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Introduction  
 
Cardiovascular diseases (CVD) remain the leading cause of morbidity and mortality 
worldwide. Important risk factors for the development of CVD are unhealthy dietary 
habits, tobacco use and physical inactivity. Unhealthy diets may result in 
dyslipidemia characterized by high serum low-density lipoprotein cholesterol (LDL-
C) concentrations. Lowering LDL-C concentrations is crucial for the treatment or 
even the prevention of CVD [1]. A meta-analysis from Baigent et al. [1] showed that 
there was a risk reduction of non-fatal occlusive vascular events by about one fifth 
for each 1 mmol/L reduction in serum LDL-C concentrations 1 year after 
randomization. More specifically, a decrease in serum LDL-C of 1, 2 or 3 mmol/L 
lowered the risk by 22%, 40% and 50%, respectively. Relations, however, may 
depend on genetic background. Ference et al. [2], for example, have demonstrated 
that persons with the Trp719Arg polymorphism in the kinesin-like protein 6 (KIF6) 
gene have an even greater increase in the risk of CVD per unit increase in LDL-C, 
and a correspondingly greater reduction in the risk of CVD per unit decrease in LDL-
C as compared to non-carriers. Lowering LDL-C concentrations can be achieved by 
different means including the consumption of food products enriched with plant 
sterols or stanols esterified with fatty acids, i.e. plant sterol or stanol esters. These 
products are called functional foods, which contain one or more functional dietary 
components, providing positive health effects beyond their traditional nutritional 
value. A daily intake of 2.5 g plant sterols/stanols reduces serum LDL-C 
concentrations up to 10% [3]. The exact underlying mechanisms of the cholesterol-
lowering activity of plant sterols/stanols are still unknown. However, it is generally 
accepted that they compete with cholesterol for incorporation into mixed micelles, 
thereby reducing intestinal cholesterol absorption [4]. Individuals who are 
characterized as high cholesterol absorbers are more at risk for the development of 
CVD than individuals who are characterized as high cholesterol synthesizers [5]. In 
other words, there is an association between high cholesterol absorption and low 
cholesterol synthesis with an increased severity of CVD [6]. Therefore, it is very 
interestingly to unravel mechanisms whereby functional foods lower intestinal 
cholesterol absorption.  
 
Cholesterol metabolism 
 
Cholesterol is an essential molecule for all vertebrates. It is a structural component 
of the membrane structure as well as a precursor for the synthesis of steroid 
hormones, vitamin D and bile acids [7]. Both dietary cholesterol and de novo 
synthesized cholesterol are transported through the circulation in lipoprotein 
particles. To maintain whole body cholesterol homeostasis, metabolic adaptations 
of de novo synthesis and/or catabolism are required in response to fluctuations in 
dietary intake of cholesterol. The liver plays an important role in cholesterol 
homeostasis. It is able to synthesize de novo cholesterol and to package lipoproteins 
with sterols for delivery to peripheral cells. On the other hand, the liver can take up 
periphery-derived cholesterol from lipoprotein particles followed by excretion via the 
bile, either after conversion into bile acids or as free cholesterol itself. However, the 
liver is not the only organ involved in maintaining cholesterol homeostasis. The 
intestine plays also a crucial role in the synthesis, absorption and removal of 
cholesterol [8]. Moreover, the gastrointestinal tract is the part of the body containing 
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the largest number of microorganisms. It is known from animal studies that gut 
microbiota affects host metabolism by increased energy extraction and altered lipid 
metabolism [9]. Thus, the intestine may be a promising target to reduce the risk for 
CVD. We therefore modified the composition of the gut microbiota using oral 
amoxicillin to investigate the effects on lipid and glucose metabolism in slightly 
hypercholesterolemic subjects (chapter 6).  
 
Cholesterol synthesis 
 
The de novo cholesterol synthesis occurs in many tissues, but the liver and the 
intestine are considered the major sites of cholesterol synthesis. Cholesterol is 
synthesized from acetyl-CoA via the mevalonate pathway, which involves a large 
number of enzymatic steps [10]. The rate-limiting enzyme is 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase. Expression of this and other enzymes is 
transcriptionally regulated by the membrane-bound transcription factor sterol 
regulatory element binding protein (SREBP). SREBPs activate expression of more 
than 30 genes required for cholesterol, fatty acids, triacylglycerol (TAG) and 
phospholipid synthesis. In order to reach the nucleus to function as a transcription 
factor, their NH2-domains must be released. When sterols are scarce, SREBP 
cleavage-activating protein (SCAP) does not interact with insulin regulated protein 
(Insig). As a consequence, the SREBP-SCAP complex migrates from the 
endoplasmatic reticulum to the Golgi apparatus, where it can be cleaved by two 
proteases. Next, the NH2-domain translocates to the nucleus, where it activates 
transcription of its target genes. If the cholesterol concentration is high, SREBP is 
bound to SCAP and Insig, thereby inhibiting translocation and transcription [7]. Three 
isoforms of SREBP are known. SREBP-1a and SREBP-1c are encoded by a single 
gene with different transcription start sites. SREBP2 activates cholesterol synthesis 
and regulates LDLreceptor (LDLr) expression, whereas SREBP-1c is mainly 
involved in lipogenesis. SREBP-1c is transcriptionally regulated by the liver X 
receptor (LXR). SREBP-1a is induced in growing cells and acts as a lipid synthetic 
regulator to cell proliferation. Activation of SREBP-1a depends upon cellular 
nutritional states and extracellular availability of lipids required for duplication of 
membranes in cell division [11]. 
 
Intestinal cholesterol absorption  
 
The human intestine deals with relatively large amounts of cholesterol each day. Our 
normal Western diet provides 400-500 mg of cholesterol per day. 800-1200 mg 
cholesterol per day enters the intestine via the bile, making biliary cholesterol the 
most important cholesterol pool for absorption [8]. Biliary cholesterol ends up in the 
intestine as unesterified cholesterol, whereas 10-15% of the cholesterol originating 
from the diet is esterified. It has been suggested that biliary cholesterol is more 
efficiently absorbed than dietary cholesterol. This can be ascribed to the fact that 
biliary cholesterol is delivered in mixed micelles, therefore immediately available for 
absorption, whereas dietary cholesterol must first be transferred into the micellar 
phase via the oil phase [12] (as reviewed in chapter 2). Intestinal cholesterol 
absorption is a multistep process that can be controlled at several levels (figure 1). 
Niemann-Pick C1-like 1 protein (NPC1L1), expressed at the apical membrane of the 
enterocytes, plays a crucial role in the uptake of cholesterol as well as plant 
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sterols/stanols from the intestinal lumen into the enterocytes [13]. Inside the 
enterocytes, cholesterol is esterified by Acyl-Coenzyme A cholesterol 
acyltransferase 2 (ACAT2) [14]. Plant sterols/stanols are poor substrates for ACAT2. 
After esterification, cholesteryl esters are packaged into chylomicrons and secreted 
via the lymph thoracic duct into the circulation. The core of a chylomicron consists 
of TAG and some cholesteryl esters and is surrounded by a phospholipid monolayer, 
containing unesterified cholesterol and apolipoprotein B48 (apoB48). Cholesterol 
can also be packaged into nascent high-density lipoprotein (HDL) particles, which 
are formed by the interaction of apolipoprotein A-I (apoA-I) with the adenosine-
thriphosphate (ATP)-binding cassette transporter A1 (ABCA1) [15]. Unesterified 
cholesterol and plant sterols/stanols are excreted from the enterocytes back into the 
intestinal lumen via ABCG5 and ABCG8 [16]. These three ABC transporters are also 
highly expressed in the liver. Their expression is regulated via the liver X receptor 
(LXR), a member of the nuclear receptor family of transcription factors. Two isotypes 
have been identified in mammals. LXRα is predominantly expressed in the liver, 
intestine and adipose tissue, whereas LXRβ has a more ubiquitous expression 
pattern [17]. Endogenous ligands are oxysterols [18], but it has also been suggested 
that plant stanols can act as a LXR ligand [19], either directly or after conversion into 
a yet unknown metabolite. Activation of LXRα induces transcription of its target 
genes, resulting in elevated levels of HDL-C, increased hepatobiliary cholesterol 
secretion, reduced intestinal cholesterol absorption and increased neutral sterol loss 
via the faeces. However, systemic stimulation of LXRα leads to increased 
lipogenesis, hypertriglyceridemia through production of larger very low-density 
lipoprotein (VLDL) particles and hepatic steatosis [20]. Thus, activating LXRα as 
anti-atherogenic therapy can only be used as the undesirable effects on lipogenesis 
can be eliminated. 
 

 
 
Figure 1: An overview of the transporters involved in intestinal cholesterol absorption. 
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We designed two studies to investigate the acute effects of plant stanol esters on 
the expression profile of genes involved in lipid metabolism. In our first study 
(chapter 3), we examined the kinetics of plant sterols/stanols in the serum, liver and 
intestine of C57Bl/6J mice. Furthermore, we investigated the acute effects of plant 
stanol esters on the expression profile of genes in the intestine and the liver. Next, 
the acute effects of plant stanol esters were again examined, but now in intestinal 
biopsies taken from healthy subjects (chapter 4).  
 
Enterohepatic circulation 
 
Bile acids are required for the formation of mixed micelles, a necessary step for the 
solubilisation of dietary lipids. The liver secretes between 12 and 36 g of bile acids 
in a day, depending on the number of meals and the amount of fat in these meals. 
However, the liver’s rate of bile acids synthesis from cholesterol is 600 mg/day, 
sufficient to replace the equivalent losses in the faeces. Therefore, there exists a 
recycling mechanism for bile acids from the intestine to the liver via the portal vein, 
which is known as the enterohepatic circulation (figure 2). Several transporter 
proteins are involved in this process. In the hepatocytes, three ABC transporter 
proteins; i.e. ABC subfamily B member 4 (ABCB4), ABCB1 and ABCG5/G8 export 
respectively, phospholipids, bile acids and cholesterol into the bile [21]. On the apical 
side of the enterocytes from the ileum, the ileal apical bile acid transporter (IBAT) 
import bile and dietary lipids into the enterocytes. The bile acids are bound to the 
cytoplasmic intestinal bile acid-binding protein (I-BABP) and are exported into the 
portal vein. Finally, they are taken up by the hepatocytes via sodium taurocholate 
cotransporting polypeptide (NTCP), a Na+-linked symporter [22].  
 

 
Figure 2: Transporter proteins involved in the enterohepatic circulation. 
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Relation between cholesterol synthesis and cholesterol absorption 
 
Cholesterol synthesis, absorption and efflux are the mechanisms involved in 
maintaining cholesterol homeostasis (figure 3). Their activation is regulated via the 
amount of sterols presented in the different tissues. If the intracellular cholesterol 
concentration is low, the SREBP2 pathway will become activated, resulting in 
increased cholesterol synthesis, whereas LXRα will be downregulated, leading to a 
decrease in cholesterol efflux. In case of high intracellular cholesterol 
concentrations, SREBP2 becomes inactivated and LXRα activated to prevent further 
accumulation of cellular cholesterol via expression of its target genes. There are 
natural, such as desmosterol and 24(S), 25-epoxocholesterol, as well as synthetic 
LXRα agonists. Plasma levels of several non-cholesterol sterols are indicators of 
changes in cholesterol metabolism and are therefore used as surrogated markers of 
cholesterol related processes. Serum concentrations of lathosterol and desmosterol, 
two cholesterol precursors, are positively correlated to endogenous cholesterol 
synthesis and serum VLDL cholesterol (VLDL-C), and inversely related to dietary 
cholesterol absorption and serum HDL-C. Serum levels of campesterol and 
sitosterol, reflecting cholesterol absorption, are positively related to the absorption 
of cholesterol and serum HDL-C concentrations. These plant sterols are negatively 
correlated to cholesterol synthesis and serum concentrations of VLDL-C [23]. The 
surrogate markers for both cholesterol synthesis and absorption are used to 
investigate cholesterol metabolism in intervention studies. There exists reciprocity 
between cholesterol synthesis and cholesterol absorption in healthy subjects, but 
this connection may become dysfunctional in diseased populations [24]. 
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Figure 3: Mechanisms involved in maintaining cholesterol homeostasis. 
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may undergo oxidation. These pro-atherogenic particles can be taken up by the 
macrophages in the vessel wall, resulting in the formation of foam cells, which are 
involved in the development of atherosclerosis [25, 26]. Proprotein convertase 
subtilisin/kexin type 9 (PCSK9) can bind to the epidermal growth factor-like repeat 
A domain of the LDLr, inducing LDLr degradation. Reduced LDLr expression could 
lead to hypercholesterolemia [27]. Blocking PCSK9, thereby increasing the number 
of available LDLr seems to be an attractive goal to lower LDL-C concentrations [28, 
29]. It could be speculated that a combination of consuming plant stanols and using 
an antibody against PCSK9 might act additive, resulting in a much higher reduction 
of LDL-C. Finally, HDL mediates reverse cholesterol transport (RCT) by interacting 
with ABCA1 and ABCG1 on non-hepatic cells. In peripheral cells, intestine and liver, 
nascent pre-β HDL particles are formed by lipidating lipid-poor apoA-I. After 
esterification of free cholesterol from the periphery by lecithin:cholesterol 
acyltransferase (LCAT), mature HDL particles are formed. They enter the 
hepatocytes via scavenger receptor class B type 1 (SRB1). In mammals, another 
route for uptake of HDL-C by the liver is via VLDL/LDL. In exchange for TAG, 
cholesterol esters from HDL can be transferred to apoB-containing lipoproteins by 
cholesterol ester transfer protein (CETP) [30] (figure 4).  
 
 

 
 
Figure 4: A schematic overview of the lipoprotein metabolism. 
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Cholesterol excretion 
 
Hepatobiliary cholesterol secretion or RCT was considered to be the most 
substantial route for cholesterol excretion from the body. It is the HDL-mediated 
transport of excess cholesterol from the periphery to the liver, followed by secretion 
into bile via ABCG5/ABCG8 and subsequent disposal via the faeces. However, RCT 
cannot be the only route for cholesterol excretion. Low levels of faecal neutral sterol 
loss could not be observed in ABCG5/ABCG8 double knockout mice, which have 
very low biliary cholesterol secretion rates [31]. Faecal sterol loss was not affected 
in mice deficient in ABCB4 (Mdr2), the ABC-transporter involved in biliary 
phospholipid secretion [32]. Furthermore, faecal sterol loss was not decreased in 
ABCA1-/- mice [33]. These findings indicated that there must be another pathway for 
cholesterol excretion, at least in mouse models with disturbed hepatobiliary 
cholesterol secretion. This direct secretion of plasma cholesterol in the faeces via 
the intestine is known as transintestinal cholesterol excretion (TICE) [34].  
 
