
efflux to 
apoA-I 

? Hesperetin Lio, 2012 Supplemental 
table 2 

Supplemental 
table 2 

A ↑ 
transcription 
and protein 
secretion 

? U-34599 Kempen, 2013; 
Princen, 2003 

0 0 

A ↑ 
transcription 
and secretion 

? U-51477 Kempen, 2013; 
Princen, 2003 

0 0 

B ↑ luciferase 
reporter 
activity 

↓ GW841819X Chung, 2011 0 0 
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B ↑ 
transcription 

↓ I-BET151 Mirguet, 2012 0 0 

B ↑ 
transcription 

↓ I-BET762 Mirguet, 2013 0 0 

B ↑ 
transcription 
and protein 
secretion 

↓ JQ1(+) Filippakopoulos, 
2010; Kempen 
2013; McLure, 
2013 

0 0 

B ↑ 
transcription 
and protein 
secretion 

↓ Ro11-1464 Zanotti, 2011 0 0 

B ↑ 
transcription 
and protein 
secretion 

↓ RVX208 McNeill, 2010; 
Gilham, 2016; 
McLure, 2013 

0 0 

List A and B were based on the outcome of the literature review and the virtual 
screening in the DNP and DSM database. Filters: molecular similarity compared to 
literature compound > 0.5, present in a natural source, and the availability of 
SMILE for the virtual structural comparisons. Compounds not filtered for 
commercial availability. * van der Krieken et al., (chapter 6), submitted. 
  

file:///C:/Users/pieter-van-der.pijl/Documents/1%20Lipoprotein/2%20Molecules/Data%20pharmacophore%20modeling%2019-7-16_PP.xlsx%23RANGE!_ENREF_16
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Table 2. Results of the literature review and virtual screening in the Dictionary of 
Natural Products (DNP) and DSM databases of list C. Molecular structures, 
CHEMBL ID and IC50 of BRD4 binding compounds are presented. 
 

Molecule structure 
CHEMBL ID IC50 (nM) 

 

CHEMBL1828979 1 

 

CHEMBL1738926 16 

 

CHEMBL2153434 16 

 

CHEMBL1957266 24 

 

CHEMBL2431090 26 
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CHEMBL2431078 29 

 

CHEMBL2431079 33 

 

CHEMBL2431091 36 

 

CHEMBL1232461 36 

 

CHEMBL2431080 42 
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CHEMBL3220922 50 

 

CHEMBL2349340 59 

 

CHEMBL2431081 72 

 

CHEMBL2431082 73 

 

CHEMBL2431076 74 
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CHEMBL2431093 86 

 

CHEMBL3220925 100 

 

CHEMBL3108801 158 

 

CHEMBL2179385 180 

 

CHEMBL2335155 180 
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CHEMBL2431074 190 

 

CHEMBL2431094 190 

 

CHEMBL2431073 200 

 

CHEMBL2179386 220 

 

CHEMBL2179387 220 
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CHEMBL2349361 230 

 

CHEMBL2431075 250 

 

CHEMBL2431077 250 

 

CHEMBL2017288 251 

 

CHEMBL2430882 251 
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CHEMBL3108800 251 

 

CHEMBL3220926 280 

 

CHEMBL2431089 290 

 

CHEMBL3220923 290 

 

CHEMBL2431085 300 
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CHEMBL2179388 360 

 

CHEMBL3220924 360 

 

CHEMBL2335153 371 

 

CHEMBL2335154 380 

 

CHEMBL2335147 386 
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CHEMBL2179389 390 

 

CHEMBL2017285 398 

 

CHEMBL2430873 398 

 

CHEMBL2430876 398 

 

CHEMBL2430877 398 



SEARCH FOR NATURAL COMPOUNDS TO INCREASE APOA-I 

159 
 

 

CHEMBL2430883 398 

 

CHEMBL2179390 470 

 

CHEMBL2181721 500 
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Discussion 
 
In this study we aimed to identify natural compounds that increased apoA-I 
transcription via a systematic literature search and virtual screening. In addition, we 
focused on natural compounds with the ability to bind to BRD4, since a growing 
number of studies points towards a role for BRD4 inhibitors for increasing apoA-I 
transcription [17]. 
All compounds that were found in literature to increase apoA-I or HDL-C (table 1) 
were compared to the natural databases. The compounds that were selected 
because they are of natural origin were: hesperetin, equilenin, 9(S)-HOTrE and 
cymarin. Based on the assumption that molecules with comparable structures 
interact similarly with their molecular targets [23], we examined the effects of a look 
a like compound for each of the four identified compounds on apoA-I transcription 
in HepG2 cells. These look a like compounds were respectively eriodictyol, 
hordenine, 5(S),15(S)-DiHETE and emicymarin. Surprisingly, of the three main 
structures that increased apoA-I transcription (equilenin, 9(S)-HOTrE, cymarin), 
only the look a likes eriodictyol and emicymarin increased apoA-I transcription.   
Hesperetin is the aglycone of hesperidin and both are present in oranges. Although 
hesperetin was reported to increase HDL-C in rats [24], it did not increase apoA-I 
transcription in our HepG2 cells. The hesperetin look a like compound eriodictyol, 
which is a metabolite of hesperitin, induced apoA-I transcription by 35% at a dose 
of 50 μM. It is known that hesperidin can be metabolized into hesperetin in the 
intestine [25] before entering the circulation. Possibly, hesperetin needs to be 
converted into eriodictyol to exert its effects on apoA-I transcription. If so, it would 
be of interest to study also other metabolites of hesperetin on apoA-I transcription. 
The dose of eriodictyol of 50 μM which was the optimal dose used in our study has 
been reported earlier as being non-toxic in various cell lines, such as macrophage 
mouse cells, NIH3T3 (fibroblast) cells and HaCaT (human skin) cells [26]. In vivo 
studies in mice suggested that eriodictyol is anti-inflammatory [27], while in vitro 
studies in mouse spleen cells showed that this compound has anti-oxidant 
properties [28]. In HepG2 cells, eriodictyol increased insulin-stimulated glucose 
uptake [29] and inhibited of c-Jun N-terminal kinase (JNK) in macrophages [26]. 
Since JNK is also activated during ER-stress [30], it is of interest to examine if 
eriodictyol is also able to prevent ER-stress induced decreases in apoA-I 
transcription. 
The second compound from the in silico screening, equilenin is a natural occurring 
estrogenic steroid that can be extracted from the urine of pregnant mares [31]. It 
has been shown, that equilenin (10 μM) is a potent activator of the apoA-I promoter 
(3-fold increase), and increased apoA-I transcription with 140% in HepG2 cells 
[32]. At a dose of 10 μM, we observed that equilenin increased apoA-I transcription 
by 19%. However, in our experiments the optimal dose of equilenin was 0.6 μM, 
which increased apoA-I transcription by 27%. In women, estrogen replacement 
therapy in postmenopausal women is associated with increased plasma HDL-C, 
and apoA-I concentrations [33]. Long-term estrogen treatment reduced the risk of 
mortality, myocardial infarction or heart failure in early post menopausal women, 
but not in women who start hormone therapy many years (5 to 20) after 
menopause.  Moreover, unwanted effects such as thromboembolic disease or 
breast cancer have been observed [34]. Hordenine, the structural look a like of 
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equilenin (0.53 similarity) did not influence apoA-I transcription. Hordenine is an 
alkaloid found in the roots of the germinating barley plant or the Stapelia hirsute 
[35], and may possess antibacterial and antibiotic properties [36]. However, no 
studies so far have investigated the effect of hordenine on apoA-I. Unfortunately, 
no other compounds with a resemblance to equilenin above 0.53 were 
commercially available. 
An earlier study of our group has shown that 9(S)-HOTrE increased apoA-I 
transcription in HepG2 cells by 35% at a dose of 170 nM. 9(S)-HOTrE is a 
monohydroxy polyunsaturated fatty acid, found in the leaves of a plant called 
glechoma hederacea [37]. The leaves of the glechoma hederacea are used in a 
traditional folk tea in Japan [38], whereas another plant that contains 9(S)-HOTrE, 
the Planchonia careya, is already used for many years by indigenous people of 
northern Australia in the treatment of wounds [39]. A previous study in primary 
macrophages suggested a protective role for glechoma hederacea extract on 
rheumatoid arthritis and osteoporosis, due to anti-inflammatory actions [40]. In 
humans, 9(S)-HOTrE can be produced from the essential fatty acid alpha-linolenic 
acid by the action of 5-lipoxygenase [41]. To investigate the effect of a compound 
with a comparable structure to 9(S)-HOTrE, we tested the effect of 5(S),15(S)-
DiHETE on apoA-I transcription. Only  few studies have focused on this compound, 
which seems to be involved in attracting white blood cells (eosinophils) via inducing 

chemotaxis. 5(S),15(S)-DiHETE is synthesized by arachidonate 15-lipoxygenase 
(ALOX-15)  from 5(S)-HETE, which on its turn originates from the polyunsaturated 
omega-6 fatty acid arachidonic acid [42]. Unfortunately, 5(S),15(S)-DiHETE did not 
increase apoA-I transcription.  
A previous study of our group also found that the cardiac glycoside cymarin 
increased apoA-I transcription in HepG2 cells. Cymarin is produced by the digitalis 
plant as a protective mechanism against herbivores or predators [43]. We found 
that this compound increased transcription of apoA-I by 37% at doses ranging from 
18 to 45 μM. Currently, some digitalis like digoxins are used in the treatment of 
certain cardiac arrhythmia and effective when plasma concentrations are around 
0.8–2 µg/l. Although digoxins are used in the clinic, there is concern about its 
toxicity, as an in vivo plasma concentration above 3 µg/l could give rise to 
symptoms of toxicity, accompanied by nausea, fatigue, vomiting or problems with 
vision [44]. Current guidelines for serum digoxin concentrations range from 0.5 to 
0.9 ng/ml, which suggests that the optimal dose for increasing apoA-I mRNA 
expression that was used in our study (estimated between 10 and 25 μg/ml) was 
higher than these concentrations. The structural look a like of this compound, 
emicymarin increased apoA-I transcription up to 77%. Emicymarin is like cymarin a 
cardenolide and cardiac glycoside.  
Obviously, the bioavailability of any compound that was used in our studies is of 
importance for its possible in vivo effects on apoA-I transcription. In future 
experiments, bioavailability can be addressed by using a transwell system that 
combines intestinal and hepatic cells. Using the metabolites of a compound of 
interest after it was in contact with the enzymatic content of the stomach and the 
microbioal ecosystem, for example by using the Simulator of the Human Intestinal 
Microbial Ecosystem (SHIME), a more in vivo situation could be mimicked. Also, 
more structural derivatives of the main structures that were presented could be 
tested for effects on apoA-I transcription. In fact, it would be interesting to test all 



CHAPTER 7 

162 
 

natural compounds that have a minimum similarity above 0.5 for their effect on 
apoA-I transcription. To be sure that natural compounds with a high similarity to 
compounds that were investigated are not toxic, structural look a likes should be 
tested for both their effect on apoA-I transcription as well as toxicity. Our findings 
suggest that the lack of effect could be caused by the removal of a specific 
structural element that is essential for increasing apoA-I transcription. It would be 
interesting for further research to discover which part of a molecular structure is 
responsible for the increased apoA-I transcription. In respect to this, a common 
substructure was found for BRD4 binding compounds of list C. Therefore future 
studies could test natural compounds that contain this substructure. 
In summary, using on literature review based in silico predictions, the effect of 
equilenin, cymarin and 9(S)-HOTrE on apoA-I transcription was confirmed in 
HepG2 cells. In addition, two new structural look a like compounds eriodictyol and 
emicymarin were identified that increased apoA-I. Additional experiments are 
needed to confirm whether these compounds increase apoA-I transcription by 
inhibiting BRD4. 
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Supplemental data 
 

 
Supplemental figure 1. Relative apoA-I mRNA expression in HepG2 cells treated 
with different doses of BRD4 inhibitor RVX-208. JQ1(+) (3μM), a known BET 
inhibitor and apoA-I increaser, was used as positive control for apoA-I expression. 
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Supplemental table 1. Similarity of compounds from List A and C. 
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Supplemental table 2a. Output of the virtual screening for natural compounds that 
have a structural similarity to hesperetin in the DSM database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, Chemical Abstracts Service (CAS) number and the similarity to 
hesperetin is presented. The compound that was selected for additional 
experiments on apoA-I transcription in HepG2 cells is presented in bold. 

 
Name CAS number Closest Similarities 

Homoeriodictyol 446-71-9 0.88 

Isosakuranetin 480-43-3 0.88 

Eriodictyol 552-58-9 0.79 

(+/-)-Naringenin 93602-28-9 0.79 

Naringenin  0.79 

Pinocembrin 51876-18-7 0.79 

5,7-Dihydroxyflavanone 51876-18-7 0.79 

Sakuranetin 2957-21-3 0.77 

Pinostrobin 480-37-5 0.74 

Alpinetin 36052-37-6 0.74 

 
 
Supplemental table 2b. Output of the virtual screening for natural compounds that 
have a structural similarity to hesperetin in the DNP database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound hesperetin is presented.  

 
Name Derivative CAS number Closest 

Similarities 

3_p,5,7-Trihydroxy-4_p-
methoxyflavanone 

 520-33-2 1.00 

3_p,4_p,5,7-
Tetrahydroxyflavanone 

4_p,7-Di-Me ether 28590-40-1 0.88 

3_p,4_p,5,7-
Tetrahydroxyflavanone 

3_p-Me ether 446-71-9 0.88 

3_p,4_p,5,7-
Tetrahydroxyflavanone 

3_p-Me ether 107657-60-3 0.88 

5,7-Dihydroxy-4_p-
methoxyflavanone 

 480-43-3 0.88 

3_p,4_p,5,7-
Tetrahydroxyflavanone 

3_p,4_p-Di-Me ether 89294-54-2 0.85 

3_p,4_p,5,7,8-
Pentahydroxyflavanone 

4_p,7,8-Tri-Me ether 90850-98-9 0.83 

3_p,5,7-Trihydroxyflavanone 3_p-Me ether 80368-65-6 0.83 

3_p,4_p,6-
Trihydroxyflavanone 

4_p-Me ether 124547-60-0 0.82 

3_p,5,5_p,7-
Tetrahydroxyflavanone 

3_p-Me ether 183857-79-6 0.82 
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Supplemental table 3a. Output of the virtual screening for natural compounds that 
have a structural similarity to equilenin in the DSM database. For each compound, 
the name, CAS number and the similarity to compound equilenin is presented. 

 
Name CAS number Closest Similarities 

D-Equilenin 517-09-9 1.00 

 
 
Supplemental table 3b. Output of the virtual screening for natural compounds that 
have a structural similarity to equilenin in the DNP database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound equilenin is presented. The 
compound that was selected for additional experiments on apoA-I transcription in 
HepG2 cells is presented in bold. 

 
Name CAS number Closest Similarities 

Estra-1,3,5,7,9-pentaen-17-one  0.78 

Estra-1,3,5,7,9-pentaene-3,17-diol  0.68 

Estrone 53-16-7 0.54 

Hordenine  0.53 

20(10~r5)-Abeo-12-hydroxy-4,5-seco-5,7,9,11,13-
abietapentaen-3-one 

1340494-44-1 0.53 

20(10~r5)-Abeo-12-hydroxy-13-methyl-4,5-seco-
5(10),6,8,11,13-podocarpapentaen-3-one 

877248-37-8 0.51 

3-Hydroxyestra-1,3,5(10),7-tetraen-17-one 474-86-2 0.5 

3,8-Dihydroxyestra-1,3,5(10)-trien-17-one  0.5 

3,14-Dihydroxyestra-1,3,5(10)-trien-17-one 5949-46-2 0.5 

Salvinone 124681-15-8 0.5 
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Supplemental table 4a. Output of the virtual screening for natural compounds that 
have a structural similarity to 9(S)-HOTRE in the DSM database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound 9(S)-HOTRE is presented. 
 
Name CAS number ClosestSimilarities 

cis-5,8,11,14,17-Eicosapentaenoic acid 10417-94-4 0.65 

Aminopimelic acid, DL-a- 627-76-9 0.65 

Linolenic acid 463-40-1 0.65 

Prostaglandin J2 60203-57-8 0.61 

Prostaglandin A1 14152-28-4 0.60 

cis-7,10,13,16-Docosatetraenoic acid 2091-25-0;28874-58-0 0.58 

Linoleic acid 60-33-3 0.58 

Hydroxymyristic acid, 3- 1961-72-4 0.58 

Linoleic acid Free Acid 60-33-3 0.58 

Arachidonic acid 506-32-1 0.58 

 
 
Supplemental table 4b. Output of the virtual screening for natural compounds that 
have a structural similarity to 9(S)-HOTRE in the DNP database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound 9(S)-HOTRE is presented. 
The compound that was selected for additional experiments on apoA-I transcription 
in HepG2 cells is presented in bold. 

 
Name Derivativ

e 
CAS 
number 

Closest 
Similarities 

5,12-Dihydroxy-6,8,10,14,17-eicosapentaenoic acid  80445-66-5 0.96 

4-Hydroxy-5,7,10,13-hexadecatetraenoic acid  1607814-44-
7 

0.95 

9-Hydroxy-10,12-pentadecadienoic acid  105798-57-0 0.95 

4,14-Dihydroxy-5,7,10,12,16,19-docosahexaenoic 
acid 

 1141795-3-0 0.91 

5,18-Dihydroxy-6,8,11,14,16-eicosapentaenoic acid  1338215-76-
1 

0.91 

5,15-Dihydroxy-6,8,11,13-eicosatetraenoic acid  82200-87-1 0.91 

5,18-Dihydroxy-6,8,11,14,16-eicosapentaenoic acid  865532-70-3 0.91 

4,17-Dihydroxy-5,7,10,13,15,19-docosahexaenoic 
acid 

 528583-87-1 0.91 

4,17-Dihydroxy-5,7,10,13,15,19-docosahexaenoic 
acid 

 578008-42-1 0.91 

15-Hydroxy-5,8,11,13,17-eicosapentaenoic acid  86282-92-0 0.88 
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Supplemental table 5a. Output of the virtual screening for natural compounds that 
have a structural similarity to cymarin in the DSM database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound cymarin is presented. The 
compound that was selected for additional experiments on apoA-I transcription in 
HepG2 cells is presented in bold. 

 
Name CAS number Closest Similarities 

Periplocymarin  0.93 

Emicymarin  0.81 

Convallatoxin 508-75-8 0.80 

k-strophanthin beta  0.78 

Folinerin 465-16-7 0.76 

Neriifolin 466-07-9 0.76 

Strophanthidin acetate  0.74 

Sarmentoside B  0.74 

Periplocin 13137-64-9 0.72 

Convallatoxin  0.71 

 
Supplemental table 5b. Output of the virtual screening for natural compounds that 
have a structural similarity to cymarin in the DNP database. The top 10 of 
compounds with the highest similarity is shown in this table. For each compound, 
the name, CAS number and the similarity to compound cymarin is presented. 

 
Name Derivative CAS 

number 
Closest 
Similarities 

3,5,14-Trihydroxycard-20(22)-enolide 3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-ß-
<small>D</small>-
<i>lyxo</i>-
hexopyranoside) 

221380-
14-9 

0.93 

3,5,14-Trihydroxycard-20(22)-enolide 3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-ß-
<small>D</small>-
<i>r</i><i>i</i><i>b</i><i
>o</i>-hexopyranoside) 

32476-67-
8 

0.93 
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3,5,14-Trihydroxycard-20(22)-enolide 3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-ß-
<small>D</small>-
<i>ribo</i>-
hexopyranoside) 

452335-
20-5 

0.93 

3,5,14,16-Tetrahydroxy-19-oxocard-
20(22)-enolide 

3-<i>O</i>-ß-
<small>D</small>-
Cymaropyranoside 

905289-
94-3 

0.92 

3,5,14,16-Tetrahydroxy-19-oxocard-
20(22)-enolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-ß-
<small>D</small>-
<i>lyxo</i>-
hexopyranoside) 

 0.92 

3,14-Dihydroxy-19-oxocard-20(22)-
enolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-
<small>D</small>-
<i>ribo</i>-
hexopyranoside) 

 0.89 

3,14-Dihydroxy-19-oxocard-20(22)-
enolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-
<small>D</small>-
<i>xylo</i>-
hexopyranoside) 

59331-9-8 0.89 

3,14-Dihydroxy-19-oxocard-20(22)-
enolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-
<small>D</small>-
<i>xylo</i>-
hexopyranoside) 

 0.89 

3,14-Dihydroxy-19-oxocard-20(22)-
enolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-
<small>D</small>-
<i>ribo</i>-
hexopyranoside) 

3751-87-9 0.89 
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3,5,14-Trihydroxy-19-oxocarda-6,20(22)-
dienolide 

3-<i>O</i>-(2,6-Dideoxy-
3-<i>O</i>-methyl-ß-
<small>D</small>-
<i>arabino</i>-
hexopyranoside) 

166900-
32-9 

0.88 
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Supplemental table 6: Top 10 selection of all compounds from the DNP database 
that contain the common structure (N=179).  