 
 
 
OUTLINE OF THE THESIS 
 
In this thesis, we will focus on the underlying mechanisms of the cholesterol-lowering 
activity of plant stanol esters. After a chronological overview of the different 
paradigms explaining the reduction in intestinal cholesterol absorption by plant sterol 
and stanol esters in chapter 2, we investigated in chapter 3 the kinetics of plant 
sterol/stanol distribution in mice. Furthermore, changes in the expression profile of 
intestinal and hepatic genes involved in sterol metabolism were examined after an 
acute bolus of plant stanol esters in mice. Chapter 4 was designed to examine the 
acute effects of plant stanol esters on intestinal mucosal gene expression profiles in 
healthy, normolipidemic subjects. The acute, postprandial and semi-long term 
effects of plant stanol esters on glucose, lipid metabolism and lipoprotein profiles are 
discussed in chapter 5. Finally, changes in lipid and glucose metabolism were 
investigated in slightly hypercholesterolemic subjects after changing the gut 
microbiota composition using oral amoxicillin (chapter 6).  
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Abstract 81 
 82 
Plant sterols and stanols are natural food ingredients found in plants. It was already 83 
shown in 1950 that they lower serum low-density lipoprotein cholesterol (LDL-C) 84 
concentrations. Meta-analyses have reported that a daily intake of 2.5 g plant 85 
sterols/stanols reduced serum LDL-C concentrations up to 10%. Despite many 86 
studies, the underlying mechanism remains to be elucidated. Therefore, the 87 
proposed mechanisms that have been presented over the past decades will be 88 
described and discussed in the context of the current knowledge. In the early days, 89 
it was suggested that plant sterols/stanols compete with intestinal cholesterol for 90 
incorporation into mixed micelles as well as into chylomicrons. Next, the focus 91 
shifted towards cellular processes. In particular a role for sterol transporters localized 92 
in the membranes of enterocytes was suggested. All these processes ultimately 93 
lowered intestinal cholesterol absorption. More recently, the existence of a direct 94 
secretion of cholesterol from the circulation into the intestinal lumen was described. 95 
First results in animal studies suggested that plant sterols/stanols activate this 96 
pathway, which also explains the increased faecal neutral sterol content and as such 97 
could explain the cholesterol-lowering activity of plant sterols/stanols.  98 
 99 
 100 
 101 
 102 
 103 
 104 
 105 
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 107 
 108 
 109 
 110 
 111 
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 113 
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Introduction 118 
 119 
Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality 120 
worldwide. It is well established that lifestyle - and particularly our diet - plays an 121 
important role in the prevention and treatment of CVD [1]. A major target for dietary 122 
interventions is reducing the increased serum low-density lipoprotein cholesterol 123 
(LDL-C) concentrations [2-3]. A meta-analysis, summarizing the results of 26 clinical 124 
trials of cholesterol-lowering agents clearly showed a risk reduction of non-fatal 125 
occlusive vascular events by about one fifth for each 1 mmol/L reduction in serum 126 
LDL-C concentration 1 year after randomization. More specifically, a serum LDL-C 127 
reduction of 1, 2 or 3 mmol/L lowered the risk by 22%, 40% and 50%, respectively 128 
[4]. Despite these impressive risk reductions, there is still an ongoing discussion 129 
whether these effects are causally related to the reduction in LDL-C concentrations.  130 
It is even questioned whether the cardio-protective effects of statins are causally 131 
related to their serum LDL-C lowering effects or rather to their pleiotropic effects, 132 
such as improving endothelial function, increasing vascular nitric oxide 133 
bioavailability, and reducing oxidative stress [5].  In this respect, La Rosa et al. [6] 134 
clearly showed that it is not important how LDL-C is lowered. Combining the results 135 
of all the currently available intervention studies, showed that lowering serum LDL- 136 
C to decrease the risk for a non-fatal myocardial infarct and coronary heart disease 137 
death by diet is as valuable as lowering serum LDL-C by for example statins and 3- 138 
hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors.  Foods enriched 139 
with fatty acid esters of plant sterols or stanols, i.e. plant sterol or stanol esters are 140 
well known for their serum LDL-C lowering effect [7, 8], which is not transient, as 141 
shown in an 85 weeks intervention study [9]. The effectiveness of these compounds 142 
is further supported by the fact that they are nowadays incorporated into national 143 
and international guidelines such as the National Cholesterol Education Program 144 
guidelines. These guidelines encourage a daily incorporation of 2 g plant sterols or 145 
stanols into a healthy diet low in saturated fatty acids to reduce CVD risk for subjects 146 
with elevated LDL-C concentrations. In this case, addition of plant sterols and 147 
stanols can lower serum LDL-C concentrations up to 10% [2]. Plant sterols and 148 
stanols are components that are naturally present in plants. Like cholesterol, they 149 
exist mainly in a free and an esterified form. When incorporated as functional food 150 
ingredient, plant sterols and stanols are frequently esterified with a fatty acid ester 151 
to increase the solubility in the food matrix [10]. The rate of absorption of cholesterol 152 
and plant sterols/stanols is very different. About 40-60% of cholesterol is absorbed, 153 
whereas plant sterols/stanols are absorbed for 15% or less, depending on the 154 
specific isoform [11-13]. Four meta-analyses have shown significant reductions in 155 
LDL-C concentrations after consumption of foods enriched with plant sterol or stanol 156 
esters [7, 14-16]. In contrast with these 4 non-linear dose-response curves, Mensink 157 
et al. [17] found a clear linear relationship between plant stanol intake and reductions 158 
in LDL-C up to 9 g/d. Compared with the control group, the reductions in serum LDL- 159 
C concentrations after a daily consumption of 3, 6 and 9 g were 7.5%, 12% and 160 
17.4%, respectively. Comparable findings were reported by Gylling and colleagues 161 
[18], in which a 17.4% reduction in serum LDL-C was found after a daily consumption 162 
of 8.8 g plant stanols provided as their fatty acid esters for a period of 10 weeks. In 163 
this respect, the most recent meta-analysis from Musa-Veloso et al. [8] suggested 164 
that consumption of plant stanols above the currently recommended 2 g/d is 165 
associated with an additional and dose-dependent reduction in serum LDL-C 166 
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concentrations. They included 113 publications and 1 unpublished study report and 167 
found that the maximal reduction in LDL-C was 16.4% after plant stanol and 8.3% 168 
after plant sterol consumption at daily doses ranging from 0.8 – 8.8 g and 0.19 – 9 169 
g, respectively. Remarkably, there are no studies comparing the LDL-C lowering 170 
activity of high doses (> 4 g/d) of plant stanols and sterols head-to-head. However, 171 
such a clinical trail is needed to further explore the efficacy and possible differences 172 
between plant sterols and stanols at higher intakes.  173 
Although the LDL-C lowering effect of food enriched with plant sterol and stanol 174 
esters is sustained and widely accepted, the discussion whether the type of food 175 
(food matrix) influences its efficacy is still ongoing [7, 16]. Besides the type of food 176 
carrier used, the frequency of intake seems to be important as well [7, 19]. 177 
Furthermore, Abumweis et al. [16] concluded that the time of intake is also crucial, 178 
since consumption before or with breakfast only failed to reduce serum LDL-C, while 179 
the expected serum LDL-C lowering effect was observed when plant sterols were 180 
consumed together with a main meal being either lunch or dinner.  181 
To better understand all these discrepancies between the individual studies, 182 
understanding the effects of plant sterol/stanol esters on (intestinal) cholesterol 183 
metabolism is essential. Therefore, the main objective of this review is to focus on 184 
past and recent findings, and on assumptions and more or less accepted 185 
explanations of the mechanisms underlying the plant sterol/stanol ester induced 186 
serum LDL-C-lowering effect. For this, we will provide an historical overview of these 187 
compounds, starting in the 1950s until now. Based on these findings we will try to 188 
conclude whether we can predict their use to reduce atherosclerotic lesion formation.  189 
 190 
Suggested mechanisms over the years 191 
 192 
Inhibition of intestinal cholesterol absorption is an interesting target to lower 193 
concentrations of LDL-C and other apoB100 containing lipoprotein fractions. 194 
Cholesterol absorption is a multistep process, in which the most important steps are: 195 
(1) cleavage of (dietary) sterol/stanol esters into free sterols/stanols in the intestinal 196 
lumen, (2) the solubilization of unesterified cholesterol into the emulsified fat phase 197 
and the mixed micelles in the lumen, (3) the transport of cholesterol through mucosal 198 
barriers such as the unstirred water layer and the brush border membrane. After (4) 199 
uptake and (5) (re)esterification by acylcoenzyme A cholesterol acyltransferase 2 200 
(ACAT2) inside the enterocyte, cholesterol is (6) incorporated into chylomicrons by 201 
involvement of the microsomal triglyceride transfer protein (MTP) and (7) released 202 
into the lymph. Over the years, almost every single step has been discussed for its 203 
potential involvement in lowering intestinal cholesterol absorption via plant sterol or 204 
stanol ester consumption. We will now recapitulate the chronology of the different 205 
paradigms in explaining the reduction in intestinal cholesterol absorption by plant 206 
sterol and stanol esters. 207 
 208 
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The early days 209 
 210 
The very first studies, mentioning a role for plant sterols in the regulation of serum 211 
cholesterol concentrations were published by Peterson et al. [20] in 1951. Chickens 212 
were fed a diet containing 0.5-1% soybean sterols, 0.5-1% cholesterol or a mixture 213 
of both compounds. Significant reductions in hepatic and plasma cholesterol 214 
concentrations were found in chickens fed a diet supplemented with the soybean 215 
sterols. In the following studies [21], again in chickens, the effects of plant sterols on 216 
atherosclerotic lesion formation were evaluated. The extent and severity of the 217 
lesions decreased after administration of soybean sterols in cholesterol-fed 218 
chickens. The observation that soybean sterols lowered the serum cholesterol 219 
concentration was confirmed in other species by Pollak and coworkers. For this, 220 
rabbits were fed a diet with cholesterol, sitosterol or a mixture of both in different 221 
proportions. Clear inhibition of hypercholesterolemia and prevention of 222 
atherosclerosis was achieved by feeding the proper amount of plant sterols. In 223 
rabbits, sixfold excess of sitosterol over cholesterol was needed, whereas threefold 224 
excess was effective in chickens [21, 22]. Already in these early days, the 225 
hypocholesterolemic effect of plant sterols was confirmed in patients [23]. However, 226 
the underlying mechanism was completely unknown, but was thought to be related 227 
to effects on intestinal cholesterol absorption (table 1, figure 1A) [22, 23].  228 
 229 
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 245 
 246 
Figure 1: An overview of the paradigms explaining the cholesterol-lowering activity of plant sterols and 247 
stanols over the past decades.  248 
 249 
(A) The early days: Cholesterol, plant sterols and stanols are taken up into the enterocyte. It was already 250 
suggested in 1951 that plant sterols suppress intestinal cholesterol absorption, resulting in decreased 251 
serum cholesterol concentrations. (B) The micellar era: There is a competition between cholesterol and 252 
plant sterols/stanols for incorporation into mixed micelles, which is a crucial step for cholesterol 253 
absorption. If plant sterols/stanols replace micellar cholesterol, less cholesterol will be taken up into the 254 
enterocyte. After uptake, cholesterol is normally esterified by intestinal ACAT2. The so-formed cholesteryl 255 
esters are incorporated into chylomicrons and secreted into the lymph. In contrast, plant sterols/stanols 256 
are poor substrates for ACAT2 and remain in their free form inside the enterocyte. (C) The transporter 257 
era: Different sterol transporters like ABCG5/ABCG8 and NPC1L1 and their regulatory mechanisms are 258 
discovered. It is questioned whether plant sterols and stanols interact with intracellular cholesterol 259 
sensors like LXR, leading to an increased expression of ABCG5/ABCG8 and ABCA1. The latter 260 
transports sterols to a nascent HDL particle, whereas ABCG5/ABCG8 promotes the efflux of sterols back 261 
into the intestinal lumen, resulting in decreased cholesterol absorption. At the same time, possible 262 
regulation of NPC1L1 by plant sterols/stanols is proposed. (D) The era of new discoveries: Recently, 263 
transintestinal cholesterol excretion (TICE) has been suggested as a possible target for the plant 264 
sterol/stanol mediated cholesterol-lowering effect. Stimulation of TICE increases faecal neutral sterol 265 
loss. However, further research is needed to explore the effects of the plant sterols/stanols on the 266 
intestinal cholesterol absorption into more detail. For example, the transporters responsible for 267 
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basolateral and apical cholesterol secretion need to be identified. It is also debated whether TICE alone 268 
or possibly together with other mechanisms described in panels B and C explain the full cholesterol- 269 
lowering effect of plant sterols and stanols. 270 
 271 
 272 
The mixed micelle era 273 
 274 
Intestinal luminal cholesterol consists of two distinct pools derived from respectively 275 
endogenous and exogenous cholesterol. The contribution of these two pools to the 276 
amounts of cholesterol available for uptake and consequent appearance in serum is 277 
not equal. Sklan et al. [24] showed in chickens that endogenous cholesterol is more 278 
rapidly and more completely absorbed as compared to exogenous cholesterol. 279 
When chickens were fed a cholesterol-free, low fat diet, the duodenum and the upper 280 
part of the jejunum are the main sites of cholesterol absorption. Addition of 281 
cholesterol into the diet resulted in a distal shift of the predominant site of cholesterol 282 
absorption towards the jejunum. Moreover, this shift was accompanied by an 283 
increased secretion of endogenous cholesterol as well as bile acids into the 284 
duodenum [25]. In contrast to endogenous cholesterol, which is mainly secreted 285 
through the bile already in micelles, dietary cholesterol must first be cleaved by 286 
specific esterases. Dietary cholesterol is predominantly present in its esterified form 287 
and only free cholesterol is incorporated into the mixed micelles to become available 288 
for absorption [24]. Altogether, these findings may contribute to the preferential 289 
absorption of endogenous over exogenous cholesterol.  290 
The question is how plant sterol and stanol esters interfere with intestinal cholesterol 291 
uptake and whether there is a difference between the effects of plant sterols and 292 
stanols on endogenous and exogenous cholesterol absorption. As cholesterol and 293 
plant sterols/stanols are practically water-insoluble, they have to be solubilied into 294 
micelles before absorption can occur. However, the capacity of micelles to solubilise 295 
lipophylic water-insoluble molecules is limited. During the sixties of the previous 296 
century [26], it became more or less generally accepted that plant sterols and stanols 297 
competed with dietary cholesterol for incorporation into mixed micelles (figure 1B). 298 
As plant sterols/stanols are more hydrophobic than cholesterol, it was speculated 299 
that they displaced cholesterol from the mixed micelles [27] or in other words, plant 300 
sterols/stanols lowered the solubility of cholesterol within the mixed micelles [28, 29]. 301 
More into detail, Armstrong ML et al. [30] have suggested that non-cholesterol 302 
sterols are less easily dissociated from mixed micelles, thereby limiting the micellar 303 
solubilisation of cholesterol. This could be explained by the increased hydrophobicity 304 
of plant sterols/stanols compared with cholesterol, resulting in a lower solubility but 305 
a higher affinity for micelles. This micelle concept was elegantly shown by Ikeda et 306 
al. [27]. In that study, rats were fed a diet containing 0.5% cholesterol alone or 0.5% 307 
cholesterol plus an equal amount of sitosterol or sitostanol for 10 days, directly 308 
followed by analysis of the composition of the intestinal aqueous micellar phase. 309 
Compared with rats fed cholesterol alone, the solubility of cholesterol in the aqueous 310 
micellar phase was 24% lower for the rats fed cholesterol plus sitosterol and 53% 311 
for those fed cholesterol plus sitostanol. The difference between sitosterol and 312 
sitostanol was not statistically significant. There was also no difference between 313 
sitosterol and sitostanol in the in vitro experiments.  314 
Following experiments - still focusing on micellar composition - tried to unravel 315 
whether plant sterols and stanols were equally effective or not. It was found that the 316 
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recovery of sitostanol in the faeces was almost complete, whereas the recovery of 317 
sitosterol ranged between 85-92% [31]. In agreement, Hassan et al. [32] showed 318 
that only 2% of sitostanol was found in the lymph of Sprague-Dawley rats compared 319 
with 36% for cholesterol, reflecting the poor absorption of sitostanol. They proposed 320 
an inverse relationship between the intestinal absorption of plant sterols/stanols and 321 
their ability to inhibit cholesterol absorption. To explain the potentially higher efficacy 322 
of plant stanols on cholesterol absorption, Heinemann and colleagues [33] 323 
suggested that hydrogenation enhanced the hydrophobicity, resulting in a higher 324 
affinity for binding to cholic acid micelles, and as a consequence a more effective 325 
displacement of cholesterol from the micelles and a more pronounced reduction in 326 
the cholesterol absorption. In their in vivo studies, they compared the intestinal 327 
cholesterol absorption in humans after infusion of a high dose of sitosterol or 328 
sitostanol dissolved in monoleate. Sitosterol significantly reduced the intestinal 329 
cholesterol absorption by almost 50%, and sitostanol by almost 85%. Thus, there is 330 
a vast majority of evidence showing that plant sterols and stanols lower the 331 
incorporation of cholesterol in mixed micelles and as such the amount of cholesterol 332 
available for absorption (table 1, figure 2B-E). This proposed mechanism -i.e. 333 
interfering with micellar cholesterol incorporation- suggests that plant sterols and 334 
stanols have to be consumed simultaneously with dietary cholesterol to achieve a 335 
maximal cholesterol-lowering effect. However, in 2000, Plat and colleagues [19] 336 
showed that a daily consumption of 2.5 g plant stanols as their fatty acid esters once 337 
per day at lunch was as effective as an equal total dose of 2.5 g but now divided 338 
over three meals. They hypothesized that the plant stanols remained in the intestinal 339 
lumen or even within the enterocyte after consumption. It should be realized that this 340 
hypothesis was proposed before identification of transporters such as NPC1L1. In 341 
agreement, Weststrate et al. [34] found that consumption of plant sterols at lunch 342 
and dinner only decreased LDL-C to the same extent as in studies that provided the 343 
plant sterols three times daily. Later, many more studies using the ‘once a day’ 344 
protocol indeed found serum LDL-C reductions in line with predicted changes [35, 345 
36].  This finding of ‘once a day efficacy’ clearly questioned the mechanisms 346 
underlying the reduced intestinal cholesterol absorption. Effects could no longer 347 
solely be explained by a reduced incorporation of cholesterol into mixed micelles. 348 
However, not all studies using the ‘once a day’ approach were successful. It should 349 
be noticed that the oil phase is crucial for the formation of mixed micelles, which 350 
subsequently transport the emulsified food components towards the enterocytes via 351 
the aqueous micellar phase (figure 2). Therefore, it is of utmost importance that the 352 
ingested foods induce bile flow and release of pancreatic lipases. This could explain 353 
why Abumweis et al. [16] did not find a reduction in serum LDL-C concentrations 354 
after a single consumption of plant sterols/stanols before or with breakfast. However, 355 
results of this subgroup analysis should be interpreted with caution since the number 356 
of subjects included was small. Doornbos and colleagues [37] included 186 subjects 357 
to evaluate the impact of time of intake of plant sterol-enriched (± 3 g/d) single-dose 358 
yoghurt drinks. The drinks, which were different in total fat content (2.2% vs. 3.3%), 359 
were consumed at least half an hour before breakfast or after lunch. They concluded 360 
that the total cholesterol and LDL-C concentrations were significantly reduced in 361 
both conditions, independent of the fat content of the drinks. A significantly larger 362 
reduction, however, was observed when the drinks were consumed with or 363 
immediately after lunch, suggesting that a fed state is necessary for an optimal 364 
cholesterol-lowering activity. As suggested by Doornbos et al. [37], not only the 365 
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amount of fat, but also the protein content of a meal could be important, since both 366 
trigger the release of cholecystokinin after a meal, thereby causing secretion of bile, 367 
a necessary step in the formation of mixed micelles.  368 
A crucial factor that has been addressed in only a few studies in the mixed micelle 369 
era, is the physical state of the plant sterols and stanols. The physical state may 370 
influence the partitioning of plant sterols and cholesterol over the different phases in 371 
the intestinal lumen (figure 2). Grundy and colleagues [38] showed that the inhibition 372 
of intestinal cholesterol absorption by plant sterols was augmented if the plant sterols 373 
were administrated as a micellar solution (as used in perfusion studies) as compared 374 
to administration of plant sterols in suspension (as in almost all dietary studies). The 375 
importance of the physical state was further substantiated by Lees et al. [28], who 376 
fed hypercholesterolemic patients 3 g/d of two different sitosterol preparations (either 377 
suspension or powder) from tall oil. Serum cholesterol concentrations were reduced 378 
in both conditions, but the decrease was more pronounced after administration of 379 
the powdered tall oil sterols (12%) as compared to the tall oil in suspension (7%). 380 
Ostlund and colleagues [39] agreed that the efficacy of plant sterols/stanols depends 381 
on the form in which they are presented. Administration of 1 g pure sitostanol powder 382 
had no significant effect on cholesterol absorption, whereas 700 mg, 300 mg and 383 
even 100 mg sitostanol packaged in lecithin vesicles reduced intestinal cholesterol 384 
absorption as compared with a placebo by 37%, 35% and 6%, respectively (figure 385 
2E). These findings can be explained by the fact that sterols form stable crystals, 386 
which are solid solutions characterized by an extremely low bio-accessibility. 387 
Therefore, a powder forms hardly any micelle making this form almost ineffective.  388 
 389 