 
Molecular 
structure 

Derivative Name CAS 
number 

 

  <i>meso</i>-Tetraphenylporphyrin 917-23-7 

 

  Lachnanthocarpone 27455-44-
3 

 

3,5-Di-Me ether 3,4,5-Biphenyltriol 3687-28-3 

 

  2,3-Dihydroxy-4-phenylquinoline 129-24-8 

 

4-Me ether 3,4-Dihydroxy-5-prenylbiphenyl 70056-52-
9 
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  3-Hydroxy-5-methoxy-4-(3-methyl-2-
butenyl)biphenyl 

  

 

2-Carboxy 3-Hydroxy-5-methoxy-4-(3-methyl-2-
butenyl)biphenyl 

  

 

5-Me ether, 2-
<i>O</i>-[ß-
<small>D</sma
ll>-
glucopyranosyl-
(1¿4)-ß-
<small>D</sma
ll>-
glucopyranosid
e] 

2,5,6-Trihydroxy-7(9)-phenyl-1<i>H</i>-
phenalen-1-one 

11034-94-
9 

 

  2-Phenyl-5-(1-propynyl)thiophene 1204-82-6 

 

  Antibiotic CJ 16174 355149-
64-3 
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General discussion 1 
 2 
 3 
Introduction 4 
 5 
Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality 6 
worldwide [1]. In Europe, the CVD related costs add up to 196 billion euros 7 
annually and globally the number of CVD related deaths is estimated to grow to 23 8 
million in the year 2030 [2]. Therefore, there is an urgent need to combat the 9 
development of this detrimental group of diseases, which is highly associated with 10 
the metabolic syndrome. Although several definitions exist, the International 11 
Diabetes Federation has defined the metabolic syndrome as the presence of 12 
central obesity and minimally two related abnormalities such as an elevated level of 13 
triglycerides, reduced HDL cholesterol, raised blood pressure or increased fasting 14 
plasma glucose levels [3]. When aiming for prevention or treatment of metabolic 15 
disease related disturbances, it is important to realize that the reason behind the 16 
current obesity epidemic is multi-factorial. Next to genetic susceptibility, lifestyle is 17 
an important contributor to the development of the metabolic syndrome and thus 18 
CVD development. Although increased physical activity, weight reduction [4] and 19 
cessation of smoking [5] have been shown to decrease CVD risk, these lifestyle 20 
changes are often found difficult to maintain. Another important determinant of the 21 
metabolic syndrome is the surrounding environment. Our environment drives 22 
people towards sedentary behavior, as changes in communication, workplace and 23 
technology have reduced the demand for physical activity [6]. Often this is 24 
combined with eating high-dense energy and easy-to-obtain foods, in which sugar, 25 
fat and salt are added to increase food palatability, without increasing the satiating 26 
power [7]. This could contribute to a positive energy balance and subsequently to 27 
obesity-induced metabolic disturbances. For example, studies have shown a link 28 
between obesity-induced hyperglycemia and the development of cellular ER- 29 
stress, a pathology in which hepatic apoA-I transcription and production is reduced 30 
[8,9]. However, ER-stress also damages the pancreatic cells leading to type II 31 
diabetes mellitus development [10]. Interestingly, a decrease in sedentary time and 32 
increased moderate physical activity on a daily basis is associated with a more 33 
favorable plasma lipid profile [11], as HDL and apoA-I levels increase [12]. 34 
Increasing apoA-I production may lower the risk for CHD [13,14]. 35 
The research presented in this thesis focused on discovering regulatory factors 36 
involved in apoA-I transcription (figure 1). Since metabolic disturbances such as 37 
ER-stress and inflammation are often present in subjects that suffer from the 38 
metabolic syndrome, the effects of these disturbances on apoA-I transcription were 39 
evaluated. Additionally, this thesis provided insight into new possibilities to increase 40 
apoA-I transcription using natural compounds. 41 
 42 
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 43 
 44 
Figure 1. Schematic representation of the main focus of this thesis. Metabolic 45 
syndrome related processes or certain (natural or synthetic) compounds can 46 
influence CVD risk factors. They could exert their action on different pathways that 47 
may eventually affect CVD risk. First of all, natural or synthetic compounds and 48 
metabolic syndrome related processes could interfere with the process of apoA-I 49 
transcription. Secondly, they could influence apoA-I (pro-) protein production and 50 
subsequent (pro-) apoA-I secretion. Thirdly, the formation of functional HDL 51 
particles or finally, their cholesterol efflux capacity could be targeted. De novo 52 
apoA-I production can lead to the production of more functional HDL particles, 53 
thereby contributing to increased cholesterol efflux and related CVD risk reduction. 54 
Theoretically, an apoA-I increasing compound will increase apoA-I transcription, 55 
which may result in increased production and secretion of the apoA-I protein. 56 
Formation of functional HDL via increased apoA-I in the bloodstream enhances 57 
cholesterol efflux capacity, which has been related to a reduced risk for 58 
atherosclerosis development. CVD related research can be performed at different 59 
stages in the apoA-I production cycle. The focus of this thesis is on understanding 60 
and manipulating the first step in this process: apoA-I transcription, as is indicated 61 
in the figure rectangle in bold. The bullet points in the bottom part of the figure 62 
represent the topics that will be discussed in this chapter. 63 
 64 
 65 
 66 
 67 
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A focus on apoA-I transcription  68 
 69 
First of all, this thesis has contributed to the understanding of apoA-I transcription 70 
and the discovery of compounds with apoA-I transcriptional regulatory activity in 71 
human liver cells. This research provides a basis for future (human) studies on 72 
CVD prevention. Accumulating evidence from cholesterol efflux studies points out 73 
that increasing apoA-I is a promising strategy for CVD prevention [14]. Although 74 
very promising, the use of apoA-I mimetics is a strategy that is focused on curing a 75 
patient. To be effective on the long run, any apoA-I mimetic therapy should be 76 
applied at a regular basis. Especially, since there is such a large population that 77 
needs to be treated, more benefit could be obtained from a preventive strategy to 78 
increase apoA-I production levels. Thus, there is an urgent need to increase our 79 
understanding on how apoA-I is produced. Therefore, the research described in 80 
this dissertation focused on understanding de novo apoA-I transcription. Although 81 
there are already some pharmaceutical options to increase apoA-I production 82 
(fibrates, BET inhibitors, or synthetic PPARα activators), we searched for 83 
compounds of natural or nutritional origin (chapter 4 and chapter 7) that have the 84 
capacity to increase apoA-I transcription. To lower the financial costs of current 85 
CVD treatment and to treat a large population safely, it would be interesting to 86 
focus on the ability for natural substances to prevent the onset of CVD. By using 87 
natural instead of synthetic compounds, probably smaller effects will be reached 88 
compared to using synthetically derived therapies. Like synthetic compounds, 89 
natural compounds can also be toxic, as plants often produce toxic products to 90 
defend themselves against microbes and herbivores [15] . Studies are therefore 91 
needed to assess not only in vivo efficacy, but also the possible toxic effects of 92 
these compounds. Eventually, the discovered compounds can be used as a 93 
functional food ingredient in the prevention of CVDs. Additionally, it would be 94 
interesting to test these compounds also on their effects on lipid profiles of subjects 95 
with a higher risk for CVD development, who are for example using statins. 96 
Possibly, the discovered agents could be combined with currently available drug 97 
therapies.  98 
Besides our aim to identify compounds with regulatory activity on apoA-I 99 
transcription, another focus of this thesis was to increase the understanding of the 100 
effects of metabolic syndrome related processes (chapter 5), such as endoplasmic 101 
reticulum (ER) stress and inflammation, but also the effect of the C/EBP- β gene 102 
(chapter 3), on apoA-I transcription.  103 
 104 
The effect of a certain compound or process on apoA-I induced cholesterol efflux 105 
capacity strongly depends on processes that occur from mRNA transcription to the 106 
formation of functional HDL particles. All these processes start by the transcription 107 
of the apoA-I gene. Theoretically, the transcription of the apoA-I gene leads to the 108 
production of apoA-I mRNA. The amount of apoA-I mRNA that will be translated 109 
into protein is strongly influenced by post-transcriptional modifications. The next 110 
step is the transportation of the pre-pro-apoA-I protein through the ER, where the 111 
pre-segment is cleaved off. The remaining pro-apoA-I is then excreted from the cell 112 
into the lymph or the circulation [16,17], where the pro-segment is removed by 113 
Bone Morphogenetic Protein-1 (BMP-1) and Pro-collagen-C proteinase Enhancer-2 114 
Protein (PCPE2) [18,19]. Thus the cleavage of the pro-segment is essential for the 115 
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secretion of apoA-I protein from the cell into the bloodstream. Next, the secreted 116 
apoA-I particle binds to the ABCA1 transporter to collect cholesterol and 117 
phospholipids. From this point on, the apoA-I particle enables reverse cholesterol 118 
transport, thereby reducing cholesterol accumulation in the artery wall, and the risk 119 
for atherosclerosis development and related CVD. Obviously, each stage of this 120 
pathway is complex and detailed studies are needed to examine the effects of 121 
interesting compounds on each step separately, but especially on the effect on 122 
HDL functionality in vivo. Looking at our studies, a next step could be to measure 123 
apoA-I protein production and release into the circulation. 124 
 125 
 126 
Regulatory factors and pathways relevant for apoA-I transcription  127 
 128 
 129 
PPARα in relation to apoA-I transcription 130 
 131 
Although PPARα is an important player in apoA-I transcription [20,21], mainly due 132 
to the presence of a binding place for PPAR in the promoter of apoA-I, not all 133 
PPARα agonists increase apoA-I transcription. In chapter 3 we showed that two 134 
PPARα activators influenced apoA-I production differently, as fenofibric acid clearly 135 
decreased apoA-I protein secretion compared to GW7647. This finding indicates 136 
that it is important to gain insight into regulatory transcription factors next to 137 
PPARα, which are related to apoA-I secretion. Therefore, we compared genetic 138 
expression profiles of fenofibric acid or GW7647 treated CaCo-2 and HepG2 cells 139 
using microarrays. We discovered that in the fenofibric acid condition, where apoA- 140 
I was decreased, expression of genes related to the ER-stress pathway was 141 
increased. One of the genes we focused on was the C/EBP-β gene, which was 142 
differentially expressed between the two treatments and has a binding place in the 143 
promoter of apoA-I (chapter 3). Since processes such as ER-stress and 144 
inflammation are known to decrease apoA-I transcription and production and are 145 
often present during the metabolic syndrome [8,9,22,23], we also tested the effects 146 
of the C/EBP-β gene under these conditions. Interestingly C/EBP-β overexpression 147 
or silencing during inflammation, ER-stress or in the untreated situation did not 148 
induce changes in apoA-I production. While we have clearly shown successful 149 
overexpression of C/EBP-β in our HepG2 cell line using western blotting, it would 150 
also have been informative to develop a luciferase reporter gene containing the 151 
apoA-I promoter and the binding place for C/EBP to ascertain if in our experiments 152 
the C/EBP-β protein that was produced after successful overexpression, indeed 153 
bound to the apoA-I promoter. Furthermore, when measuring protein secretion 154 
using ELISA, it is unknown if post-transcriptional processes may have interfered 155 
with the mRNA translation into protein. This is a main reason why in the remaining 156 
chapters in this thesis the focus was on apoA-I transcription.  157 
 158 
We showed that the binding of different types of fatty acids to PPARα, including 159 
polyunsaturated fatty acids (PUFAs), monounsaturated fatty acids (MUFAs) and 160 
saturated fatty acids (SAFAs), did not necessarily result in PPARα transactivation. 161 
Interestingly, some fatty acids (e.g. eicosapentaenoic acid (EPA)) transactivated 162 
PPARα at a low dose, but dose-dependently inhibited PPARα transactivation at 163 
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higher doses  (chapter 6). By using a luciferase transactivation study, we 164 
discovered that out of 24 PPARα transactivating compounds almost all clearly 165 
induced CPT1α mRNA expression (chapter 4). However, apoA-I transcription was 166 
only increased by two PPARα transactivating compounds. Since CPT1α is a well- 167 
accepted target of PPARα we concluded that the compounds that transactivated 168 
PPARα also induced PPARα transcriptional activity. However, the fact that this 169 
increased PPARα activity did not translate into increased apoA-I transcription, 170 
suggests that additional factors are involved in apoA-I transcription.  171 
 172 
 173 
ER-stress in relation to apoA-I transcription 174 
 175 
In chapter 5 we investigated the effect of ER-stress on PPARα transcription and 176 
activation, and the effect of PPARα activation during ER-stress on apoA-I 177 
transcription. We found that ER-stress decreased PPARα mRNA expression and 178 
that the activation of PPARα by GW7647 addition could rescue cells from existing 179 
ER-stress. In addition, increasing PPARα activity by GW7647 ameliorated the 180 
apoA-I lowering effects of ER-stress. 181 
The outcome of our experiments raises the question if decreasing ER-stress is 182 
always beneficial, as the ER-stress pathway can either save a cell in a response to 183 
short-term fluctuations in unfolded protein load, but when the ER-stress is 184 
prolonged, it may lead to apoptosis. However, earlier studies have suggested that 185 
prolonged ER-stress is implicated in the development and progression of many 186 
diseases, such as neurodegeneration, type 2 diabetes, liver disease and cancer 187 
[24]. Therefore, it would be of interest to focus in future studies on interventions 188 
that target to decrease long term (e.g. 24 hour) ER-stress. Moreover, the role of 189 
ER-stress in HDL metabolism [24,25] and atherosclerosis development is 190 
becoming more evident [26-28]. Apoptosis of the intima of the artery may lead to 191 
rupture of arteriosclerotic plaques and consequently to clinical implications caused 192 
by thrombus formation [27]. Studies have shown that especially in the unstable 193 
atherosclerotic plaque, there are clear signs of ER-stress [29,30]. ER-stress is also 194 
known to induce apoptosis in the beta cells of the pancreas, which could induce 195 
type II diabetes development [31]. Therefore, it would also be of interest to find 196 
ways to prevent or decrease the presence of ER-stress in other cell lines such as 197 
pancreatic cells.  198 
 199 
 200 
BRD4 inhibition in relation to apoA-I transcription 201 
 202 
The family of the Bromodomain and Extra-Terminal domain (BET) protein inhibitors 203 
are more and more related to apoA-I transcription [32-35]. Especially, the inhibition 204 
of bromodomain-containing protein 4 (BRD4) seems to be involved in the 205 
transcription of apoA-I [36]. Our studies have indicated that BET inhibitor JQ1(+) 206 
increased apoA-I mRNA production despite the fact that PPARα mRNA and activity 207 
was decreased. In other words, the increased apoA-I transcription that results from 208 
BRD4 inhibition seems to occur independent of PPARα. Moreover, we showed that 209 
BET inhibition by JQ1(+) clearly rescued cells from present ER-stress (chapter 5), 210 
which seemed to attenuate the decreased production of apoA-I. 211 
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BET family members are not only involved in apoA-I transcription, but also in other 212 
fundamental biological processes such as BRD4 in transcription machinery 213 
recruitment [37], adipogenesis [38] and the related development of obesity [39], 214 
whereas BRDT is involved in spermatogenesis [40]. ApoA-I increaser JQ1(+), for 215 
example, is also used as a male anti-fertility in mice [41], because it inhibits testes 216 
specific BRDT. Next to the involvement of BRD4 inhibition in apoA-I transcription, 217 
BET inhibitors possess anti-inflammatory effects [42,43] and are involved in the 218 
suppression of proto-oncogenes such as MYC and BCL2 [44,45]. Based on 219 
promising effects of pre-clinical studies, in 2013 several phase I clinical safety and 220 
efficacy trials were started in human cancer patients [46]. The finding that BET 221 
inhibition is applicable and beneficial for treatment of many types of disease 222 
highlights the importance of research on the exact mechanism. 223 
 224 
 225 
Mechanism behind BET inhibition 226 
 227 
Although BRD4 inhibition is a promising strategy to increase apoA-I, the way BET 228 
inhibitors exert their effects is not well understood. What is known, is that BET 229 
proteins contain two conserved N-terminal bromodomains (BD1 and BD2), which 230 
can recognize acetylated lysine residues, an extra terminal domain and a C- 231 
terminal recruitment domain (CT motif) [47]. Normally, the BET proteins are 232 
mediators of transcription, as they bind P-TEFb via their CT motif, leading to 233 
recruitment of the transcription machinery and RNA polymerase II activation [48]. 234 
Recruitment of part of the transcription machinery is inhibited by the addition of a 235 
BET inhibitor, because the binding of the BET protein to the acetylated lysine 236 
residues is prevented, which leads to less accessible DNA [47]. It is interesting, 237 
that despite inhibition of the transcription machinery, apoA-I transcription is still 238 
increased following BET inhibition. This suggests a possible mechanism, where the 239 
inhibition of BRD4 prevents the transcription of another factor that normally 240 
suppresses apoA-I gene expression. In addition, it is also possible that BRD4 241 
inhibition diminishes the negative effects of ER-stress (chapter 5) or inflammation. 242 
Interestingly, Kokkola et al. [42] have shown that BRD4 inhibition via JQ1(+) 243 
decreased the secretion of the inflammatory mediator IL-8 in A549 epithelial cells. 244 
They also showed that this was probably explained by the activation of anti- 245 
inflammatory SIRT1 [42,49,50]. Since inflammation, which is often present in the 246 
metabolic syndrome, lowers apoA-I production, a reduced inflammation may be 247 
beneficial and may be another way how BET inhibition lowers CVD risk. 248 
 249 
Several BRD4 inhibitors increase apoA-I transcription, amongst others RVX-208 250 
and JQ1(+). Based on our recent findings (chapter 7, supplemental figure 1) it is 251 
evident that for apoA-I transcription in HepG2 cells, RVX-208 is more potent than 252 
JQ1(+). In another study, after treatment of HepG2 cells with 0.5 μM JQ1(+) or 5 253 
μM RVX-208, the transcriptional effect of JQ1(+) was 10 times higher than that of 254 
RVX-208 [51]. Thus, even though the dose of JQ1(+) was 10 times lower 255 
compared to the dose of RVX-208, JQ1(+) was much more potent in changing 256 
general gene expression. A possible explanation is that RVX-208 has only a high 257 
affinity for the second binding domains of the BET proteins, while JQ1(+) binds to 258 
both binding domains. In general, it would be of great importance for future studies 259 
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that focus on increasing apoA-I transcription via a BET inhibitor approach, to 260 
monitor possible adverse effects of BET-inhibition. 261 
 262 
 263 
Compounds with the ability to increase apoA-I transcription 264 
 265 
In order to discover natural compounds with the ability to increase apoA-I 266 
transcription, we performed two different searches. In the first search, we aimed to 267 
find PPARα transactivating compounds via a transactivation assay approach. This 268 
search led to the identification of only two compounds (9(S)-HOTrE and cymarin), 269 
which clearly increased apoA-I transcription in HepG2 cells (chapter 4). In the 270 
second search, we compared the molecular structures of compounds known to 271 
increase HDL or apoA-I according to the literature to two natural compound 272 
databases. This comparison led to the identification of hesperetin, equilenin, 9(S)- 273 
HOTrE, and cymarin. Our studies in HepG2 cells revealed that equilenin, 9(S)- 274 
HOTrE and cymarin indeed increased apoA-I transcription in HepG2 cells, whereas 275 
hesperetin did not (table 1). Interestingly, a metabolite of hesperetin, eriodictyol did 276 
induce apoA-I transcription. Possibly, hesperetin needs to be converted into 277 
eriodictyol to exert its actions on apoA-I transcription (see paragraph 278 
Bioavailability).  279 
As substances with a molecular similarity to aforementioned compounds might also 280 
be able to increase apoA-I, the structural look a likes eriodictyol, hordenine, 281 
5(S),15(S)-DiHETE and emicymarin were tested for their ability to increase apoA-I. 282 
Only eriodictyol, the selected compound with a high similarity to hesperetin, 283 
induced apoA-I transcription by 35% (table 1). Although equilenin, 9(S)-HOTrE, 284 
cymarin, eriodictyol and emicymarin clearly increased apoA-I transcription (table 285 
1), the question may arise if their effects on apoA-I transcription is clinically 286 
relevant. The answer to this question is not straightforward, since this depends on 287 
several issues like the translation of the mRNA into protein, the secretion of the 288 
apoA-I protein into the circulation and the capacity of the newly formed apoA-I 289 
particles to induce cholesterol efflux from the macrophages or tissues.  290 
 291 
Table 1. The effect of the main compounds and their look a like derivatives on 292 
apoA-I transcription in HepG2 cells. For each compound the effect on apoA-I 293 
transcription is described, where (+) means increased; (-) decreased; and (=) no 294 
effect. In case of an increase, the percentage compared to the control condition is 295 
reported.  296 
 297 