 390 
 391 

 392 
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 393 
 394 
Figure 2: A representation of the crucial role of micelles in the process of cholesterol absorption.  395 
 396 
The digestion of food-derived fats is initiated in the stomach by gastric lipase, leading to the formation of 397 
crude emulsions, which are further hydrolyzed by pancreatic lipase and cholesterol esterase in the small 398 
intestine. Cholesterol as well as plant sterols and stanols have to be incorporated into mixed micelles 399 
before absorption can occur.  400 
(A) Mixed micelles are formed on the surface of the emulsified fat droplets as a combined action of bile 401 
acids and pancreatic enzymes. They transport free cholesterol through the micellar phase into the 402 
enterocyte.  (B) Free plant sterols/stanols are not solubilized in the emulsified fat of the food digesta and 403 
pass the small intestine as crystalline sterols. In other words, they are unable to compete with cholesterol 404 
for incorporation into mixed micelles. (C) Therefore, free plant sterols/stanols need to be made 405 
“bioavailable” to the oil phase before competition can occur. This can be realized by the use of an 406 
emulsifier.  (D) After consumption of plant sterol/stanol esters, the esters are hydrolyzed by pancreatic 407 
cholesterol esterase in the small intestine. Again, the free form will compete with cholesterol for 408 
incorporation into mixed micelles, thereby reducing intestinal cholesterol absorption. (E) Another 409 
possibility to increase the solubility of plant sterols/stanols is the formation of micellar solutions with 410 
lecithin. In contrast to the esterified form, which first has to dissolve in dietary fat for entry into the oil 411 
phase and next equilibrate with the micellar phase, the use of lecithin micelles allows a direct delivery of 412 
plant sterols/stanols into the intestinal micellar phase.   413 
  414 
 415 
Besides the physical state, it was also considered important whether plant sterols 416 
and stanols were provided as free sterols/stanols or as sterol/stanol esters. Mattson 417 
et al. [40] reported a 9% larger reduction in intestinal cholesterol absorption when 418 
the subjects ingested plant sterols in the free form as compared with the sterol 419 
esters. It was suggested that the ester bond was not completely hydrolyzed by the 420 
bile acid-activated pancreatic cholesterol hydrolase in the intestinal lumen. Since 421 
plant sterol and stanol esters solubilize poorly into the micellar phase, the major part 422 
accumulates in the oil phase. This agrees with the earlier mentioned observations 423 
that plant sterol esters, and also cholesterol esters in the oil phase, are less 424 
effectively absorbed into the enterocytes [41]. More recently, Kobayashi and 425 
coworkers [42] compared the cholesterol-lowering activity of free and esterified plant 426 
sterols side-by-side in Sprague-Dawley male rats. After feeding a commercial chow 427 
for 1 week, a catheter was placed in the stomach for administration of the test 428 
emulsions containing cholesterol without plant sterols, cholesterol with unesterified 429 
plant sterols or with plant sterol oleates. The lymphatic 24h recovery of radiolabeled 430 
cholesterol was significantly lower in rats fed the free plant sterols than in those 431 
receiving the control or the plant sterol oleates at 3hr after administration. However, 432 
when it was repeated after incorporating the different sterols into the feed, no 433 
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significant differences were observed. They suggested that administration of 434 
cholesterol and plant sterol oleates as an emulsion into the stomach resulted in a 435 
rapid accumulation of plant sterol oleates in the duodenum. The presence of a large 436 
amount of the esters in the intestinal lumen might induce a delay in the hydrolysis of 437 
the plant sterol oleates, causing a less effective reduction in the cholesterol 438 
absorption. Addition of plant sterol oleates to the diet did not lead to an excessive 439 
accumulation of the compounds into the duodenum. These studies illustrate the 440 
importance of optimal cleavage of the ester bound, thereby releasing free sterols or 441 
stanols for the micellar phase. 442 
What do we know about the efficacy of the esterase enzymes in vivo? Miettinen et 443 
al. [43] quantified the hydrolysis of 2 g/d of plant stanols in 11 colectomized patients 444 
fed plant stanol esters for 1 week and observed that 95% of cholesterol and 90% of 445 
plant sterols/stanols were in the free form. In agreement, Normen and coworkers 446 
[44] performed a study in 7 ileostomy subjects receiving 2.5 g/d of plant sterol or 447 
stanol esters. The proportion of the esterified forms of the plant sterols and stanols 448 
were 12.6% and 15.5%, respectively. This implicates that the major part of the plant 449 
sterols/stanols is hydrolyzed in the small intestine. In fact, almost 50% of the esters 450 
are hydrolyzed in the lower duodenum. The findings of Kobayashi and coworkers 451 
[42] can also be explained by the activity of lingual lipase, present in the serous (von 452 
Ebner) glands of the tongue and by the activity of gastric lipase [45]. It could be that 453 
these lipases already hydrolyze a part of the plant sterol esters when added to the 454 
diet, an effect that may be less when the test emulsion is given intragastrically.  455 
Although free plant sterols and stanols may at least be as effective as the esterified 456 
forms, mainly the plant sterol/stanol esters are used for incorporation into the 457 
functional foods due to their higher solubility in oils. However, only the free form of 458 
the sterols and the stanols participate into the emulsified fat phase, causing a 459 
reduction in the intestinal cholesterol absorption. For this, optimal esterase activity 460 
is required (figure 2). Unfortunately, not many human studies have compared the 461 
cholesterol-lowering effects of free and esterified plant sterols and stanols. Richelle 462 
and colleagues [46] found no significant differences in the reduction of cholesterol 463 
absorption (±60%) in normocholesterolemic subjects receiving 2.2 g plant sterols 464 
either free or esterified for 7 consecutive days. It should be noted that not solely the 465 
sterols were incorporated into the foods, but that sorbitan tristearate was added to 466 
the free form as an emulsifier (figure 2C). Due to the emulsifier, the free plant 467 
sterols/stanols could more easily interact with the emulsified fat phase making them 468 
as efficient as the esterified form. Regarding free sitostanol, Ostlund et al. [39] have 469 
described another procedure to facilitate partitioning into the emulsified fat phase. 470 
Free sitostanol was administered as part of lecithin micelles, which also lowered 471 
cholesterol absorption very efficiently (figure 2E). They reported that the effective 472 
dose of free sitostanol, when incorporated into lecithin micelles, was between 100 473 
and 300 mg. In later studies [47], it was found that 1.8 - 1.9 g/d plant stanols in 474 
lecithin micelles reduced LDL-C to the same extent as has been reported for plant 475 
stanol esters at the same daily intake. In a more recent study, Söderholm et al. [48] 476 
showed that free plant sterols incorporated into a rye bread significantly lowered 477 
serum LDL-C concentrations. The rye bread was enriched with 2 g/d of free plant 478 
sterols. Before adding to the dough, the plant sterols were micronized in order to 479 
increase the bioavailability in the oil phase.  480 
 481 
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In summary, if free sterols or stanols are provided without facilitating its solubilisation 482 
into the oil phase, they will be poorly incorporated into the mixed micelles and have 483 
limited cholesterol-lowering activity (figure 2B). For the enhancement of free sterols 484 
and stanols into the emulsified fat phase several procedures have been presented 485 
(figure 2C-E). Ultimately, the free forms - for sterol esters and stanol esters after 486 
cleavage by the esterases - will compete with cholesterol for incorporation into mixed 487 
micelles, thereby reducing intestinal cholesterol absorption.  488 
 489 
The cellular era  490 
 491 
Although displacement of cholesterol from mixed micelles in the intestinal lumen 492 
seemed to be an important mechanism of plant sterol- and stanol-induced inhibition 493 
of intestinal cholesterol absorption, several other mechanisms involving actively 494 
regulated processes have been suggested. Inhibition of cholesterol transport into 495 
the brush border membranes is one example, although many of the earlier textbooks 496 
mentioned that this uptake was driven by passive diffusion. However, already in 497 
1957, Glover et al. [49] published that the brush border contains a specific binding 498 
site for cholesterol, making passive diffusion as the main driver for cholesterol 499 
uptake less likely. Similar results were found by Ikeda et al. [50], who confirmed the 500 
existence of an independent binding site for cholesterol and sitosterol in an isolated 501 
brush border at low micellar concentrations. Cholesterol-binding approached 502 
saturation at higher concentrations, which could not be observed for sitosterol [51]. 503 
Based on these results, it was concluded that competition at the brush border 504 
membrane had almost no influence on the plant sterols and stanols-mediated 505 
cholesterol-lowering activity. It has also been suggested that plant sterols and 506 
stanols interfere with the incorporation of cholesterol into chylomicrons. Before 507 
incorporation into a chylomicron, free sterols are (re)esterified by ACAT2. Newly 508 
synthesized apoB-48 and triacylglycerol (TAG) accumulate together with cholesterol 509 
esters in the smooth endoplasmatic reticulum membrane followed by a MTP protein- 510 
dependent formation of chylomicrons [52]. In vitro as well as in vivo studies have 511 
clearly indicated that mucosal ACAT is a rate-controlling enzyme in the absorption 512 
of cholesterol. Kam et al. [53] incubated Caco2 cells, a frequently used in vitro model 513 
for absorption studies, for 1hr with increasing concentrations of 58-035, a specific 514 
inhibitor of ACAT. The inhibitor caused a dose-dependent decrease in cholesteryl 515 
ester synthesis, reaching a maximal effect at 15 g/ml. After 24 hrs, there were no 516 
measurable amounts of cholesteryl esters left in the chylomicron and very low- 517 
density lipoprotein (VLDL) particles isolated from these Caco2 cells. In agreement, 518 
Clark and colleagues [54] observed a reduced ACAT activity, if jejunal microsomes 519 
were incubated with 0.6 g/ml of 58-035. In vivo, they investigated also the 520 
absorption of cholesterol in mesenteric lymph fistula of Sprague-Dawley rats after 521 
ACAT inhibition and observed a reduction in cholesteryl esters in lymph, lymph 522 
chylomicrons, and lymph VLDL, whereas the amount of unesterified cholesterol was 523 
increased. These results support a major regulatory role for ACAT in cholesterol 524 
absorption. It has been suggested that plant sterols interfere with the esterification 525 
inside the enterocyte, the first of the final two crucial steps in the process of 526 
cholesterol absorption [28]. Since plant sterols and stanols are poor substrates for 527 
ACAT2, they could bind the available sites, thereby decreasing its activity by 528 
competitive inhibition (figure 1). Field and colleagues [55] indeed observed a 529 
decrease in ACAT activity in rabbits after feeding -sitosterol.  530 
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In contrast, if they collected intestinal microsomes from rabbits on chow diet and 531 
enriched them with -sitosterol, they could not observe any effect on ACAT activity 532 
during the 4hrs of measurement. However, some years later, the same group 533 
reported differences in the ACAT activity in Caco2 cells incubated with micelles 534 
containing cholesterol alone or cholesterol plus -sitosterol [56]. Addition of 535 
cholesterol to the Caco2 cells in a micellar solution increased the basolateral 536 
secretion of cholesteryl esters derived from the plasma membrane cholesterol. In 537 
other words, micellar cholesterol displaces the cholesterol from the plasma 538 
membrane to the endoplasmatic reticulum, which is than used for chylomicron 539 
assembly and secretion. If, however, the same amount of -sitosterol was added 540 
together with cholesterol, the movement of cholesterol from the plasma membrane 541 
and the subsequent secretion of cholesteryl esters were significantly reduced. This 542 
can be attributed to the displacement of cholesterol from the micelles by -sitosterol. 543 
The reduced ACAT activity could be explained by the diminished trafficking of 544 
cholesterol from the plasma membrane to the endoplasmatic reticulum, as ACAT 545 
activity may be regulated by substrate supply [57]. Moreover, it has been shown 546 
again in Caco2 cells that HMG-CoA reductase activity is decreased when sitosterol 547 
was added despite a reduction in intracellular cholesterol concentration [56]. This 548 
indicates that HMG-CoA reductase cannot discriminate between cholesterol and 549 
plant sterols, which even further lower intracellular cholesterol pools. Thus, direct 550 
effects on ACAT activity are not a likely explanation for the plant sterol/stanol 551 
mediated effects on cholesterol absorption. After esterification, the cholesteryl esters 552 
are packaged into chylomicrons, a process in which MTP plays a crucial role. It was 553 
recently shown in male Golden Syrian hamsters that the cholesterol-lowering activity 554 
of sitosterol was associated with a decrease in the mRNA level of MTP [58]. This 555 
implies that plant sterols/stanols could also have an effect on MTP expression, which 556 
has to be further elucidated. In line with this assumption, Rideout et al. [59] recently 557 
showed that plant sterol feeding lowered intestinal fat absorption in C57BL/6J mice, 558 
which could also be related to reduced chylomicron formation involving effects on 559 
MTP. 560 
 561 
The Transporter era 562 
 563 
More recently, Davis et al. [60] have described the crucial role of NPC1L1 in the 564 
intestinal uptake and absorption of cholesterol and plant sterols/stanols. NPC1L1- 565 
deficient mice were characterized by a reduction in cholesterol absorption of almost 566 
90%. Moreover, also serum campesterol and sitosterol concentrations were reduced 567 
by ±90% in these mice as compared with the wild-type mice. These results showed 568 
that NPC1L1 plays an important role in the uptake of both cholesterol and plant 569 
sterols, indicating that cholesterol and plant sterol absorption was not merely due to 570 
passive diffusion (figure 1C). The annexin2/caveolin1 (ANXA2/CAV1) complexes 571 
can also play a role in the plant sterol/stanol mediated cholesterol-lowering activity. 572 
ANXA2 forms a lipid-protein complex with CAV1 and cholesteryl esters, which may 573 
be involved in the internalization/endocytic transport of cholesterol esters from 574 
caveolae to internal membranes in lipid rafts of the intestinal brush border [61]. 575 
Smart et al. [62] have demonstrated that ANXA2 could be down regulated by plant 576 
sterols, thereby reducing cholesterol processing and transport. The significance of 577 
this complex for cholesterol absorption however is unclear, since Valasek et al. [63] 578 
have shown that the fractional cholesterol absorption and faecal neutral sterol 579 
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excretion are similar in CAV1 knockout mice and their wild-type littermates.  Besides 580 
cholesterol influx, there is also active secretion of cholesterol and plant sterols from 581 
enterocytes back into the intestinal lumen. In this process, ABCG5 and ABCG8, two 582 
half-transporters localized on the apical membrane of the enterocytes play a crucial 583 
role [64]. They function together as a heterodimer and mediate the efflux of free 584 
sterols from the enterocytes [13]. Theoretically, as a consequence of increased 585 
ABCG5/ABCG8 activity, less sterols will be available for esterification and 586 
incorporation into chylomicrons and as such intestinal sterol absorption will be 587 
reduced. The ABCG5/ABCG8 transporters are regulated via the liver X receptor 588 
(LXR) and numerous attempts have been made to use LXR agonists to influence 589 
cholesterol metabolism, i.e. elevate reverse cholesterol transport (RCT) pathways. 590 
However, systemic LXR activation causes increased hepatic fatty acid synthesis [65] 591 
and steatosis [66]. Therefore, tissue specific approaches have been initiated. 592 
Indeed, Lo Sasso et al. [67] recently showed in an elegant series of experiments that 593 
intestine specific LXR activation increased RCT and lowered intestinal cholesterol 594 
absorption. As expected, intestinal ABCG5/ABCG8 expression was increased and 595 
faecal neutral sterol excretion enhanced. The question now is whether plant sterols 596 
and stanols influence the expression or activity of these crucial transporter proteins 597 
within the enterocytes. Yamanashi et al. [68] studied the role of NPC1L1 using 598 
differentiated Caco2 cells as a model for small intestinal epithelial cells. In Caco2 599 
cells overexpressing NPC1L1, the absorption of sitosterol was higher as compared 600 
to non-transfected cells. However, sitosterol absorption remained significantly lower 601 
as compared to cholesterol absorption.  More recently, Zhang et al. [69] showed that 602 
cholesterol binds to the luminal N-terminal domain (NTD) of the NPC1L1 protein and 603 
that this specific binding is required for the uptake of cholesterol from the intestinal 604 
lumen into the enterocyte.  Plant sterols cannot bind to NPC1L1-NTD, which may 605 
contribute to the selective cholesterol absorption in mammals. So, based on these 606 
cell and animal studies, it seems that NPC1L1 is not involved in the decreased 607 
cholesterol absorption after plant sterol or stanol intake. It is therefore interesting to 608 
know what will happen when ezetimibe will be combined with plant sterols or stanols 609 
in the diet. Jakulj and colleagues [70] examined the effects on serum LDL-C 610 
concentration in mildly hypercholesterolemic subjects receiving 10 mg/d of 611 
ezetimibe with or without 2 g/d of plant sterols for 4 weeks. Combined treatment of 612 
plant sterols and ezetimibe did not further reduce the serum LDL-C concentration 613 
compared with ezetimibe monotherapy, i.e. serum LDL-C reductions were 25% and 614 
22%, respectively. One can argue that plant sterols and ezetimibe targeted the same 615 
transporter (in this case NPC1L1). Alternatively, it can be hypothesized that 616 
ezetimibe blocks NPC1L1, which results in a lower cellular uptake of plant sterols 617 
into the enterocytes. As indicated in the following sections, there are indications that 618 
plant sterols should be available intracellular to activate cellular processes that 619 
contribute to the lowered intestinal cholesterol uptake. Therefore, the lack of an 620 
additive effect of the plant sterol-ezetimibe combination could be explained by the 621 
reduced intracellular plant sterol concentration due to the ezetimibe-mediated 622 
NPC1L1 inhibition. Whatever reason, both are suggestive for the fact that NPC1L1 623 
itself is not involved in the working mechanisms of plant sterols. In contrast to the 624 
findings of Jakulj et al. [70], Lin and colleagues [71] very recently showed that adding 625 
plant sterols to ezetimibe resulted in a further reduction of cholesterol absorption 626 
and a significantly increased faecal cholesterol excretion. This outcome was 627 
explained by the authors as an indication that the mechanism by which plant sterols 628 
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lower intestinal cholesterol absorption is independent of that of ezetimibe. However, 629 
more specifically for this purpose designed studies are needed to examine whether 630 
NPC1L1 plays a role in the underlying mechanism of plant sterols/stanols. 631 
  632 
Also regarding changes in the activity of the ABC transporters and other LXR target 633 
genes involved in (intestinal) lipid metabolism several studies can be addressed. 634 