Main compound ApoA-I (+/-/=) Look a like structure ApoA-I (+/-) 

hesperetin =/- eriodictyol + 35% 

equilenin + 27% hordenine = 

9(S)-HOTrE + 35% 5(S),15(S)-DiHETE - 

cymarin + 37% emicymarin + 77% 

 298 
  299 
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The structural comparison of the four main structures hesperetin equilenin, 9(S)- 300 
HOTrE and cymarin with the natural compound databases, resulted in a long list 301 
containing also other compounds with a resemblance of at least 0.5 to each main 302 
structure (see supplemental data chapter 7). Obviously, all compounds on this list 303 
are interesting in relation to apoA-I transcription and clearly, in future research 304 
multiple compounds from this list could be tested for their effect on apoA-I 305 
transcription.  306 
 307 
 308 
Bioavailability  309 
 310 
For all compounds that were (or will be) tested in vitro, bioavailability will influence 311 
the effect on apoA-I transcription. The in vivo bioavailability of a compound strongly 312 
depends on the digestion and solubility in the gastrointestinal tract, the absorption 313 
of the compound by the intestinal cells, transport into the circulation and 314 
incorporation from the circulation into the target tissue [52,53]. When performing a 315 
study on the effects of one of our main structures hesperetin, equilenin, 9(S)- 316 
HOTrE and cymarin or their look a like compounds, one should keep in mind that 317 
an in vitro cell set up does not take into account the effects of in vivo digestion and 318 
bioavailability. There is always a chance that the compound of interest has a 319 
different in vivo effect on apoA-I transcription due to the conversion into 320 
metabolites or the uptake in the intestine. When a compound does not reach the 321 
blood, due to lack of intestinal uptake, it will never reach the liver cells and can not 322 
influence hepatic apoA-I production. Moreover, it is very well possible that after the 323 
compound is metabolized it reaches the hepatocytes in a different form. To study 324 
the effect of a certain compound on apoA-I transcription, the cross talk between the 325 
intestine and the liver could be evaluated by using a trans-well system (figure 2). 326 
In a trans-well system, intestinal CaCo-2 cells can be cultured on the apical side of 327 
the transwell until confluency (A) and the hepatocytes could be plated on the 328 
basolateral side in the lower compartment (B). In this way the effect of the 329 
compound/ metabolites on the production of both cell lines can be studied. Ideally 330 
this experiment would be performed using the (metabolites of a) compound of 331 
interest after it has been in contact with the enzymatic content of the stomach and 332 
the microbiota in the intestine, for example by using the Simulator of the Human 333 
Intestinal Microbial Ecosystem (SHIME) [54]. 334 
 335 
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 336 
 337 
Figure 2. Schematic example of a transwell system. This picture was modified 338 
from Fang et al. [55]. The Simulator of the Human Intestinal Microbial Ecosystem 339 
(SHIME) pre-treated compound will be added to the apical side of the transwell 340 
system, and will have an effect on the CaCo-2 cells that are seeded on the 341 
transwell microporous membrane. Using this approach the effect of a compound on 342 
both intestinal and hepatic cells can be investigated in a more in vivo reflecting set- 343 
up. 344 
 345 
 346 
Selection of HepG2 as an appropriate cell model for apoA-I transcription 347 
 348 
Although the combination of the transwell and SHIME system may be used to 349 
address the issue of metabolite formation and bioavailability when performing cell 350 
culture studies, it is often questioned how valid the HepG2 cell line is for the human 351 
condition. Clearly, to discover compounds that increase apoA-I production there is 352 
a need for a human-relevant hepatic cellular model. Currently, human primary 353 
hepatocytes are considered the gold standard, whereas human hepatocellular 354 
carcinoma (HepG2) cells are most frequently used. The use of each model has its 355 
own advantages and disadvantages; therefore there is often discussion on the 356 
most appropriate in vitro cell model. Although primary hepatocytes are probably 357 
reflecting the in vivo situation better than HepG2 cells, there are individual 358 
differences between primary cells of subjects. Possibly these differences are 359 
caused by variation in mRNA levels of certain liver cytochrome P450 (CYP) 360 
enzymes [56], which are involved in drug metabolism [57]. In relation to this, 361 
subjects from which the primary cells are derived often suffer from a severe 362 
disease and are treated with medication. Factors like medication, inflammation or 363 
ER-stress may thus influence the experimental outcome. HepG2 cells, on the other 364 
hand, may have low CYP and phase II enzymes, which suggests they are less 365 
suitable for toxicity studies [58-61], as these enzymes are involved in the 366 
elimination of toxic compounds from the circulation. However, in another study 367 
using HepG2 cells, 243 different drugs with known varying toxicity were validated 368 
accordingly [62]. This suggests that HepG2 are in fact a good model for toxicity 369 
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studies.  370 
We performed a side-by-side comparison of the apoA-I producing capacity of two 371 
different donors of primary human hepatocytes versus HepG2. In response to 372 
JQ1(+), inflammatory cytokines and ER-stress inducer thapsigargin in general, 373 
HepG2 cells seem slightly more responsive as compared to primary cells (figure 374 
3). The positive control for apoA-I transcription JQ1(+) increased apoA-I mRNA 375 
production in both cell types. However, in HepG2 cells this response was more 376 
pronounced as compared to the response in primary hepatocytes (figure 3). 377 
Thapsigargin and a mix of cytokines decreased apoA-I mRNA expression in 378 
HepG2, but in primary hepatocytes thapsigargin even increased apoA-I mRNA 379 
expression. The question now is how to interpret these findings. In comparison to 380 
the in vivo situation, metabolic syndrome related processes such as ER-stress and 381 
inflammation reduce apoA-I transcription [8,9,22,23]. Based on this knowledge and 382 
the finding that thapsigargin only decreased apoA-I in the HepG2 cells, it could be 383 
suggested the HepG2 cells more closely reflect the in vivo situation. BET inhibitor 384 
JQ1(+) has not been used in human studies yet. Therefore, we do not know the 385 
normal human in vivo response of this compound. However, since another BET 386 
inhibitor RVX-208, which has already been tested in humans, did increase apoA-I 387 
transcription, it is likely that the apoA-I increase in HepG2 cells and primary 388 
hepatocytes after JQ1(+) addition represents a normal in vivo response. 389 
Furthermore, we also tested the effect of RVX-208 in our HepG2 cell model, which 390 
clearly resulted in increased apoA-I transcription (chapter 7). Also, the addition of 391 
increasing doses of gemfibrozil, a fibrate, is known to increase apoA-I in both 392 
human as monkey primary hepatocytes [63]. Based on these findings, it could be 393 
suggested that in vitro HepG2 cells responded according to expectations (figure 394 
4). However, in hyperlipidemic patients, gemfibrozil only increased plasma HDL-C, 395 
not the plasma apoA-I level, which suggests that an unknown mechanism is 396 
responsible for the increase in HDL-C that is induced in vivo.  397 
 398 
Previously, it was reported that the carcinoma cell line HepG2 has relatively low 399 
levels of PPARα compared to normal hepatocyte cells [64]. We have taken this into 400 
account by transfecting our HepG2 cells also with PPARα before treatment with the 401 
compounds that were tested for their ability to increase apoA-I transcription. 402 
However, we did not find different results, and therefore we decided not to transfect 403 
our HepG2 cells before use (data not shown).   404 
Another question relates to the use of freshly plated cells versus cryopreserved 405 
cells. In our experiments using the primary cells (figure 3), the cells from one 406 
donor were plated freshly after surgery, while the cells of a second donor were 407 
frozen and thawed before use. Interestingly, similar results were found for apoA-I 408 
transcription when using primary hepatocytes of a donor, which were transported 409 
frozen (data not shown). This suggests that freezing and thawing of the primary 410 
cells did not influence their capacity to transcribe apoA-I.  411 
 412 
Based on the discussed findings and results, HepG2 cells seem a suitable model 413 
to evaluate compounds that increase apoA-I transcription in vitro. Possibly, in 414 
future research for apoA-I elevating compounds, the use of Human Precision Cut 415 
Liver Slices (HPCLS) could be implemented. HPCLS are a mini-model in which 416 
many features of the natural environment of the liver, such as the different types of 417 
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cells, tissues, cell matrices remain intact. This may reflect more the in vivo 418 
situation, suggesting that it is an appropriate cell model to study apoA-I production. 419 
At this moment, it is unknown if liver slices will respond to treatment with 420 
compounds that affect apoA-I transcription and if their apoA-I response is similar to 421 
the response seen the in vivo situation. Therefore the use of liver slices in order to 422 
study apoA-I production should be determined. 423 
 424 
 425 
 426 

 427 
 428 
Figure 3. The effect of positive control JQ1(+) (3 μM) and negative controls 429 
cytokines and thapsigargin (0.01 μM) on apoA-I mRNA production in HepG2 cells 430 
and in freshly plated primary hepatocytes.  431 
  432 
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 434 
 435 
Figure 4. The effect of known apoA-I inducer gemfibrozil on apoA-I transcription in 436 
HepG2 cells. 437 