The oxysterol-activated receptor LXR regulates the expression of a panel of genes 635 
amongst which NPC1L1 [72], ABCA1, ABCG5 and ABCG8 [73]. As mentioned 636 
above, LXR activation results in an increase in the faecal neutral sterol loss and a 637 
decrease in the intestinal sterol absorption (figure 1C). It has been suggested that 638 
LXR – in line with the sterol regulatory element binding protein 2 (SREBP2) –detects 639 
changes in intracellular cholesterol concentrations. In case of high intracellular 640 
cholesterol concentrations, LXR is activated to prevent via expression of its target 641 
genes a further accumulation of cellular cholesterol [74]. It has been suggested that 642 
plant sterols and stanols also activate LXR either directly or indirectly after 643 
conversion into yet unkown metabolites. Indeed, using a cell-free ligand-sensing 644 
assay (LiSA), Plat et al. [75] showed that non-oxidized plant sterols and stanols were 645 
potent activators of LXR. Moreover, they showed an increase in ABCA1 mRNA 646 
expression if Caco2 cells were cultured in the presence of mixed micelles enriched 647 
with plant sterols and stanols. Unfortunately, it was not possible to measure the 648 
expression pattern of ABCG5 and ABCG8, since the mRNA level of both genes was 649 
undetectable in these Caco2 cells. It could however be speculated that plant 650 
sterols/stanols can be regarded as local LXR agonists acting only in enterocytes. 651 
Physiological intracellular plant sterol concentrations in the enterocytes can indeed 652 
reach levels above EC50 concentrations necessary for LXR activation, which seems 653 
unlikely in hepatocytes due to the low absorption of plant sterols. The fact that plant 654 
sterols and stanols could act as local LXR agonists - and not systemically - also fits 655 
with recent observations that plant stanols [76-78] and sterols lower serum TAG 656 
concentrations instead of increasing TAG concentrations, as observed for systemic 657 
LXR agonists [65]. Systemic LXR agonists induce hepatic lipogenesis, which results 658 
in elevated serum TAGs. Plösch and colleagues [64], however, have suggested that 659 
plant sterols and stanols lower intestinal cholesterol absorption independently of 660 
LXR activation. They fed C57BL/6 mice a diet free of sterols, enriched with 661 
cholesterol, or enriched with cholesterol and either plant sterols or stanols for 4 662 
weeks. Addition of plant sterols or stanols to the diet resulted in the expected 663 
increase in the faecal neutral sterol excretion. However, gene expression profiles of 664 
known LXR target genes were not changed. Moreover, Calpe-Berdiel et al. [79] 665 
observed no effects on the intestinal expression of LXR target genes in mice fed a 666 
western-type diet enriched with or without plant sterols. Finally, plant sterols were 667 
still effective in lowering intestinal cholesterol absorption in ABCG5 knockout mice, 668 
illustrating that these transporters are not obligatory to show effects [80]. Despite 669 
these inconsistent results regarding the role of the ABC transporters, we still cannot 670 
exclude a possible role for plant sterols and stanols on the activation of yet unknown 671 
LXR target genes. Therefore, it is too early to exclude LXR as a mediator of the plant 672 
sterol/stanol induced effects on intestinal cholesterol absorption. 673 
 674 
  675 
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The era of new discoveries  676 
 677 
The most recent and probably most provocative explanation for the effects of plant 678 
sterols/stanols on intestinal cholesterol metabolism is related to the process called 679 
transintestinal cholesterol excretion (TICE). Until recently, the RCT route, which is 680 
hepatobiliary cholesterol secretion mediated by hepatic ABCG5/ABCG8, was 681 
thought to be the most important route responsible for the disposal of cholesterol. 682 
However, disruption of biliary cholesterol secretion in mice had no effect on the 683 
faecal neutral sterol excretion [81, 82]. This finding suggested that the hepatobiliary 684 
cholesterol secretion might not be the only route for cholesterol excretion into the 685 
intestinal lumen. In this respect, van der Velde et al. [83] have demonstrated that 686 
cholesterol is secreted throughout the entire length of the small intestine, but most 687 
actively in the proximal part. They performed intestinal perfusion studies in mice 688 
under bile-diverted conditions and reported that intravenously injected radiolabeled 689 
cholesterol ends up in the intestinal perfusate. The direct cholesterol flow from blood 690 
into the intestinal lumen is further supported by the results of Brown et al. [84]. They 691 
observed in mice with a targeted deletion of hepatic ACAT2 a 2-fold increase in the 692 
faecal neutral sterol excretion. However, this increased faecal sterol loss occurred 693 
without an increase in biliary cholesterol secretion. In contrast, a trend towards a 694 
reduction in the cholesterol concentration in the gallbladder bile was observed as 695 
compared with the controls. In addition, in line with the observations of van der Velde 696 
and colleagues [83], they also showed that intestinal cholesterol secretion was most 697 
pronounced in the proximal part of the small intestine. Altogether, these findings 698 
indicate that there must be a direct transport of cholesterol from the circulation into 699 
the intestinal lumen. This so-called TICE pathway could in theory also be an 700 
explanation for the cholesterol-lowering activity of the plant sterols and stanols 701 
(figure 1D). It should be noted that plant sterols/stanols may also compete with TICE- 702 
derived cholesterol for incorporation into mixed micelles, thereby decreasing 703 
cholesterol absorption. However, the magnitude of this effect may depend on the 704 
place where TICE-derived cholesterol enters the intestinal lumen. Based on the 705 
mechanisms described in the mixed micelle era, it is expected that the effects 706 
diminished the more distal TICE-derived cholesterol enters the intestinal lumen. 707 
Recently, Brufau et al. [85] shows a role of plant sterols and stanols in the stimulation 708 
of cholesterol excretion via this non-biliary route. Feeding wild-type mice a plant 709 
sterol-enriched diet resulted as expected in an increased faecal neutral sterol 710 
excretion, whereas a more moderate increase was observed in ABCG5 knockout 711 
mice. Furthermore, the non-biliary cholesterol excretion was 6-fold elevated in the 712 
plant sterol group and 3.5-fold in the ABCG5 knockout mice fed plant sterols. It 713 
should be mentioned that the transporter protein responsible for cholesterol efflux 714 
out of the enterocyte into the lumen – and as such part of the TICE route- is currently 715 
unknown. Although it is tempting to speculate that this process is at least partly 716 
mediated by ABCG5/ABCG8, Brufau et al. [85] found an unexpected decrease in 717 
both the mRNA level and the protein expression of this transporter, while TICE was 718 
activated. Although the evidence for a role of ABCG5/ABCG8 in TICE is not strong, 719 
LXR is thought to be one of the key players involved in the regulation of TICE. 720 
Treating C57BL/6J mice with T0901317, a LXR agonist, caused a significant 721 
increase in TICE [86]. Although the evidence for plant sterols and stanols to act as 722 
a ligand for LXR is contradictory (see transporter era), this novel pathway does 723 
suggest that intestinal LXR activation is needed to explain effects on intestinal 724 
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cholesterol metabolism. Therefore, intestinal LXR activation in response to plant 725 
sterol/stanol consumption needs to be studied into far more detail and especially the 726 
search for currently unknown and therefore not yet analyzed LXR target genes 727 
needs attention. In this respect, Sehayek et al. [87] reported already in 2002 that 728 
specific loci on chromosomes 2 and 14 distinct from ABCG5/ABCG8 regulate 729 
plasma plant sterol concentrations in mice.  730 
A remarkable observation that also needs attention was the absence of a dose- 731 
response effect of plant sterol consumption on the non-biliary cholesterol excretion 732 
in mice. The lowest supplementation of the plant sterol (1%) resulted already in a 733 
maximal stimulation of TICE [85]. This can only be explained by acknowledging that 734 
plant sterols and stanols not only activate TICE and as such increase faecal neutral 735 
sterol excretion but at the same time must also lower absorption of intestinal 736 
cholesterol. The combination of both processes is the observed net effect. 737 
Therefore, in future studies, it is a challenge to quantify the postprandial appearance 738 
of cholesterol in the chylomicron fraction and at the same time quantify the changes 739 
in TICE, to ensure which part of the increase in the faecal neutral sterol loss is due 740 
to an increased TICE and to a decreased incorporation of cholesterol into 741 
chylomicrons. Up till now, the contribution of TICE in humans has not been 742 
described. A better understanding of the process of TICE itself as well as exploring 743 
possibilities to activate TICE seems, however, an attractive approach for the 744 
prevention and even the treatment of CVD.  745 
 746 
Given the above overview, we conclude that impaired micellar solubilisation of 747 
intestinal cholesterol is the only unequivocally established effect of the plant 748 
sterols/stanols. The so-called cellular and transporter eras have provided many 749 
interesting observations, but results are not consistent. However, the fact that both 750 
the mixed micelle era, nor the cellular or the transporter eras can fully explain all 751 
observations, the exact molecular mechanisms behind the cholesterol-lowering 752 
activity of plant sterols/stanols is likely a complex interplay of multiple processes.  753 
 754 
  755 
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Clinical benefit  756 
 757 
Independent from the mechanism underlying the serum LDL-C-lowering effects, an 758 
important issue often raised is the question ‘what is the evidence that we benefit 759 
from plant sterol or stanol consumption in terms of cardiovascular risk’. Several 760 
observations suggest that plant sterols and stanols not only lower serum LDL-C 761 
concentrations, but also ultimately improve endothelial dysfunction [88, 89]. Up till 762 
now, it is unknown whether plant sterols and stanols exert these effects by a direct 763 
or an indirect effect. Direct effects assume a functional effect of the plant 764 
sterols/stanols themselves on the vessel wall. For this route, there is hardly any 765 
evidence. Indirect effects mean that the reduced CVD risk is explained through 766 
effects on LDL-C. 767 
In animals it is easy to evaluate whether dietary interventions affect lesion 768 
development, which is of course in humans more difficult. However, endothelial 769 
dysfunction is a reflection of an early, but reversible stage in the development of 770 
atherosclerosis, and the presence of endothelial dysfunction is considered to be a 771 
preclinical marker of CVD [90]. Here, we will provide a short overview of controlled 772 
intervention studies evaluating effects of plant sterols/stanols on endothelial function 773 
and/or possible atherosclerotic lesion characteristics in suitable animal models and 774 
humans. Ntanios et al. [91] fed twenty-four male New Zealand White rabbits a diet 775 
rich in cholesterol or in cholesterol with one of the three 1% (w/w) plant sterol 776 
mixtures derived from soybean containing 0.01% (w/w) plant stanols, tall oil 777 
containing 0.2% (w/w) plant stanols, or tall oil containing 0.8% (w/w) plant stanols. 778 
In rabbits fed the 0.8% (w/w) plant stanols, serum total cholesterol, LDL-C and very 779 
low-density lipoprotein-cholesterol (VLDL-C) concentrations were reduced by 49, 37 780 
and 63%, respectively as compared to the control group. Moreover, lesion 781 
developments in the ascending aorta and coronary arteries were substantially 782 
reduced as compared to the control group. There was no significant difference in 783 
plaque formation between the 0.01, 0.2% (w/w) plant stanol and the control group. 784 
The observation that plant stanols can indeed lower lesion formation agreed with a 785 
study by Plat et al. [92], who demonstrated that plant sterol or stanol consumption 786 
lowered atherosclerotic lesion development in heterozygous LDL receptor+/- mice to 787 
the same extent despite opposite changes in serum plant sterol and stanol 788 
concentrations. These findings suggest that changes in serum plant sterols or 789 
stanols themselves do not directly contribute to plaque development in these mice. 790 
Volger and colleagues [93] also evaluated the association between the reduction in 791 
serum cholesterol concentration and atherosclerotic lesions. They fed apoE*3- 792 
Leiden transgenic mice a control diet or the same diet enriched with plant stanol 793 
esters for 38 weeks. The cholesterol-lowering activity of the plant stanol esters was 794 
more pronounced in the VLDL and IDL fractions than in the LDL fraction (70%, 77% 795 
and 20% reductions, respectively). As compared to the control group, plant stanol 796 
ester feeding significantly reduced the atherosclerotic lesion area and severity. The 797 
control mice showed type 2-3 lesions, characterized by regular intimal fatty 798 
streaks/mild plaques, whereas the mice receiving plant stanol esters predominantly 799 
had type 1 lesions, which consist of individual foam cells. In contrast, Weingärtner 800 
et al. [94] suggested that administration of plant sterol esters caused a negative 801 
vascular effect, independent of the plasma cholesterol concentrations. They fed 802 
C57BL/6J wild-type mice a normal chow enriched with 2% (w/w) plant sterol esters 803 
for 4 weeks. These mice developed an impaired endothelium-dependent 804 
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vasorelaxation compared with the wild-type mice on normal chow. A significant 805 
larger lesion size after cerebral ischemia was observed in wild-type SV/129 mice 806 
treated for 4 weeks with normal chow and 2% (w/w) plant sterol esters compared 807 
with the control group. Finally, Weingartner et al. also used ApoE-/- mice as a model 808 
of lipid-driven atherogenesis. Mice were fed a Western-type diet or normal chow for 809 
6 months, enriched with 2% (w/w) plant sterol esters, 0.005% (w/w) ezetimibe, a 810 
combination of both or without any supplementation. The reduction in atherosclerotic 811 
plaque formation was most pronounced in mice treated with ezetimibe and 812 
significantly larger than in mice fed the plant sterol esters. The mice treated with 813 
ezetimibe and plant sterol esters showed a trend towards greater lesion formation 814 
as compared to mice treated with ezetimibe alone. Despite the equal reduction in 815 
serum cholesterol concentration, plant sterol ester consumption was associated with 816 
twice the amount of plaque formation compared with ezetimibe. However, further 817 
studies are needed to confirm the potentially negative effect of plant sterols on 818 
atherogenesis in mice. It should also be noticed that the amount of plant sterol ester 819 
supplementation in the animal studies, calculated as mg/d*kg body weight, was 820 
approximately 100 times higher as the amount incorporated into margarine used in 821 
human studies.   822 
One of the most frequently used surrogate markers for measuring endothelium 823 
function in humans is flow-mediated vasodilatation (FMD) [90]. Celermayer et al. 824 
[95] have clearly shown that FMD is a valuable predictor for future cardiovascular 825 
risk. There are only a few studies investigating the effects of plant sterol or stanol 826 
consumption on endothelial function. De Jongh et al. [96] evaluated the short-term 827 
effect of plant sterols on endothelial dysfunction in heterozygous familial 828 
hypercholesterolemic children. Forty-one children between 5 and 12 years of age 829 
received 2.3 g plant sterols per day for 4 weeks. As expected, administration of plant 830 
sterols resulted in a 14% decrease in serum LDL-C concentrations. However, this 831 
was not associated with an improvement of the impaired FMD. Hallikainen and 832 
colleagues [97] also showed that a daily intake of 2 g plant sterol or stanol esters for 833 
ten weeks had no effect on the endothelial function as measured by FMD in 76 834 
hypercholesterolemic adults, although serum LDL-C concentrations were reduced 835 
by 9-12% as compared to the controls. Also Jakulj et al. [98] evaluated the effect of 836 
plant stanols (2 g/d for four weeks) on FMD in 42 heterozygous FH children between 837 
7-12 years. Serum total cholesterol and LDL-C concentrations were reduced by 838 
7.5% and 9.2%, respectively and again, improvement on the endothelial function 839 
was not observed. Finally, Raitakari et al. [99] evaluated the effect of plant stanol 840 
esters on endothelial function and arterial elasticity. The 150 hypercholesterolemic 841 
adults received 2 g/d of plant stanol esters for three months. Despite the significant 842 
9.3% reduction in the LDL-C concentration between the treated and the control 843 
group, they observed again no significant change in FMD or carotid artery 844 
compliance. However, a subgroup analysis demonstrated that arterial elasticity and 845 
endothelial function improved in subjects with below average baseline values for 846 
these parameters. This is in line with the observation of De Jong et al. [100] who 847 
evaluated the long-term effect (eighty-five weeks) of plant sterol or stanol esters on 848 
vascular function in patients on statin treatment. No effect in the whole population 849 
was observed, but endothelial dysfunction and arterial stiffness were improved in a 850 
subgroup of patients at risk for cardiovascular events [99]. This implies that plant 851 
sterols and stanols might improve vascular function in subjects with a suboptimal 852 
vessel condition [100] and probably more important that a long follow-up period is 853 
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needed to see protective effects. Although these observations are of great 854 
relevance, it does not prove that cardiovascular events are actually reduced. For 855 
this, future studies especially designed for this purpose are needed.  856 
 857 
Mechanisms in relation to the clinical benefit  858 
 859 
Reducing intestinal cholesterol absorption and/or stimulating TICE, two processes 860 
which both result in elevated faecal neutral sterol excretion, are currently the two 861 
paradigms explaining the LDL-C-lowering activity of plant sterols and stanols. Based 862 
on all observations described, it seems most likely that - at least in animals - both 863 
mechanisms are effective. 864 
In this respect, a relevant question that remains is whether the long-term clinical 865 
benefit will depend on the pathways underlying the well-established LDL-C- lowering 866 
effects. If the target of the plant sterol/stanol treatment is to lower intestinal 867 
cholesterol absorption, the cholesterol concentration inside the body will decrease, 868 
while more cholesterol is excreted in the faeces as faecal neutral sterols. If, on the 869 
other hand, the main mechanism is to stimulate TICE, which also results in an 870 
increased faecal neutral sterol excretion, possibly more cholesterol will be secreted 871 
directly from the vessel wall to the intestinal lumen and the faeces. It can be 872 
speculated that this latter route of cholesterol reshuffling throughout the body might 873 
be preferable in terms of the most promising long-term clinical outcome. However, 874 
one can also argue that reducing intestinal cholesterol absorption lowers the amount 875 
of available cholesterol reaching the vessel wall. Activation of the process that has 876 
the largest net effect on inhibiting lesion formation remains to be evaluated. This 877 
conclusion illustrates that it is of utmost importance to better understand the 878 
underlying mechanisms of the cholesterol-lowering activity of plant sterols/stanols – 879 
and of other food components as well - to be able to predict the long-term clinical 880 
benefits. 881 
 882 
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Abstract  
 