 438 
 439 

Summary of most important findings and conclusions 440 
 441 
In summary, this dissertation has contributed to an improved understanding of 442 
factors and processes involved in apoA-I transcription. We confirmed that PPARα 443 
is certainly important, but is not the only factor involved in apoA-I transcription. 444 
Other factors (or processes), which are indicated with the question mark in figure 445 
5, may be involved as well. To investigate which factors may be responsible for 446 
differences in apoA-I transcription between two known PPARα activators: fenofibric 447 
acid and GW7647, the genetic expression profiles of fenofibric acid or GW7647 448 
treated HepG2 cells were compared. Although this analysis pointed towards a role 449 
for the C/EBP-β gene in apoA-I production, no link was found between apoA-I 450 
production and C/EBP-β silencing or overexpression, in (non-) inflammatory or ER- 451 
stressed conditions. Clearly, ER-stress was more pronounced in the fenofibric acid 452 
condition, which directed us towards the effect of ER-stress on apoA-I transcription. 453 
We found that ER-stress reduced PPARα transcription and activity in our HepG2 454 
cell model. This suggests that the ER-stress mediated reduction in apoA-I 455 
transcription could be partly mediated via inhibition of PPARα mRNA expression 456 
and activity. When we provided HepG2 cells with PPARα agonist GW7647 in a 457 
situation of present ER-stress, clearly ER-stress was decreased, which showed 458 
that ER-stress could be attenuated by PPARα activation.  459 
Our studies confirmed that BRD4 inhibition is a promising therapy to increase 460 
apoA-I transcription, as BET inhibitor JQ1(+) reduced the level of ER-stress in 461 
HepG2 cells that were pre-treated with ER-stress inducer thapsigargin. 462 
Furthermore, BET inhibitor JQ1(+) increased apoA-I transcription in a PPARα 463 
independent manner.  464 
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Additionally, we searched for a common substructure in BRD4 binding compounds 465 
and looked for compounds with this substructure in Dictionary of Natural Products 466 
(DNP).  467 
Literature research and in silico structural comparisons to natural databases (DMP 468 
and DSM) led to the discovery of the compounds equilenin, 9(S)-HOTrE, cymarin, 469 
emicymarin, eriodictyol being apoA-I mRNA increasers.  470 
More information on the goal of each study, the methods, results and 471 
corresponding conclusions can be found in table 2.  472 
 473 
 474 

 475 
 476 
Figure 5. Schematic summary of the natural compounds and processes and their 477 
effect on apoA-I transcription (or in the case of α-linoleic acid on apoA-I protein 478 
production) as mentioned in this dissertation. The red arrows represent a reduction 479 
or inhibition, whereas the green arrows symbolize an increase or activation. The 480 
dotted lines are unknown links, which could be the focus for future studies.  481 
 482 
 483 
 484 
 485 
 486 
 487 
 488 
  489 
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Table 2. Table summarizing the most important findings and conclusions of the 490 
studies as discussed in chapters 3 to 7 of this thesis. Experiments were performed 491 
in HepG2 cells, unless stated otherwise. 492 
 493 
 Goal of study Methods Main results Main conclusions  

Chapter 
3 

Identify regulatory 
factors involved in 
apoA-I production 

- Microarrays  
- Western 
blotting 
- ELISA: apoA-I 
-qPCR: genes 
array 
- C/EBP-β 
silencing, 
overexpression  

- ER-stress related 
signature in FeAc 
condition 
- No effect of C/EBP-β 
on apoA-I production 
(in (non)- inflammatory 
or ER-stress 
conditions) 

C/EBP-β is not a 
target for hepatic 
apoA-I production 

Chapter 
4 

I) Discover novel  
natural PPARα 
transactivating 
compounds in 
HEK293 (kidney)  
cells  
II) Determine the 
effects of the 
identified natural 
compounds on 
apoA-I 
transcription 

- PPARα 
transactivation 
assay in 
HEK293 cells 
- dose 
responses with 
compounds of 
interest 
- qPCR apoA-I 
 

- PPARα 
transactivating 
compounds increased 
CPT1α mRNA 
- No significant 
correlation between 
PPARα transactivation 
and CPT1α mRNA 
- 9(S)-HOTrE and 
cymarin increased  
apoA-I (+35%, +37%) 
- Cymarin  decreased 
KEAP1 mRNA 

- Activating PPARα 
only is not sufficient 
to identify 
compounds that 
elevate apoA-I 
transcription 
- 9(S)-HOTrE and 
cymarin increase 
apoA-I transcription 
- Cymarin may be a 
BRD4 inhibitor 

Chapter 
5 

Discover possible 
links between ER-
stress, PPARα 
activation and BET 
inhibition in relation 
to apoA-I 
transcription 

- Induce ER-
stress: 
thapsigargin 
- Induce PPARα 
activation: 
GW7647 
- Induce BET 
inhibition: JQ1(+) 
- Western 
blotting: ER-
stress markers 
- qPCR: PPARα, 
KEAP1 and 
apoA-I 

- ER-stress and BET 
inhibition decreased 
PPARα (expression 
and activity) 
- PPARα activation and 
BET-inhibition 
diminished ER-stress 
marker production and 
rescued apoA-I 
transcription during 
existing ER-stress 

- ER-stress mediated 
reduction in apoA-I 
transcription could 
be partly mediated 
via the inhibition of 
PPARα mRNA 
expression and 
activity 
- BET inhibition 
increases apoA-I 
transcription, even if 
PPARα production 
and activity are 
decreased 
- BET inhibition is a 
promising strategy to 
increase apoA-I  

Chapter 
6 

Determine dose 
response 
relationships 
between fatty acids 
and PPARα 
transactivation  

- PPARα and 
PPAR 
response 
element 
luciferase 
reporter 
transfection 
- Dose 
responses with 
fatty acids of 
interest  
- qPCR: PPARα, 
ACO, CPT1α 
- ELISA: apoA-I 
  

- Except for linoleic 
and γ-linolenic acid, all 
fatty acids studied 
dose dependently 
changed PPARα 
transactivation 
- Fatty acids, reported 
to bind strongly to 
PPARα, could even 
repress PPARα 
transactivation 
 

- Fatty acid chain 
length and saturation 
influences 
transcriptional 
activation and 
repression 
- Fatty acid binding 
can activate or 
repress a target 
gene 
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 494 
 495 
Future directions 496 
 497 
The research on apoA-I transcription that was presented in this thesis was 498 
performed mostly in HepG2 cells. For future research it is necessary to use 499 
additional cell lines or other set ups such as human precision cut liver slices 500 
(HPCLS), or the CaCo-2 – HepG2 cell co-cultures in a transwell system using the 501 
SHIME protocol, which may reflect more the in vivo situation. Additionally, future 502 
research should focus on the effects of the identified compounds, and their look a 503 
like structures, on apoA-I under normal, ER-stressed or inflammatory conditions. 504 
Possibly, the natural compounds that were found to increase apoA-I transcription 505 
(equilenin, 9(S)-HOTrE, cymarin, eriodictyol and emicymarin) reduce the negative 506 
effects of metabolic syndrome related disturbances, such as ER-stress and 507 
inflammation.  508 
Since BRD4 inhibition is a promising strategy for increasing apoA-I, it would be 509 
interesting to confirm if the discovered natural compounds are BRD4 inhibitors. 510 
Until now, we have tested two apoA-I increasing compounds for BRD4 inhibition by 511 
determining their ability to lower KEAP1 mRNA transcription. Another way to 512 
assess BRD4 inhibitor capacity is the use of BRD4 (BD1 or BD2) Inhibitor assays. 513 
Future studies could also focus on the effect of the natural compounds that contain 514 
the BRD4 common substructure – ethylbenzene - that we identified on apoA-I 515 
transcription, protein production and cholesterol efflux capacity. 516 
  517 

Chapter 
7 

Discover natural 
compounds that 
increase apoA-I 
transcription. 
Focus on BRD4 
inhibitors and other 
apoA-I increasers 
from literature 

- literature 
review  
- virtual 
screening 
- dose 
responses with 
compounds of 
interest 
- qPCR apoA-I 
 

-  60% of BRD4 
binding compounds 
have  the ethylbenzene 
substructure in 
common 
- Literature hits 
hesperetin, and 
equilenin found in 
natural databases 
- Effect of compounds 
on apoA-I transcription: 
Hesperetin: =/- 
Equilenin: +27% 
- Effect of respective 
structural variations on 
apoA-I transcription:  
Eriodictyol: +35% 
Hordenine: = 
5(S),15(S)-DiHETE: - 
Emicymarin: +77% 