Aim: To gain more insight into the kinetics of plant stanol uptake and routing in 
C57BL/6J mice, after a plant stanol ester gavage. In addition, acute changes in 
intestinal and hepatic gene expression profiles were investigated.  

Methods: At the age of 8 weeks, mice - fed a plant sterol/stanol poor diet from 
weaning - received an oral gavage consisting of 0.25mg cholesterol + 50mg plant 
stanol esters dissolved in olive oil. Animals were euthanized at different time points. 
In a 2nd comparable set-up, mesenteric lymph-canulated versus sham-operated 
mice received the same oral gavage, which was now deuterium labeled.  

Results and conclusion: Intestinal and hepatic sitostanol concentrations increased 
already within 15 minutes post-gavage. This rapid hepatic appearance was absent 
in lymph-canulated mice suggesting a very fast lymph-mediated uptake. Hepatic 
mRNA expression of SREBP2 and its target genes was rapidly decreased, whereas 
expression of LXR target genes was increased. The intestinal SREBP2 pathway was 
increased, whereas the expression of LXR target genes hardly changed. The 5-and 
6-fold increased intestinal LDLr and PCSK9 expression is suggestive for TICE 
activation. We conclude that in C57BL/6J mice plant stanol kinetics are fast, and 
affect intestinal and hepatic gene expression within 15 minutes postprandial after 
lymph-mediated uptake.    
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Introduction 
 
In humans, plant sterols and stanols lower intestinal cholesterol absorption, thereby 
reducing serum low-density lipoprotein cholesterol (LDL-C) concentrations up to 
10% at daily intakes of 2 - 2.5 g [1]. The exact mechanisms underlying this effect are 
unknown. Besides competition with cholesterol for incorporation into mixed micelles, 
which is necessary for intestinal cholesterol absorption [2], other mechanisms 
extending towards whole body sterol metabolism have been suggested as well [3]. 
Within the enterocytes and hepatocytes, there are numerous proteins involved in the 
transport and metabolism of cholesterol and plant sterols/stanols. For example, 
overexpression of the human gene encoding ATP-binding cassette transporter G5 
and G8 (ABCG5, ABCG8) in the liver and the small intestine of C57BL/6J x SJL F2 
mice reduced intestinal cholesterol absorption and promoted biliary cholesterol 
secretion [4]. Although these cholesterol transporter genes are under control of the 
liver X receptor (LXR), plant sterol and stanol ester feeding increased faecal neutral 
sterol excretion without changing intestinal LXR expression [5]. Furthermore, 
intestinal expression of LXR target genes such as Niemann-Pick C1-Like protein 1 
(NPC1L1), ABCA1, ABCG5, ABCG8 was not influenced after plant sterol or stanol 
intake [6]. Consumption of plant sterols or stanols might also interfere with 
intracellular sterol handling, i.e. the incorporation of cholesterol into chylomicrons. In 
this respect, Liang et al. [7] showed decreased mRNA expression of acetyl-
coenzyme A acetyltransferase (ACAT2) and microsomal triglyceride transfer protein 
(MTTP) after sitosterol feeding in Golden Syrian hamsters. Also, basolateral 
apolipoprotein B (apoB) secretion by HepG2 and Caco2 cells was decreased after 
incubation with plant sterols, suggesting a reduced production of lipoproteins by 
these liver and intestinal cell lines [8]. Although not conclusive, these studies show 
that plant sterols and stanols affect intestinal and hepatic sterol metabolism in vitro 
and in various animal models. For the animal data, the absence of consistent effects 
may relate to the various amounts of plant sterols in the diets, resulting in different 
tissue and serum concentrations, which may affect pathways underlying the 
cholesterol-lowering effects of the added plant sterols/stanols. Besides the 
potentially confounding effect of the background diet, it should also be 
acknowledged that metabolism in rodents is extremely fast in comparison to man. In 
this context, Igel and coworkers [9] earlier showed that intestinal uptake of dietary 
plant sterols was an extremely fast process, i.e. free plant sterols administered into 
the stomach were already present in enterocytes 15 minutes later. In other words, 
to study in vivo effects of plant sterols and stanols in mice, sampling must occur at 
short intervals immediately after administration. To gain more insight in the kinetics 
of plant sterol and stanol distribution, we used C56BL/6J mice, which were fed a 
plant sterol and stanol poor diet from weaning. For this we were particularly 
interested to see whether the fast appearance of plant sterols in the enterocytes was 
also visible in the liver. In addition, the acute effects of plant stanol esters on 
intestinal and hepatic expression of genes involved in lipid and lipoprotein 
metabolism were monitored from 0 minutes to 240 minutes post-gavage. In addition, 
post-gavage changes in plant sterol and deuterated plant stanol concentrations were 
examined as well. We here show that an acute bolus of dietary deuterium labeled 
sitostanol provided as sitostanol oleate appeared already after 15 minutes in the 
liver. This rapid hepatic appearance was absent in lymph-canulated mice suggesting 
a very fast lymph-mediated uptake possible via pre-formed available chylomicrons. 
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Also, the expression profiles of genes involved in hepatic and intestinal lipid and 
lipoprotein metabolism changed rapidly after the gavage. Interestingly, effects on 
gene expression in liver and intestine were in opposite direction.  
 
Materials and methods 
 
Study 1: Animals, diet and experimental design 
 
Female C57BL/6J pups (F0) were fed a plant sterol and stanol poor diet from 
weaning and used for breeding at the age of 8 weeks. The newborn pups (F1) were 
fed the same plant sterol and stanol poor diet and housed in a light- and temperature-
controlled facility with free access to water. At the age of 8 weeks, the mice (10 
male/11 female) were given an oral gavage, which consisted of unesterified 
cholesterol (0.25 mg) (Sigma, St.Louis, Mo) and plant stanols (50 mg), which were 
provided as their fatty acid esters, dissolved in 500 μl refined plant sterol poor olive 
oil. Their regular plant sterol poor food was removed from the cages two hours 
before the start of the gavage to bring the mice in “fasting” condition. The stanol 
ester mixture used was prepared by RAISIO Nutrition Ltd and composed of 70% 
sitostanol and 30% campestanol (Benecol Liquid, Raisio, Finland). Plant stanols 
were esterified with a fatty acid blend containing 80% linoleic acid, 15% oleic acid 
and 5% stearic and palmitic acids to produce fat-soluble plant stanol esters. All mice 
were injected with Temgesic (0.1 mg/kg) (Schering-Plough, Reckitt Benkiser 
Healthcare (UK) Limited) subcutaneously 30 minutes before the gavage for pain-
relieve. At 7 different time points post-gavage (T=0, 15, 30, 60, 120, 180 and 240 
minutes), mice were anesthetized with isoflurane (1-2%) directly followed by blood 
and tissue collection. The experiment was approved by the Ethical Committee for 
animal testing of Maastricht University, the Netherlands (project number 2009-129).  
  