-   Natural 
compounds 
equilenin, eriodictyol 
and emicymarin 
increase apoA-I 
transcription 
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Cardiovascular diseases (CVDs) are the most frequent cause of morbidity and 694 
mortality worldwide. CVDs can be classified as coronary heart diseases (CHDs), 695 
cerebrovascular diseases and peripheral arterial diseases. The primary process 696 
underlying CHD development is atherosclerosis, which is caused by dyslipidemia. 697 
Dyslipidemia, or a disturbed lipid profile,  is a key characteristic of the metabolic 698 
syndrome. Several in vitro and in vivo studies have shown that increasing 699 
apolipoprotein A-I (apoA-I) production, the main protein of the High Density 700 
Lipoprotein (HDL) particle, is a promising approach to reduce CVD risk.  701 
In this dissertation we focused on the effects of several (natural) compounds and 702 
cellular metabolic syndrome related pathways, such as endoplasmic reticulum (ER) 703 
-stress and inflammation, on apoA-I transcription in human hepatocellular 704 
carcinoma (HepG2) cells. Additionally, insight into new possibilities to increase 705 
apoA-I transcription using natural compounds was provided. 706 
Peroxisome-proliferator-activated-receptor-alpha (PPARα) is involved in apoA-I 707 
production, as the apoA-I promoter contains a PPAR binding site. Interestingly, 708 
preliminary data showed that PPARα agonists fenofibric acid and GW7647 exerted 709 
different effects on apoA-I production in HepG2 and CaCo-2 cells. To unravel why 710 
these agonists differently affected apoA-I production, their gene-expression profiles 711 
were compared. Microarray analyses suggested that CCAAT/enhancer-binding- 712 
protein-beta (C/EBP-β) might be responsible for the lower apoA-I production in the 713 
fenofibric acid condition. Therefore, the involvement of the C/EBP-β gene in 714 
disturbances within the metabolic syndrome was reviewed in chapter 2. The key 715 
message was that C/EBP-β is involved the differentiation and maturation of 716 
adipocytes, with a higher expression during ER- stress and pro-inflammatory 717 
conditions. In chapter 3, the effect of the C/EBP-β gene on apoA-I production 718 
using C/EBP-β silencing and isoform-specific overexpression experiments was 719 
evaluated. This role of C/EBP-β was investigated in ER-stressed, inflammatory and 720 
non-inflammatory conditions. Although a C/EBP binding consensus sequence is 721 
present in the apoA-I promoter, C/EBP-β silencing or isoform-specific 722 
overexpression affected apoA-I production in neither of the tested conditions 723 
(normal, inflammation and ER-stress). Therefore, we concluded that C/EBP-β was 724 
not a regulatory factor to influence hepatic apoA-I production. 725 
Because PPARα is involved in apoA-I production, in chapter 4 we searched for 726 
natural compounds with the ability to increase apoA-I transcription via increasing 727 
PPARα transactivation. We showed that 28 out of 2500 natural compounds 728 
increased PPARα transactivation by minimally 2-fold. Dose-response experiments 729 
in HepG2 cells using these identified compounds confirmed PPARα activity, as 730 
was illustrated by a PPARα target gene CPT1α. Furthermore, experiments resulted 731 
in the discovery of two compounds, 9(S)-HOTrE and cymarin that increased apoA-I 732 
transcription in HepG2 cells by 35% and 37% respectively. However, these results 733 
also illustrate that apoA-I transcription involves multiple regulatory players and 734 
PPARα activation alone is not sufficient.  735 
As endoplasmic reticulum ER stress, bromodomain and extra terminal (BET) 736 
protein inhibition and PPARα activation all influence apoA-I transcription, the link 737 
between these processes was studied in chapter 5. We found no link between ER- 738 
stress and BET inhibition, but both processes decreased PPARα mRNA 739 
expression and activity. Interestingly, both BET inhibition and PPARα activation 740 
ameliorated the apoA-I lowering effect of ER-stress, which showed that BET 741 
inhibition and PPARα activation are interesting targets to elevate apoA-I 742 
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transcription. As BET inhibition increased apoA-I transcription despite of decreased 743 
PPARα production and activity, this highlighted the importance of BET inhibition as 744 
a promising therapy to increase apoA-I transcription.   745 
Previous studies evaluated binding of fatty acids to the PPARα promoter. However, 746 
we found that binding to PPARα does not necessarily lead to PPARα 747 
transactivation. In chapter 6 we examined dose-response relationships between 748 
several fatty acids and PPARα transactivation in HepG2 cells. Lauric acid (C12:0) 749 
and lower doses of myristic acid (C14:0) increased PPAR transactivation. Palmitic 750 
(C16:0) and stearic acid (C18:0) inhibited, whereas their monounsaturated 751 
counterparts palmitoleic (C16:1(n-7)) and oleic acid (C18:1(n-9)) increased PPAR 752 
transactivation. Linoleic (C18:2(n-6)) and γ-linolenic acid (C18:3(n−6)) did not 753 
influence PPAR transactivation, while α-linolenic (C18:3(n-3)) acid strongly 754 
increased transactivation. Arachidonic (C20:4(n-6)), eicosapentaenoic (EPA, 755 
C20:5(n-3)), and docosahexaenoic (DHA, C22:6(n-3)) acid all activated PPAR 756 
transactivation at lower doses, but acted at higher concentrations as PPAR 757 
repressors. In line with these results, α-linolenic acid increased and DHA 758 
decreased apoA-I protein secretion and PPAR mRNA expression. 759 
Finally, in chapter 7 we aimed to discover natural compounds to elevate apoA-I 760 
transcription in HepG2 cells. Since evidence points towards a role for BRD4 761 
inhibitors in increasing apoA-I transcription, we particularly focused on natural 762 
compounds with the ability to bind to BRD4. After a literature search for 763 
compounds that could increase apoA-I or HDL concentrations, we generated three 764 
lists: list A, containing apoA-I increasing compounds with unknown BRD4 protein- 765 
binding capacity (including the compounds that were found to increase apoA-I in 766 
chapter 4: 9(S)-HOTrE and cymarin); list B with known BRD4 inhibitors that 767 
increased apoA-I production; and list C with reported BRD4 binding function, but 768 
with unknown effects on apoA-I production. By in silico comparison, the structures 769 
of the compounds on each list were compared to each other and to two natural 770 
compound databases. Comparing lists A and B to a natural in house DSM 771 
database resulted in the recognition of four compounds: hesperetin, equilenin, 772 
9(S)-HOTrE and cymarin. In list C, a common substructure was discovered in 60% 773 
of all BRD4-inhibitor compounds. This substructure was found in 179 compounds 774 
from the Dictionary of Natural Products (DNP). Obviously, it would be interesting to 775 
test the effect of these compounds or the ethylbenzene substructure itself on apoA- 776 
I production in future studies. Experiments in HepG2 cells revealed that equilenin, 777 
9(S)-HOTrE and cymarin increased apoA-I transcription respectively by 27%, 35% 778 
and 37% whereas hesperetin did not. For each of these compounds also a 779 
structural look a like compound was selected. For hesperetin this look a like was 780 
eriodictyol, for equilenin it was hordenine, for 9(S)-HOTrE it was 5(S),15(S)- 781 
DiHETE and for cymarin we chose emicymarin. Of the structural look a likes, 782 
eriodictyol and emicymarin increased apoA-I transcription by 35% and 77%. Based 783 
on these findings, we concluded that next to equilenin, 9(S)-HOTrE and cymarin, 784 
which were found in literature and in the study presented in chapter 4, the two 785 
natural compounds eriodictyol and emicymarin may be interesting targets for 786 
further studies to increase apoA-I production. 787 
In conclusion, the present dissertation contributes to an improved understanding of 788 
processes involved in apoA-I transcription. Additionally, new natural compounds 789 
were identified that have the potency to increase hepatic apoA-I transcription. 790 