Study 2: Animals, diet and experimental design 
 
For this experiment, 35 male C57BL/6J mice were fed a plant sterol and stanol poor 
diet from weaning, as described for study 1. At the age of 8 weeks, mice were 
anesthetized and the ductus lymphaticus thoracicus was canulated proximal from 
the cisternae magnum via an abdominal approach. The mice in the control group 
were subjected to a sham operation, leaving the lymph circulation intact. 
Immediately after surgery, they received the same gavages as used in study 1. The 
only difference was that we now used d4-plant stanols (50 mg), which were esterified 
with oleic acid and d6-cholesterol (0.25 mg). A hydrogenation reaction was used to 
reduce stigmasterol to d4-plant stanols [10]. The esterification of d4-plant stanols 
was performed by RAISIO Nutrition Ltd, Finland. The plant stanol blend contained 
90% d4-sitostanol, 8% d4-campestanol and 2% non-labeled stigmasterol and 
brassicasterol. Using the deuterated plant stanols and cholesterol enabled us to 
specifically follow the plant stanols and cholesterol from the gavage into the 
circulation and the tissues over time. The mice remained under anesthesia until 
sacrificed at 6 different time points post-gavage. This experiment was approved by 
the Ethical Committee on animal testing of Groningen University, the Netherlands 
(project number 5356D). 
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Sample collection  
 
In both studies, fasting blood was collected by cardiac puncture into EDTA tubes. 
Plasma was separated from whole blood by centrifugation at 1000 x g and stored at 
-80°C. After sacrificing, the liver was removed, rinsed with phosphate buffered saline 
(PBS), and stored for mRNA expression analysis and measurement of plant sterol 
and stanol concentrations. The intestines were removed, carefully rinsed after a 
midline incision and divided into 4 segments: the duodenum, jejunum, ileum and 
colon. Next, each segment was further divided into smaller parts. The first part of 
the three small intestinal segments was used for mRNA analysis. These samples 
were immediately frozen in liquid nitrogen. In contrast, the second part of the 
intestinal segments, which was used to determine the sterol and stanol 
concentrations, was scraped before freezing in order to obtain an enterocyte-rich 
sample. All samples were stored at -80°C.  
 
Serum and tissue concentration of sterols and stanols 
 
Hepatic, intestinal and plasma plant sterol (sitosterol and campesterol), plant stanol 
(sitostanol and campestanol), and cholesterol precursor (lathosterol and 
desmosterol) concentrations were analyzed by gas-liquid chromatography–mass 
spectrometry (GC-MS), as described previously [11]. D4-plant stanols and d6-
cholesterol were measured as described by Lütjohann et al. [9] and Sudhop et al. 
[12]. All samples from the same animal were always analyzed in the same run.  
 
RNA preparation and real-time RT-PCR 
 
Total RNA was isolated from the livers, the duodenum, the jejunum and the ileum. 
After grinding, the lysate was homogenized in RLT buffer. RNA purification was 
conducted using the RNeasy mini kit (Qiagen, The Netherlands). Reverse 
transcription was performed with 350 ng total RNA as described [13]. To 2 μl cDNA, 
1 μl primer of the gene of interest and 1 μl primer of the household gene were added 
(supplemental table 1). The PCR mixture also consisted of 6 μl water and 10 μl 
mastermix (Applied Biosystems). The probes from the genes of interest were FAM 
labeled at the 5’ end. All data was normalized to hypoxanthine 
phosphoribosyltransferase 1 (HPRT1) (VIC labeled/MGB Probe, Primer Limited; 
Gibco, Life Technologies). The cDNA was amplified for 40 cycles. 
 
 
Results 
 
Intestinal cholesterol and plant stanol concentrations  
 
During the 240 minutes post-gavage period in study 1, there was a clear response 
in transit time of plant stanols within the scraped enterocytes from proximal to distal 
along the gastrointestinal tract. As expected, the increase in sitostanol became 
apparent first in the duodenum, followed by the jejunum, ileum and finally in the 
colon. Results for absolute (μg/mg wet tissue; figure 1 + supplemental fig 1, panels 
A) as well as cholesterol-standardized (figure 1 + supplemental fig 1, panels A’) 
levels were comparable. The same patterns were observed for campestanol, but 
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less pronounced which could be explained by the composition of the gavage (figure 
1, panel B and B’). There was a remarkable strong increase in both sitostanol as 
well as campestanol concentrations in the ileum after 2 hours.  As expected, the 
uptake at the apical side between the lymph-canulated and the sham-operated mice 
(supplemental figure 2, panels A and B) was comparable. Also, the pattern of d4-
sitostanol/d6-cholesterol was comparable as that of d4-campestanol/d6-cholesterol, 
which was again less pronounced. Although the gavage also contained a small 
amount of cholesterol, the total cellular cholesterol concentrations in the scraped 
enterocytes decreased slightly over time (figure 1, panel C). However, 
concentrations of the gavage-derived d6-cholesterol within enterocytes increased 
over time (study 2; supplemental figure 1, panels C+D).  
 
 

 

 
Figure 1: Study I: Time kinetics of sitostanol (A+A’), campestanol (B+B’) and cholesterol (C) levels in the 
intestinal tissue at different time points expressed as absolute value and as a ratio to cholesterol. Values 
are expressed as means (n=2 or 3 each).  
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Intestinal expression profile of genes involved in sterol metabolism 

 
The intestinal mRNA expression of sterol regulatory element binding protein 2 
(SREBP2) and its target genes; 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-
CoA reductase), the low-density lipoprotein receptor (LDLr) and proprotein 
convertase subtilisin/kexin type 9 (PCSK9) were clearly upregulated (figure 2, panel 
A) during the post-gavage period. However, the increase in mRNA expression of 
HMG-CoA reductase did not result in an increase in lathosterol and desmosterol 
concentrations (supplemental figure 3, panel A). There was no clear consistent 
change in the duodenal expression profiles of LXRα and its target genes ABCG5, 
ABCG8 and ABCA1 throughout the post-gavage period (figure 2, panel B). Finally, 
both intestinal apoB and MTTP expression slightly, but gradually increased over time 
for three hours following the gavage (figure 2, panel C).  
 
 

 
 
Figure 2: Study I: Changes in the expression profile of genes involved in the sterol metabolism in the 
duodenum. Values are expressed as means (n=2 or 3 each). 
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Serum and hepatic cholesterol and plant stanol concentrations over time 

 
In study 1, serum sitostanol and campestanol concentrations clearly increased 
during the hours following the oral gavage. This increase in serum concentrations 
started from 30-60 minutes post-gavage (figure 3) and continued over the following 
hours.  
 
 

 
 
Figure 3: Study I: Time kinetics of sitostanol and campestanol levels in the serum at different time points 
expressed as an absolute value and as a ratio to cholesterol. Values are expressed as means (n=2 or 3 
each).  

 
 
Surprisingly, hepatic sitostanol concentrations were already increased after 15 
minutes (figure 4, panel A), i.e. even before the increase in serum sitostanol 
concentrations became evident. After this first rapid appearance, sitostanol 
concentrations decreased and increased again after 120 minutes. Hepatic 
campestanol concentrations followed the same pattern, but like for the enterocytes, 
changes were less pronounced. 
The intriguing question is now via which route the plant stanols reached the liver 
already after 15 minutes. Interestingly, this very rapid hepatic appearance of the 
plant stanols was absent in the lymph-canulated mice in study 2 (figure 4, panel B), 
whereas it was again clearly visible in the sham-operated mice (figure 4, panel C). 
From the data in study 2, it is evident that the hepatic plant stanols were derived 
from the gavage, since the gavage contained d4-plant stanols that could be detected 
in the liver. All changes in serum and hepatic plant stanol concentrations occurred 
without changing hepatic and serum cholesterol concentrations (supplemental figure 
4, panels A and B). Finally, we were not able to detect d6-cholesterol in the liver in 
the post-gavage period.  
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Figure 4: Study I: Time kinetics of sitostanol and campestanol levels in the liver at different time points 
expressed as μg/mg cholesterol (A). Study II: Time kinetics of d4-sitostanol, sitostanol, d4-campestanol 
and campestanol levels in the liver of lymph-canulated mice (B) and in the liver of sham operated mice 
(C) at different time points. Values are expressed as means (n=2 or 3 each). 
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Hepatic expression profile of genes involved in sterol metabolism 

 
In the liver, mRNA expression levels of SREBP2 and its target genes HMG-CoA 
reductase, the LDLr and PCSK9 were all very rapidly downregulated, already after 
15 minutes (figure 5, panel A). The hepatic concentration of lathosterol and 
desmosterol remained practically stable (supplemental figure 3, panel B). In contrast 
to the down regulation of the SREBP2 pathway, hepatic expression profiles of LXRα 
and its target genes ABCG5 and ABCG8 were upregulated, again already starting 
after 15 minutes (figure 5, panel B).  Finally, mRNA levels of apoB and MTTP were 
immediately down-regulated post-gavage (figure 5, panel C).  
 
 

 
 
Figure 5: Study I: Changes in the hepatic expression profile of genes involved in the sterol metabolism. 
Values are expressed as means (n=2 or 3 each). 
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Discussion  
 
In this study we show that in C57BL/6J wild-type mice hepatic sitostanol and 
campestanol concentrations increased already after 15 minutes following an oral 
gavage with (deuterated) plant stanol esters and cholesterol. This rapid hepatic 
appearance was absent in lymph-canulated mice. Therefore, our data suggests that 
plant stanols can be taken up via a very fast lymph-mediated route, possibly via pre-
formed intestinal available chylomicrons. Interestingly, changes in serum plant 
stanols lagged behind and became evident after 30-60 minutes. In the intestine, the 
SREBP2 pathway was activated, whereas expression of LXRα and its target genes 
remained practically unchanged during the post-gavage period. Especially, the 
increase in intestinal LDLr and PCSK9 expression was pronounced. Surprisingly, 
changes in hepatic gene expression were opposite to those in the intestine. It should 
be noticed that these acute effects after a one-time single dose of plant stanol esters 
are different from those observed after longer-term intake of plant stanol esters [14]. 
Moreover, also in humans we have earlier shown an increased LDLr expression in 
peripheral blood mononuclear cells - which correlate positively to that in the liver [15] 
- after 8 weeks plant stanol ester consumption [16]. Questions that are not answered 
by our studies are (1) how do plant stanols reach the liver so rapidly after intake in 
a lymph-dependent way without a clear increase in serum concentrations, (2) do the 
plant stanols reach the liver in free or esterified form, and (3) does the acute change 
in hepatic plant stanol concentrations affect liver function.  
 
As expected, there was a clear response in transit time of plant stanols within the 
enterocytes from proximal to distal along the gastrointestinal tract. This pattern was 
highly consistent and might relate to the fact that we fed the mice plant sterol poor 
diets from weaning to start the oral gavage with very low background plant sterol 
concentrations in serum as-well-as in tissues. In table 1, we compared serum and 
tissue plant sterol concentrations in three different studies using diets containing 
different plant sterol contents. It is evident that lower plant sterol contents result in 
lower concentrations in various tissues. Therefore, it could be argued that 
differences in dietary plant sterol content might be a main reason for the large 
inconsistency between these studies.  
 
 
Table 1: Comparison of serum and liver concentration of plant sterols after administration of diets different 
in plant sterol content. 
 

 Standard chow[30] Unpublished data1 Our study (F1) 

Diet 
Campesterol (ng/ml) 

 
199 

 
63.8 

 
9.85 

Sitosterol (ng/ml) 582 219 54.5 
Serum 
Campesterol (mg/dL) 

 
3.60 ± 0.76 

 
1.22 ± 0.17 

 
0.70 ± 0.26 

Sitosterol (mg/dL) 1.00 ± 0.20 0.52 ± 0.07 0.35 ± 0.14 
Liver 
Campesterol (ng/mg) 

  
 247 ± 40 

 
 102 ± 17 

  
   72 ± 15 

Sitosterol (ng/mg) 52.8 ± 8.0    28 ± 4.1    18 ± 3.3 
1unpublished data. C57BL/6J mice were fed a plant sterol poor chow, a plant sterol enriched or a plant 
stanol enriched diet for 1 week. After sacrificing, blood and tissues were collected and analyzed. Mice in 
this study received a plant sterol poor chow.   
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As shown in figure 1, in our hands using the plant sterol poor diets preceding the 
experimental day, 15 minutes after the oral gavage, the sitostanol concentration 
started to increase in the proximal parts of the small intestine. This is in agreement 
with observations from Igel and colleagues [9], who also detected the deuterated 
sterols and stanols in the small intestinal wall 15 minutes after administration via a 
stomach tube, indicating that the uptake in the enterocytes is a rapid process in mice. 
Unexpected, plant stanol concentrations strongly increased in the ileum 2 hours 
post-gavage. This can be explained by the fact that the proximal part of the small 
intestine is the major site of chylomicron formation and secretion, resulting in a fast 
disappearance of plant stanols within the enterocyte of the duodenum and jejunum. 
In the more distal parts, chylomicron synthesis is less, resulting in a transient 
accumulation of plant stanols [17] that fades away when ABCG5/ABCG8 activity 
increases [18]. 
In this study, we have shown that within the same time frame, plant stanol 
concentrations were also strongly elevated in the liver suggesting that plant stanol 
uptake and distribution is even faster than indicated by Igel et al. [9]. This extremely 
rapid hepatic appearance of sitostanol was unexpected, since it suggests that it only 
takes 15 minutes for the plant stanol esters to be digested and absorbed into the 
enterocytes, incorporated into chylomicrons, secreted into the lymph, and removed 
by the liver after entering the circulation. We therefore propose that this very fast 
lymph-mediated uptake should be facilitated via pre-formed available intestinal 
chylomicrons. Coppack et al. [19] described earlier the possibility of releasing such 
chylomicrons following ingestion of carbohydrates as well as mixed meals. 
Surprisingly, there was no clear change in serum plant stanol or cholesterol 
concentrations preceding the hepatic appearance at this early time point. It cannot 
be excluded that the enrichment of plant stanols in serum was too low to be detected 
at this stage due to a strong dilution. If true, this dilution must have been lower in the 
liver making detection possible. The second, larger increase in hepatic plant stanol 
concentrations after 120 minutes might be explained by the uptake of chylomicron 
remnants by the liver. Theoretically, it is possible to explain this early increase in 
hepatic concentrations by postulating that plant stanols not only reach the liver via 
the “normal” chylomicron route, i.e. via secretion into lymph, but also through the 
portal vein, independent of chylomicron incorporation. Therefore, a second study 
was performed to specifically address the route of entrance into the liver. In that 
study, we found that the rapid appearance of d4-plant stanols in the liver was absent 
in the lymph-canulated mice. However, the uptake into the enterocytes was 
comparable between the lymph-canulated and the sham-operated mice. Therefore, 
we must conclude that the rapid appearance of plant stanol esters in the liver is 
lymph-dependent. Interestingly, we were not able to detect d6-cholesterol in the liver 
within this short time frame, suggesting that the hepatic appearance was specific for 
plant stanols. However, it could also be possible that the detection limit for d6-
cholesterol was too low due to a strong dilution. In line with the observed reduced 
post-gavage cholesterol content of the scraped enterocytes in the duodenum, the 
expression of SREBP2 [20] and its target genes increased. Remarkably, the hepatic 
SREBP2 pathway was down regulated. Whether this will affect metabolism is not 
known, as changes in mRNA expression are not always translated into changes in 
protein expression and activity. Therefore, we can only speculate why gene 
expression in these two tissues differed. In the intestine, intracellular cholesterol 
concentrations post-gavage decreased, which might have activated the SREBP2 
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pathway. In the liver, the expression of LXR target genes ABCG5 and ABCG8, both 
involved in sterol efflux, was increased. The question remains whether the increased 
hepatic LXR expression can be explained by an effect of changes in intracellular 
cholesterol concentrations or maybe via a direct effect of sitostanol. In this respect, 
both intestine and liver showed a rapid increase in sitostanol concentrations. 
Therefore, it is not likely that sitostanol itself will be responsible for the changes in 
gene expression. There might, however, be an alternative explanation. Spann et al. 
[21] recently showed that desmosterol was an important regulator in LXR activation 
in macrophages. We observed that desmosterol concentrations in the intestines 
were severely reduced already 15 minutes post-gavage, whereas those in the liver 
remained stable. In this respect, the large difference in absolute desmosterol 
concentrations between liver and intestine was remarkable. Therefore, it could be 
speculated that the differences in desmosterol concentrations might have influenced 
tissue specific LXR expression. However, It should be noticed that there was a time 
delay of several hours between the decrease in intestinal desmosterol 
concentrations and the changes in the expression profile of LXR. Finally, we found 
a decrease in the hepatic expression profile of MTTP and apoB, suggesting a 
reduced hepatic lipoprotein production, which is in line with earlier cell [8] and human 
studies [22]. The 5-fold increased intestinal LDLr expression is suggestive for an 
enhanced clearance of cholesterol via the enterocytes. Le May et al. [23] showed 
that LDL provides cholesterol to the intestine for transintestinal cholesterol excretion 
(TICE), which contributes up to 33% of total faecal sterol loss in mice. Recently, 
Davidson and colleagues [24] demonstrated also a role for LDL particles in the 
delivery of cholesterol for TICE. Moreover, Brufau et al. [25] earlier showed an 
increase in TICE activity after plant sterol intake. Therefore, it may be possible that 
the increased intestinal LDLr expression, observed in our study, contributes to plant 
stanol-induced TICE activation. Recently, not only a role for intestinal LDLr 
expression, but also for PCSK9 was suggested in TICE [23]. Interestingly, PCSK9 
was the strongest upregulated gene we evaluated in our study. Preclinical [26] as 
well as clinical studies [27] indicate that blocking PCSK9, thereby increasing the 
number of available LDr, is an attractive route to lower LDL-C levels. More research 
is however needed to unravel the role of PCSK9 after consumption of plant stanols, 
especially in humans. Finally, if activation of TICE by plant stanols, thereby 
increasing the clearance of cholesterol through intestinal LDLr upregulation and 
neutral sterol secretion into the intestinal lumen, contributes to the mechanism 
behind the LDL-C reductions, this may also explain why no clear reductions on 
chylomicron formation in humans are observed after plant stanol ester consumption 
[28, 29]. In other words, it is possible that increased secretion and reduced intestinal 
cholesterol absorption explain the cholesterol-lowering activity of plant stanols. The 
suggested mechanism via TICE however needs to be further elucidated. In this 
respect, it should be mentioned that despite the strong increase in intestinal LDLr 
expression, the cholesterol concentrations in the serum and within the enterocyte 
did not change. Also, how these results compare to the human situation, warrants 
further study. 
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In summary, we have demonstrated that orally applied plant stanols had a fast 
appearance within the enterocytes and in addition were rapidly taken up into the 
liver. This rapid hepatic appearance could not be observed in the lymph-canulated 
mice, suggesting a lymph dependent route of entrance. Post-gavage changes in 
hepatic gene expression patterns of genes involved in sterol metabolism were 
opposite as those of the intestines, indicating that acute effects of plant stanols are 
tissue specific. Finally, in the acute condition intestinal LDLr and PCSK9 expression 
were strongly increased for which we do not yet oversee the role in the changes in 
cholesterol metabolism towards longer term interventions, but this certainly 
demands further attention in future studies.  
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Supplemental data 

Supplemental table 1: Genes of interest and their specific assay on demand. 
 

Gene Specific assay  
(Applied Biosystems, Life Technologies) 

ABCA1 Mm00442646_m1 

ABCG5 Mm00446241_m1 

ABCG8 Mm00445970_m1 

ACAT2 Mm00782408_s1 

ApoB Mm01545156_m1 

HMG-CoA reductase Mm01282499_m1 

HPRT1 Mm00446968_m1 

LXRα Mm00443451_m1 

MTTP Mm00435015_m1 

NPC1L1 Mm01191972_m1 

PCSK9 Mm01263610_m1 

SREBP2 Mm01306292_m1 
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Supplemental figure 1: Study II: Time kinetics of d4-sitostanol levels in intestinal tissue of lymph-canulated 
mice (A+A’) and of sham operated mice (B+B’) at different time points. Results are expressed as absolute 
concentration and standardized for cholesterol. Each time point represent the mean of 2 or 3 animals. 
Time kinetics of d6-cholesterol (C) and cholesterol (C’) concentrations of lymph-canulated mice and of 
sham-operated mice (D-D’) are shown in panel C and C’, and D and D’, respectively. 
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Supplemental figure 2: Study II: Time kinetics of d4-sitostanol/d6-cholesterol and d4-campestanol/d6-
cholesterol levels in the intestinal tissue of lymph-canulated (A+A’) and of sham operated mice (B+B’) at 
different time points. Each time point represent the mean of 2 or 3 animals.  
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Supplemental figure 3: Study I: Time kinetics of lathosterol and desmosterol levels in the duodenum (A-
A’) and in the liver (B-B’) at different time points . Results are expressed as absolute concentration and 
standardized fot cholesterol. Each time point represent the mean of 2 or 3 animals.  
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Supplemental figure 4: Study II: Time kinetics of cholesterol concentration in the liver (A) and in the serum 
(B) at different time points post-gavage. Results are expressed as an absolute concentration. Each time 
point represent the mean of 2 or 3 animals. The cholesterol concentration was measured in the liver and 
serum of lymph-canulated mice (closed circles) and sham operated mice (open circles).  
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Abstract  97 
 98 
Plant sterols and stanols inhibit intestinal cholesterol absorption and consequently 99 
lower serum low-density lipoprotein cholesterol (LDL-C) concentrations. The 100 
underlying mechanisms are still unknown. In vitro and animal studies suggest that 101 
changes in intestinal sterol metabolism contributes to the LDL-C-lowering effects of 102 
plant stanol esters. Human data, however, is lacking. We therefore examined effects 103 
of an acute intake of plant stanol esters on expression profiles of genes of the upper 104 
small intestine of healthy volunteers. 105 
 106 
In a double-blind crossover design, 14 healthy subjects (8 female / 6 male; 21-55 107 
years) with a BMI between 21-29 kg/m2 received in random order a shake with or 108 
without plant stanol esters (4g). Five hours later, biopsies from the duodenum 109 
(around the Papil van Vater) and from the jejunum (20 cm distal from the Papil van 110 
Vater) were taken. Microarray analysis showed that the expression profile of genes 111 
involved in sterol metabolism did not change.  112 
 113 
Surprisingly, pathways involved in T-cell functions were down regulated in the 114 
jejunum. Immunohistochemical analysis further showed that the number of CD3, 115 
CD4 and Foxp3-positive cells was reduced in the plant stanol ester condition 116 
compared to the control condition, which is in line with the microarray data. The 117 
physiological consequences of the plant stanol ester-induced reduction of intestinal 118 
T-cell based immune activity in healthy subjects deserves further investigation.  119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
 127 
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Introduction 128 
 129 
Plant sterols in habitual diets are mainly derived from vegetable oils, nuts, grains, 130 
fruit and vegetables, and daily intakes vary from 160 to 360 mg [1]. Avoiding plant 131 
sterols from the diet slightly increases serum low-density lipoprotein cholesterol 132 
(LDL-C) concentrations [2]. On the other hand, increasing daily intakes toward 2 to 133 
3 g through the use of functional foods lower serum LDL-C concentrations up to 10% 134 
[3]. Despite these well-known effects on serum LDL-C levels, detailed understanding 135 
of underlying mechanisms is missing. In vitro and animal studies suggest that plant 136 
sterols affect intestinal cholesterol metabolism at the cellular level [4]. There are 137 
multiple suggestions that plant sterols affect specific processes in the intestines. For 138 
example, Lee and colleagues [5] have demonstrated that β-sitosterol inhibited 139 
shortening of the colon, lowered macroscopic scores of the disease grade and 140 
myeloperoxidase activity, and inhibited proinflammatory cytokines release in mice 141 
treated with 2,4,6-trinitrobenzene to induce colitis. In addition, sitosterol inhibited 142 
growth of colon cancer cells in vitro, suggesting that it has chemopreventive effects 143 
[6]. More related to lipid metabolism, faecal neutral sterol excretion was increased 144 
in mice consuming plant sterols for 2 weeks, probably via activation of the 145 
transintestinal cholesterol excretion (TICE) pathway [7]. Field et al. [8] further 146 
showed that mRNA levels of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase 147 
were decreased after incubating Caco2 cells with micelles containing β-sitosterol. 148 
Finally, it has been postulated that plant sterols and stanols could act as local LXR 149 
agonists in enterocytes [9]. However, despite all these interesting observations, data 150 
on the effects on human enterocytes during consumption of plant sterol or stanol 151 
enriched foods are lacking. Therefore, to better understand the cellular effects in the 152 
intestine we examined acute changes in the transcriptome of the upper small 153 
intestine after consuming a plant stanol enriched shake at breakfast after an 154 
overnight fast. Pathways related to sterol metabolism were not changed in both the 155 
duodenum and the jejunum. Immune-related pathways, however, were down 156 
regulated in the jejunum. This extends our earlier in vitro finding that in subjects with 157 
a disturbed T-cell response sitostanol may have immune-modulatory effects [10]. 158 
Our study population, however, had no known immune disorders. Effects of plant 159 
stanol and sterol esters on the (intestinal) immune system therefore deserve further 160 
attention.  161 
 162 
Materials and methods 163 
 164 
Study design 165 
 166 
This study was part of a previously published randomized double-blind crossover 167 
trial (submitted). In brief, 18 healthy normolipidemic volunteers participated in two 168 
experimental periods of four weeks, separated by a four weeks washout period. 169 
During the two screening visits, which were separated by at least 3 days, body 170 
weight, height and blood pressure were determined. An Omron M7 (Omron 171 
Healthcare Europe B.V., Hoofddorp, the Netherlands) was used to measure blood 172 
pressure in fourfold at the left arm. The first measurement was discarded and the 173 
last three measurements were averaged. Blood was sampled for analysis of serum 174 
total cholesterol concentrations. Subjects were excluded if the mean serum total 175 
cholesterol concentration was > 7.8 mmol/L.  176 
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One week before the start of each experimental period, subjects were instructed to 177 
avoid products relatively rich in plant sterols and stanols. Immediately after this 178 
week, all subjects participated in a postprandial test to examine the acute effects of 179 
plant stanol esters on the intestinal gene expression profile. To further minimize 180 
differences between the two postprandial test days, all subjects consumed a 181 
standard lasagne meal at dinner the evening before the test days. Except for water, 182 
they were not allowed to consume any other foods or drinks after dinner till the 183 
morning of the postprandial test. In the morning, they arrived at our department by 184 
public transportation or by car to reduce physical activity as much as possible. After 185 
resting for 15 minutes in a supine position, an intravenous canula was inserted into 186 
the anticubital vein and a fasting blood sample was collected (T0). Next, subjects 187 
consumed a slice of white bread with jam and a high-fat shake with or without plant 188 
stanol esters (4 g plant stanols). The plant stanol ester mixture was incorporated into 189 
margarines as provided by Raisio (Raisio Nutrition Ltd, Finland) and was composed 190 
of sitostanol (73.2%), campestanol (22%), sitosterol (0.9%), campesterol (1.6%) and 191 
other sterols/stanols (2.3%). Plant stanols were esterified with food grade fatty acids 192 
based on rapeseed oil. The margarine was incorporated into the shake (table 1). 193 
 194 
 195 
Table 1:  Nutritional composition and ingredients of the shake. 196 
 197 

Energy (kcal) 731 
Protein (g) 11.5 
Carbohydrates (g) 59.2 
Total fat (g) 48.9 
Saturated fatty acids (g) 20.1 
Monounsaturated fatty acids (g) 18.4 
Polyunsaturated fatty acids (g) 7.6 
Cholesterol (mg) 250.2 
Plant stanols (g) 0 or 4 

 198 
 199 
Volunteers were requested to consume the shake and bread within 10 minutes and 200 
were not allowed to eat or drink anything except water during the next 5 hours. Five 201 
hours after consumption of the shake, intestinal biopsies were taken at the 202 
gastroenterology unit. During the gastroscopy, no sedatives were given to the 203 
subjects. To compare expression profiles at different parts of the proximal small 204 
intestine, we decided to take four mucosal tissue samples from the duodenum 205 
(around the Papil van Vater) and four from the jejunum (20 cm distal from the Papil 206 
van Vater) using standard biopsy forceps. The diameter of the biopsies varied from 207 
2.0 mm to 2.2 mm. After sampling, the biopsies for microarray analysis were 208 
immediately frozen in liquid nitrogen. The biopsies intended for histology were first 209 
put on a drop of Tissue-Tek in isopentane followed by freezing in liquid nitrogen. The 210 
samples were all stored at -80°C and analyzed at the end of the study within the 211 
same run. The study protocol was approved by the Medical Ethical Committee of the 212 
University Hospital Maastricht. All participants gave written informed consent before 213 
entering the study. The trial was registered on clinicaltrials.gov under study number 214 
NCT01574417. 215 
  216 
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Blood sampling 217 
 218 
Blood was sampled in serum and in NaF-containing vacutainer tubes (Becton 219 
Dickinson). Blood samples taken in serum tubes were allowed to clot for 30 min at 220 
21°C, followed by centrifugation at 1300 x g for 15 min at 21°C to obtain serum. The 221 
NaF tubes were placed on ice directly after sampling and centrifuged at 1300 x g for 222 
15 min at 4°C within 60 min after sampling. Serum and plasma aliquots were directly 223 
snap-frozen in liquid nitrogen and stored at -80°C until analysis. All samples from 224 
one subject were analyzed within the same analytical run. 225 
 226 
Lipids 227 
 228 
In all fasting serum samples, serum total cholesterol (CHOD-PAP method; Roche 229 
Diagnostics Systems, Hofmann-La Roche) and triglycerides with correction for free 230 
glycerol (GPO Trinder; Sigma Diagnostics) were analyzed enzymatically.  231 
 232 
Glucose, insulin and hsCRP concentrations 233 
 234 
Plasma glucose (Roche Diagnostic Systems, Hoffmann-La Roche) concentrations 235 
were measured. Serum insulin concentrations were determined with a human 236 
insulin-specific radioimmunoassay kit (Linco Research). High sensitive C-reactive 237 
protein (hsCRP) was analyzed with a highly sensitive immunoturbidimetric assay 238 
(Kamiya Biomedical Company, Seattle, WA, USA).  239 
 240 
Microarray processing and data analysis 241 
 242 
Total RNA was extracted from frozen mucosal samples originating from the 243 
duodenum or the jejunum using TRIzol reagent (Invitrogen, Breda, the Netherlands) 244 
and purified on columns using the Qiagen RNeasy Micro Kit (Qiagen, Venlo, the 245 
Netherlands). Total RNA (35 ng/μl) was labelled by Whole Transcript Sense Target 246 
Assay and hybridized to human whole-genome Affymetrix Gene 1.1 ST arrays 247 
targeting 19682 unique genes (Affymetrix, Santa Clara, CA). Individual genes were 248 
defined as changed when comparison of the normalized signal intensities showed a 249 
p-value ≤0.05 in a 2-tailed paired intensity-based moderated t-statistics (IBMT). 250 
Further functional data analysis was performed on the filtered dataset with Gene Set 251 
Enrichment Analysis (GSEA) and on the differentially expressed genes with 252 
Ingenuity Pathway Analysis (IPA).  253 
 254 
Immunohistochemistry 255 
 256 
The frozen intestinal biopsies were sectioned at 5 μm and fixed in filtered, ice-cold 257 
acetone for 15 minutes at 4°C as described [11]. Briefly, endogenous peroxidase 258 
activity was blocked with 0.3% H2O2 in methanol. After washing, slides were blocked 259 
with bovine serum albumin for 30 min at room temperature. Subsequently, slides 260 
were incubated overnight at 4°C with the corresponding primary antibodies; i.e. a 261 
polyclonal rabbit anti-human CD3 antibody (DAKO A0452, DAKO Denmark, 262 
1:1000), a monoclonal mouse-anti human CD4 antibody (Abcam ab846, Cambridge, 263 
UK, 1:50) or a monoclonal mouse anti-human Foxp3 antibody (eBioscience 14- 264 
7979, 1:250). After washing, sections were incubated during 1 hour at room 265 
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temperature with the appropriate secondary antibody; i.e. a biotin conjugated 266 
polyclonal swine anti-rabbit immunoglobulin (DAKO E0353, DAKO Denmark, 1:200), 267 
a biotine conjugated polyclonal goat-anti-mouse immunoglobulin (DAKO E0433, 268 
DAKO Denmark, 1:200) or a biotine conjugated goat anti-mouse immunoglobulin 269 
(DAKO E0433, DAKA Denmark, 1:200). The immunostaining was enhanced with 270 
Vectastain ABC peroxidase Elite kit (PK-6200, Vector Laboratories, Burlingame, CA, 271 
USA, 1:50) followed by a nickel sulfate-diaminobenzidine (NiDAB) staining. Sections 272 
were counterstained with 0.1% Nuclear Fast Red in 5% aluminium sulphate during 273 
2 min and dehydrated in ascending ethanol series. Images of jejunum sections were 274 
acquired at 100× magnification using a Leica DM2000 microscope equipped with a 275 
Leica DFC295 digital camera (Leica Microsystems) and Leica Application Suite 276 
(LAS) software (Leica LAS V 3.7, Leica Microsystems). Since these stainings are 277 
laborious, these analysis were only performed in 3 randomly chosen subjects.  278 
 279 
Results 280 
 281 
Subject characteristics 282 
 283 
Eighteen healthy participants completed the study. Intestinal samples from four 284 
participants were excluded before the actual microarray analysis since their 285 
ribonucleic acid (RNA) integrity numbers were too low to expect successful analysis. 286 
Baseline characteristics of the remaining 14 subjects are shown in table 2.  287 
 288 
Table 2: Baseline characteristics of the 14 participants. 289 
  290 