791 
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Hart- en vaatziekten (H&VZ) zijn wereldwijd de belangrijkste oorzaak van ziekte en 867 
sterfte. H&VZ kunnen worden geclassificeerd als coronaire hart ziekten (CHZ), 868 
cerebrovasculaire ziekten en perifere vaatziekten en zijn sterk gerelateerd aan een 869 
verstoord vetprofiel (dyslipidemie) in het bloed. De primaire oorzaak van het 870 
ontwikkelen van CHZ is atherosclerose, een ontstekingsproces in de vaatwand 871 
veroorzaakt door dyslipidemie. Dyslipidemie en atherosclerose zijn sterk 872 
geassocieerd met het metabool syndroom. Verschillende in vitro en in vivo studies 873 
hebben aangetoond dat het verhogen van apolipoproteine A-I (apoA-I), het 874 
hoofdbestanddeel van het Hoge Dichtheid Lipoproteïne (HDL) deeltje, een 875 
veelbelovende methode is om het risico op H&VZ te verkleinen. 876 
In dit proefschrift hebben we gefocust op de effecten van verschillende (natuurlijke) 877 
stoffen en cellulaire en metabole pathways, waaronder ER-stress en inflammatie, 878 
op apoA-I transcriptie in humane levercarcinoma cellen (HepG2). Hiernaast is 879 
inzicht verkregen in nieuwe mogelijkheden om de apoA-I transcriptie met behulp 880 
van natuurlijke stoffen te verhogen. 881 
Vanuit eerdere studies is bekend dat de transcriptiefactor peroxisome-proliferator- 882 
activated-receptor-alpha (PPARα) betrokken is in de productie van apoA-I. De 883 
promotor van apoA-I bevat een bindingsplaats voor PPARs. Interessant is dat 884 
eerdere data van onze groep heeft aangetoond dat twee PPARα agonisten 885 
fenofibric acid en GW7647 beiden een ander effect hadden op de apoA-I productie 886 
in humane carcinoma lever en darm cellen (HepG2 en CaCo-2). Om te achterhalen 887 
welke transcriptie- of co-factoren van invloed waren op het ontstaan van deze 888 
effecten van deze agonisten op de apoA-I productie is met behulp van de 889 
microarray techniek de genexpressie van met fenofibric acid en GW7647 890 
behandelde HepG2 en CaCo-2 cellen vergeleken. Dit resulteerde in de hypothese 891 
dat CCAAT/enhancer-binding-protein-beta (C/EBP-β) verantwoordelijk zou zijn 892 
voor het de lagere apoA-I productie gezien na behandeling met fenofibric acid. 893 
Literatuuronderzoek uit hoofdstuk 2 heeft aangetoond dat het C/EBP-β gen 894 
betrokken is bij verschillende processen waaronder de differentiatie en maturatie 895 
van adipocyten, maar ook bij processen als ER-stress en inflammatie.  896 
Om te onderzoeken of C/EBP-β inderdaad een rol speelt in apoA-I productie werd 897 
het C/EBP-β gen gesilenced of tot overexpressie gebracht in HepG2 cellen, onder 898 
normale, inflammatoire en ER-stress geïnduceerde omstandigheden (hoofdstuk 899 
3). Hoewel de promotor van apoA-I ook een bindingsplaats bevat voor C/EBP, 900 
zorgde isovorm specifieke overexpressie en silencing van het gehele C/EBP-β gen 901 
niet voor een verandering in apoA-I productie, ook niet tijdens inflammatie of ER- 902 
stress. Om deze reden kan men concluderen dat C/EBP-β niet betrokken is in 903 
apoA-I productie en dus niet bruikbaar is om de productie van apoA-I in levercellen 904 
te beïnvloeden. 905 
Aangezien het bekend is dat PPARα betrokken is in de productie van apoA-I, is in 906 
hoofdstuk 4 gezocht naar PPARα activerende stoffen. Uiteindelijk zijn uit een lijst 907 
van 2500 natuurlijke stoffen 28 PPARα activerende stoffen gevonden. 24 van deze 908 
stoffen waren commercieel beschikbaar en zijn dus getest op hun effect op de 909 
apoA-I transcriptie in HepG2 cellen. De experimenten met deze natuurlijke stoffen 910 
resulteerde in de ontdekking van 9(S)-HOTrE en cymarin, die apoA-I met 911 
respectievelijk 35% en 37% verhoogden. Op basis van deze data kon men 912 
concluderen dat meerder factoren naast PPARα betrokken zijn in het verhogen van 913 
de apoA-I transcriptie in HepG2 cellen. 914 
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De processen endoplasmatisch reticulum (ER)- stress, bromodomein en extra 915 
terminal (BET) eiwit inhibitie en PPARα activatie beinvloeden allen de apoA-I 916 
transcriptie. Daarom is in hoofdstuk 5 de link tussen deze drie processen 917 
bestudeerd. We vonden geen link tussen ER-stress en BET inhibitie, echter beide 918 
processen verlaagden PPARα mRNA expressie en de activiteit van PPARα. 919 
Interessant was dat BET inhibitie en PPARα activatie aanwezige ER-stress 920 
verminderen, en de het remmende effect van ER-stress op apoA-I transcriptie 921 
verminderen. Deze bevindingen lieten zien dat beide processen interessante 922 
targets zijn in apoA-I transcriptie. Het feit dat BET inhibitie de apoA-I transcriptie 923 
van apoA-I verhoogde terwijl gelijktijdig PPARα productie en activiteit laag was, 924 
geeft aan dat BET inhibtie een veelbelovende therapie is om apoA-I transcriptie te 925 
verhogen.  926 
Eerdere studies hebben voornamelijk gefocused op de binding van vetzuren aan 927 
de promotor van PPARα. In hoofdstuk 6 zijn dosis respons relaties getest van 928 
verschillende vetzuren en hun effect op PPARα transactivatie in HepG2 cellen. Uit 929 
deze experimenten bleek dat binding aan de promotor van PPARα niet 930 
noodzakelijkerwijs tot PPARα transactivatie leidt. Laurinezuur (C12:0) en lagere 931 
dosissen myristinezuur (C14:0) verhoogden PPARα transactivatie. Palmitinezuur 932 
(C16:0) en stearinezuur (C18:0) remden, terwijl hun enkelvoudig onverzadigde 933 
tegenhangers palmitoleïnezuur (C16:1(n-7)) en oliezuur (C18:1(n-9)) PPARα 934 
transactivatie verhoogden. Linolzuur (C18:2(n-6)) en gamma- 935 
linoleenzuur (C18:3(n−6)) zorgde niet voor een toename van de PPARα 936 
transactivatie, terwijl α-linoleenzuur (C18:3(n-3)) de transactivatie van PPARα sterk 937 
liet toenemen. Arachidonzuur (C20:4(n-6)), eicosapentaeenzuur (EPA, C20:5(n-3)) 938 
en docosahexaeenzuur (DHA, C22:6(n-3)) zorgde voor een verhoging van de 939 
PPARα transactivatie bij lage dosissen, echter bij hogere concentraties gedroegen 940 
deze vetzuren zich als repressor van de transactivatie. In lijn met deze resultaten, 941 
verhoogde α-linoleenzuur en verlaagde DHA de apoA-I protein excretie en PPARα 942 
mRNA expressie.  943 
In hoofdstuk 7  van deze dissertatie is gezocht naar natuurlijke stoffen die de 944 
apoA-I transcriptie in HepG2 cellen verhogen. Omdat studies hebben aangetoond 945 
dat BET inhibitie, en specifiek de inhibitie van BRD4, tot een verhoging van de 946 
apoA-I transcriptie leidt, is in deze studie ook de binding van natuurlijke stoffen aan 947 
BRD4 onderzocht. Literatuur onderzoek resulteerde in een lijst A met stoffen die 948 
apoA-I verhogen (waaronder 9(S)-HOTrE en cymarin), lijst B met apoA-I 949 
verhogende BET inhibitors, en lijst C met BRD4 bindende stoffen (IC50<500nM). 950 
Met behulp van in silico vergelijkingen zijn de molecuulstructuren van alle lijsten 951 
met elkaar en met twee natuurlijke stoffen databases vergeleken. Het vergelijken 952 
van lijst A en B met de natuurlijke databases resulteerde in de bevestiging van vier 953 
stoffen die inderdaad natuurlijk bleken te zijn: hesperetin, equilenin, 9(S)-HOTrE en 954 
cymarin. In lijst C werd in 60% van alle stoffen een substructuur gevonden. Deze 955 
substructuur is teruggevonden in 179 natuurlijke stoffen uit de database Dictionary 956 
of Natural Products (DNP). Het zou interessant zijn om te testen wat het effect van 957 
deze ethylbenzeen structuur is op apoA-I transcriptie in toekomstige studies. De 958 
experimenten in HepG2 cellen lieten zien dat equilenin, 9(S)-HOTrE en cymarin 959 
apoA-I transcriptie verhoogden met respectievelijk 27%, 35% en 37%. Hesperetin 960 
verhoogde apoA-I transcriptie niet. Voor elk van de vier geteste stoffen werd een 961 
andere commercieel beschikbare structuur met een zo hoog mogelijke gelijkenis 962 
getest. Voor hespeterin was dit eriodictyol. Voor equilenin werd 963 
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hordenine gekozen, voor 9(S)-HOTrE was dit 5(S),15(S)-DiHETE en voor cymarin 964 
werd het effect van emicymarin op apoA-I transcriptie getest. Van de compounds 965 
met de hoge structuur gelijkenis zorgde eriodictyol en emicymarin voor een 966 
toename in apoA-I van 35% en 77%. Gebaseerd op deze bevindingen 967 
concludeerden we dat, naast 9(S)-HOTrE and cymarin, de compounds eriodictyol 968 
and emicymarin interessante nieuwe natuurlijke targets zijn voor toekomstig 969 
onderzoek naar het verhogen van de apoA-I productie. In deze dissertatie is een 970 
bijdrage geleverd aan een beter begrip van de factoren en processen die 971 
betrokken zijn in de apoA-I transcriptie in HepG2 cellen.  972 
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Valorisation 1017 
 1018 
Atherosclerosis, a chronic inflammatory disease of the artery wall, is the main 1019 
underlying pathology in cardiovascular disease (CVD) development and is initiated 1020 
by a disturbed lipid and lipoprotein profile (dyslipidemia). Despite remarkable 1021 
improvements in therapy and prevention, CVDs still remain the leading cause of 1022 
mortality worldwide [1]. On a yearly basis, CVDs account for more than 17.3 million 1023 
deaths and expectations are that this number will grow to more than 23.6 million 1024 
within the year 2030 [2]. In the United States (U.S.), about 85.6 million people are 1025 
currently living with some form of CVD or with CVD-related after-effects. Clearly, 1026 
this goes hand in hand with high CVD-related health costs. In fact, from 2011 to 1027 
2012 the direct CVD-related costs in the U.S, which reflect e.g. hospital services, 1028 
prescribed medications and home health care, were estimated on 193.1 billion 1029 
dollars. Other CVD-related indirect costs, such as the loss of future productivity, 1030 
were estimated to be about 123.5 billion dollars. Together this adds up to 316.6 1031 
billion dollars in one year [3]. In attempt to reduce the CVD related mortality and 1032 
the related healthcare costs, extensive research on ways to decrease CVD risk 1033 
factors is needed. In order to develop interventions that could reduce CVD risk, it is 1034 
essential to increase our knowledge on underlying pathways that lead to 1035 
atherosclerosis. Furthermore, research is needed to create new possibilities to 1036 
target prevention or treatment programs for this pathology.  1037 
 1038 
It is well accepted that increased Low Density Lipoprotein cholesterol (LDL-C) is a 1039 
major risk for CVD development. This is why therapies aiming to reduce LDL-C 1040 
have already been successfully developed. However, after effective LDL-C 1041 
lowering treatment, there often remains a residual risk for CVD development. 1042 
Clearly, there is a need to discover additional therapies to further reduce the risk 1043 
for CVD development. Nowadays, there is a wealth of evidence from in vitro and in 1044 
vivo studies using pharmaceuticals to increase the production of apolipoprotein A-I 1045 
(apoA-I). Increasing apoA-I, the main protein of High Density Lipoprotein (HDL) 1046 
particles, is a promising strategy to protect against CVD development [4]. For 1047 
example, the intravenous infusion of recombinant apoA-I Milano reduced atheroma 1048 
size in humans [5] and using apoA-I mimetics [6,7], cholesterol efflux capacity is 1049 
clearly increased. By increasing cholesterol efflux capacity from macrophages in 1050 
the vessel wall to HDL particles, cholesterol can be transported back to the liver, 1051 
where it can be used for the production of amongst others bile acids. Moreover, 1052 
recent evidence suggests that increased cholesterol-efflux capacity protects 1053 
against development of CVD [8,9] and recurrence of CVD [10].  1054 
While there already are some natural products available on the market that 1055 
decrease the “atherogenic” LDL-C concentrations, such as margarines containing 1056 
plant sterols or plant stanols, natural dietary products that aim to increase 1057 
functional HDL particles, in order to increase reverse cholesterol transport and 1058 
cholesterol-efflux capacity, are not available yet. Development of functional foods 1059 
that increase functional HDL particle production could help consumers that are 1060 
looking for a solution to maintain a healthy lipid and lipoprotein profile.  Natural BET 1061 
inhibitors could eventually also be used as a functional food product to reduce the 1062 
risk for development of other types of diseases, as BET family members are 1063 
involved in many biological processes. ApoA-I increaser JQ1(+), for example, is 1064 
also used as a male anti-fertility in mice [11], because it inhibits testes specific 1065 
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BRDT. In addition, BET inhibitors possess anti-inflammatory effects [12] and are 1066 
involved in the suppression of proto-oncogenes [13]. The finding that BET inhibition 1067 
is beneficial for treatment of many types of disease highlights the importance of 1068 
research related to this topic. 1069 
 1070 
 1071 
Societal and economic relevance 1072 
 1073 
From a scientific point of view, the research described in this dissertation 1074 
contributed to the fundamental understanding of metabolic disturbed processes 1075 
and regulatory factors involved in apoA-I transcription and ways to target apoA-I 1076 
transcription by natural means. After performing safety assessments, the natural 1077 
compounds that were discovered using both the PPARα screening (chapter 4) and 1078 
the in silico screening (chapter 7), could be tested in human studies. Moreover, 1079 
our research provides leads for future in vivo studies, not only within the field of 1080 
BRD4 inhibition, but also within the field of functional food production. If the 1081 
discovered natural compounds appear to be safe to use in human subjects, and if 1082 
they appear to be effective in increasing apoA-I and thereby in inducing cholesterol 1083 
efflux capacity, this will be of high societal and economic relevance.  1084 
 1085 
Valorisation is described by the National Valorisation Commission as “the process 1086 
of creating value from knowledge by making knowledge suitable and/or available 1087 
for societal and/or economic use, and by translating that knowledge into 1088 
competitive products, services, processes and commercial activities”. As discussed 1089 
earlier, the costs for treatment of CVD related diseases could decline when an 1090 
additional therapy to increase functional HDL or apoA-I production is available.  1091 
The future production of functional food products is a nice example of the 1092 
translation of obtained knowledge into practice, and from an economical 1093 
perspective, the production of functional foods contributes to development of the 1094 
food industry. The Dutch Technology Foundation STW, which is part of the 1095 
Netherlands Organization for Scientific Research (NWO), and which is partly 1096 
funded by the Ministry of Economic Affairs, supported the research that was 1097 
presented in this dissertation. Within this STW project there is close collaboration 1098 
between scientific researchers, industry and the government. Where researchers 1099 
contribute to the development of fundamental knowledge, the collaboration with 1100 
these partners could facilitate a translation of the obtained results into commercially 1101 
available products.  1102 
 1103 
 1104 
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 1152 
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