Gender (F/M) 
Age (years) 

        8 / 6       
     32  ± 13 

BMI (kg/m2)    23.9 ± 2.8 
Serum total cholesterol (mmol/L)    5.20 ± 1.07 
Serum tryglicerides (mmol/L) 
Plasma glucose (mmol/L) 
Serum insuline (μU/mL) 
Serum hsCRP (mg/dL) 
Systolic blood pressure (mmHg) 

   1.14 ± 0.40  
   5.24 ± 0.37 
 13.35 ± 5.11 
   1.04 ± 1.17 
    118 ± 12 

Diastolic blood pressure (mmHg)       79 ± 8 

Except for gender, all values are means ± SD.  291 
 292 
Microarray analysis 293 
 294 
From the 19,682 genes present on the microarray, 9,852 genes were expressed in 295 
the duodenum and 10,003 in the jejunum. After consumption of a shake enriched 296 
with 4 g plant stanol esters, the expression of 388 genes in the duodenum and 610 297 
genes in the jejunum was significantly changed. However, only 20 genes were 298 
altered in both the duodenum and jejunum (figure 1). 299 
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 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
Figure 1:  Venn diagram presenting the number of present and regulated genes via the microarray 316 
analysis performed on human intestinal biopsies. Probes were assigned to unique gene identifiers 317 
(Entrez).  Genes were considered to be expressed when the intensity was > 20 on at least 8 arrays. Only 318 
genes with six or more probes were considered for the analysis. 319 
 320 
 321 
Gene Set Enrichment Analysis 322 
 323 
Five hours after consumption of plant stanol esters, expression profiles of genes 324 
present in pathways involved in sterol metabolism were not changed in biopsies 325 
taken from the duodenum or jejunum. Gene sets that were changed after plant stanol 326 
ester consumption are shown in supplemental table 1. A consistent finding in the 327 
jejunum was down regulation in gene sets involved in T-cell receptor (TCR) 328 
signalling, generation of second messenger molecules, phosphorylation of CD3 and 329 
TCR zeta chains, and downstream TCR signalling (supplemental table 1). Part of 330 
the genes that were responsible for the observed enrichment in these gene sets 331 
were members of the cluster of differentiation (CD) family, which are all T-cell 332 
specific surface molecules (table 3). These effects were not observed in samples 333 
from the duodenum, where changes were more modest and seemingly random.  334 
 335 
 336 
Table 3: Changes in cluster of differentiation genes in the jejunum after an acute intake of plant stanol 337 
ester.  338 
 339 

Gene                       Fold Change                      p-value 

CD160 -1.19 0.05 
CD2 -1.14 0.04 
CD27 -1.18 0.04 
CD3D -1.18 0.03 
CD3G -1.30 0.02 
CD4 -1.20 0.02 
CD52 -1.14 0.01 
CD59 1.09 0.04 
CD84 -1.15 0.03 
CD97 -1.16 <0.01 

 340 

19,682 genes on the array 

9,852 genes in duodenum 10,003 genes in jejunum 

  388 genes        610 genes 

IBMT p > 0.05 

20 Duodenum 

368 

Jejunum 

590 
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Ingenuity pathway analysis  341 
 342 
We also investigated the biological functions as defined by the Ingenuity software 343 
that were affected by the differentially regulated genes (figure 2). A z-score above 2 344 
indicates an increase, whereas a z-score below -2 indicates a decrease in that 345 
specific function after plant stanol ester intake. An acute intake of plant stanol esters 346 
reduced the expression of genes associated with the quantity of double-positive 347 
thymocytes, as well as the interaction, activation, adhesion and chemoattraction of 348 
T-lymphocytes.  349 
 350 
 351 

 352 
 353 
Figure 2: Analysis of immune-related functions using ingenuity pathway analysis in the jejunum after an 354 
acute intake of plant stanol esters. A z-score above 2 indicates an increase, whereas a z-score below  355 
-2 indicates a decrease in that specific function which was significantly changed after plant stanol ester 356 
intake. 357 
 358 
 359 
Figure 3 displays heat maps of gene sets that relate either to quantity (panel A) or 360 
functionality (panel B) of T-cells, which were regulated after plant stanol ester intake 361 
according to IPA. These maps showed a highly consistent decrease in the transcript 362 
abundance of genes belonging to T-cell immune responses. Results for subject 363 
number 16 were highly aberrant, for which we have no explanation. 364 
 365 
 366 
 367 
 368 
 369 
 370 
 371 
 372 
 373 
 374 
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Panel A 375 

 376 
 377 
Panel B 378 

 379 
 380 
Figure 3: Gene sets that were downregulated in the jejunum after plant stanol ester consumption using 381 
gene set enrichment analysis (GSEA). The z-score was calculated by subtracting the mean expression 382 
value for each transcript from each of the values and then dividing the resulting values by standard 383 
deviation. Colour in the heat-maps reflects the relative transcript abundance level with blue being lower 384 
and red higher than the mean transcript abundance value. Immune functions were classified into functions 385 
related to quantity of T-cells (A) or functionality of T-cells (B).  386 
 387 
  388 
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Immunohistochemical analysis 389 
 390 
To further examine the consistent changes in expression signatures related to the 391 
presence of T-cells in the biopsies from the jejunum, the number of CD3-positive 392 
cells in the jejunum of 3 randomly chosen subjects consuming control and plant 393 
stanol enriched shakes were quantified. CD3 is a T-cell specific surface glycoprotein. 394 
As shown in figure 4, the number of CD3-positive cells was less pronounced in the 395 
plant stanol ester condition when compared to the control condition. Microarray 396 
analysis also showed a decrease in the mRNA expression of T-helper lymphocytes 397 
and regulatory T-cells (Tregs). Therefore, CD4 and Forkhead box P3 (Foxp3) 398 
expressions were analyzed by immunohistochemistry in the biopsies. CD4 is a 399 
glycoprotein among others found on the surface of T helper cells and Foxp3 is 400 
expressed in especially CD4+ subpopulation of Tregs. Compared to the control 401 
condition, the number of CD4-positive cells and those of Foxp3-positive cells was 402 
reduced in the plant stanol ester condition, which further extends the microarray 403 
data.  404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
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 438 
 439 
Figure 4: Immunohistochemical analysis of CD3, CD4 and Foxp3 in human jejunal biopsies five hours 440 
after consuming a shake enriched with or without plant stanol esters. Compared to the control condition, 441 
the number of CD3, CD4 and Foxp3 was reduced in the plant stanol ester condition.  442 
 443 
 444 
 445 
 446 
 447 

   Negative control   Control            Plant stanol ester 

CD3 CD3 CD3 

Foxp3 Foxp3 Foxp3 

CD4 CD4 CD4 
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Discussion  448 
 449 
Numerous in vitro and animal studies have suggested effects of plant sterols/stanols 450 
on intestinal function [12-16], but there are no data for human studies. We therefore 451 
evaluated the acute effects of plant stanol esters on the expression profile of genes 452 
in the human duodenum and jejunum using microarray analyses. In contrast to our 453 
expectations, the expression profile of genes involved in sterol metabolism did not 454 
change. Immune-related T-cell oriented pathways, however, were consistently 455 
downregulated in the jejunum. The expression of villin 1-like protein (VILL), an 456 
enterocyte specific actin-regulatory protein involved in the formation of microvilli of 457 
enterocytes [17], was comparable between both test days (data not shown). This 458 
suggests that the number of enterocytes present in the biopsies during the control 459 
and the plant stanol ester intervention was comparable. Thus, the observed down 460 
regulation in T-cells and T-cell related pathways is not due to a large shift in cell 461 
populations in the biopsies. 462 
Knowledge regarding the intestinal kinetics of plant sterols/stanols and effects on 463 
(intestinal) metabolism has rapidly evolved over the past decade. Not long ago, it 464 
was assumed that plant sterols and stanols were inert molecules and were hardly 465 
absorbed, as serum concentrations were low. However, it is now well acknowledged 466 
that concentrations within enterocytes can be increased up to 7-fold [18] without 467 
large changes in plasma concentrations. This can be explained by the presence of 468 
different sterol transporters in the apical membrane of the enterocytes [19-21] that 469 
regulate plant sterol uptake and secretion. The intracellular plant sterol and stanol 470 
concentrations can even reach concentrations well above the half maximal effective 471 
concentration (EC50) values for specific transcription factors [15]. This suggests that 472 
in vivo plant sterols and stanols might affect gene regulation and modify metabolic 473 
pathways.  474 
 475 
To minimize the effects of plant sterols on intestinal sterol metabolism during both 476 
test days and to create a contrast as large as possible, subjects were instructed to 477 
avoid the consumption of products relatively high in plant sterols one week before 478 
the test day. Still, expression profiles of genes involved in sterol metabolism were 479 
not changed. It is unlikely that this can be explained by a lack of absorption within 480 
the 5-hour time frame of the study. In enterocytes of male C57BL/6OlaHsd mice, 481 
Igel et al. [18] already showed an increase in plant sterol concentrations after 15 482 
minutes. In agreement, we found an increase in plant stanol concentrations within 483 
the scraped enterocytes of C57BL/6J mice 15 minutes post-gavage (unpublished 484 
data). Also, in the current setup, expression profiles changed within 5 hours after 485 
intake of the plant stanol esters. It might be possible that a 5-hour follow-up period 486 
was too short to observe changes in the expression profile of genes involved in sterol 487 
metabolism. In animal studies, gene regulation in the intestines was observed within 488 
12-hours after administration of a phytosterol-derived LXR agonist YT-32 [22]. No 489 
measurements were made before this time point. A limited number of studies have 490 
also shown that in humans expression profiles of intestinal genes involved in sterol 491 
metabolism can be changed during the postprandial phase [23, 24]. Expression 492 
profiles of genes involved in the adaptive T-cell immune response were down 493 
regulated. We have already suggested before that plant sterols and stanols influence 494 
immune function, when the immune response is disturbed. Brüll et al. [10] showed 495 
that plant stanols induced a shift towards T-helper-1 cells (Th1) in isolated human 496 
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peripheral blood mononuclear cells (PBMCs) from asthma patients. Further, the 497 
number of Tregs, which are important for maintaining the Th1/Th2 balance, tended 498 
to increase, whereas Treg’s activity increased significantly. These ex vivo changes 499 
may be specific for a situation of skewed T-cell behaviour, as they were not observed 500 
in PBMCs from healthy subjects characterized by a balanced Th1/Th2 response 501 
[10]. In vivo, Calpe-Berdiel and colleagues [25] showed that administration of 2% 502 
phytosterols increased the Th1/Th2 ratio in mice treated with turpentine in order to 503 
induce an acute, aseptic inflammation model. The studies described so far suggest 504 
that the plant stanol/sterol-induced Th1 or Th2 response depend on the direction of 505 
the disturbed Th1/Th2 balance. Restoration of this imbalance is probably the result 506 
of alterations in the number and activity of Tregs [10]. In other words, when Th2 cells 507 
are over-activated, activating Tregs restores the balance by stimulating Th1 activity, 508 
which via feedback mechanisms results in Th2 dampening [26]. In the present study, 509 
however, the changes in expression profiles suggested a dampening of the intestinal 510 
T-cell mediated immune potential in general in healthy volunteers without an a priori 511 
skewed response. The physiological and functional consequences of these effects 512 
remain to be elucidated.  513 
 514 
An intriguing question is how these effects on T-cells can be explained. One may 515 
speculate that plant stanol esters induce changes in the composition of the gut 516 
microbiota, which may be associated with immunological processes [27]. Recently, 517 
Martinez et al. [28] showed that the faecal microbiota of hamsters was significantly 518 
changed after feeding a plant sterol enriched diet for 4 weeks. However, it is not very 519 
likely that the gut microbiota has changed within the 5-hour time frame of our study. 520 
Another explanation is based on the observations of Bensinger and colleagues [29], 521 
who showed that the transcriptional regulation of intracellular cholesterol 522 
homeostasis is linked to cell proliferation and acquired immune responses. Ligand 523 
activation of LXR, thereby increasing the expression of ABCG1, prevented effective 524 
proliferative responses. On the other hand, activation of T-cells by an antigen was 525 
accompanied by an upregulation of the SREBP pathway, resulting in an increased 526 
availability of sterols needed for membrane biogenesis. Furthermore, the activities 527 
of the oxysterol-metabolizing enzyme sulfotransferase family cytosolic 2B member 528 
1 (SULT2B1) and multidrug resistance protein 1 (MRP1/ABCC1) were increased, 529 
thereby eliminating oxysterol ligands of LXR leading to T-cell expansion [29, 30]. 530 
Based on these findings, it can be speculated that plant stanols reduced the cellular 531 
oxycholesterol content of the intestinal T-cells, mimicking the effect of LXR 532 
activation, and resulting in a dampening of T-cell expansion. However, further 533 
research is needed to elucidate this possible association. Unfortunately, the amount 534 
of biopsy material we collected was too small to analyze for oxysterol levels. In this 535 
context, it is interesting to investigate whether the effects observed are specific for 536 
plant stanols or that similar effects could have been achieved through changing 537 
dietary cholesterol intake. In our in vitro [10] and ex vivo experiments [31] we have 538 
earlier used identical concentrations of cholesterol and plant stanols/sterols to 539 
evaluate the impact on changes in T-cell behaviour. These studies suggested that 540 
effects were plant stanol and sterol specific. However, further studies are needed to 541 
examine if these effects can be extrapolated to the results related to the present 542 
study.   543 
 544 
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In summary, an acute intake of plant stanol esters did not change expression profiles 545 
of genes involved in sterol metabolism 5 hours postprandial. However, pathways 546 
involved in T-cell functions were consistently down regulated in the jejunum. The 547 
physiological and functional relevance of the plant stanol ester-induced 548 
immunomodulatory effects deserves further investigation.  549 
 550 
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Abstract  
 
Background/Objectives: Plant stanol esters lower serum LDL-cholesterol (LDL-C), 
but responses between individuals vary widely. As the ability of subjects to respond 
to acute dietary challenges may reflect the flexibility to adapt to changes on the 
longer-term, we related subjects’ acute postprandial metabolic changes to changes 
in serum lipoproteins after longer-term intake of plant stanol esters.  
 
Subjects/Methods: In a double-blind crossover design, healthy subjects (12 
female/8male) received in random order a shake with or without plant stanol esters 
(4 g). Two subjects dropped-out. Blood samples were taken during 4 hours to 
examine lipid, glucose and lipoprotein profiles. Subjects receiving the shake with 
plant stanol esters, consumed for the next 3 weeks a plant stanol enriched (3 g/d) 
margarine and visa versa.  
 
Results: The margarine enriched with plant stanol esters lowered concentrations of 
total cholesterol by 7.3% (p<0.01), of LDL-C by 9.5% (p<0.01), and of apoB100 by 
8.6% (p<0.01). Furthermore, particle concentrations of total VLDL, small VLDL and 
large LDL were reduced by 26.6% (p=0.02), 27.6% (p=0.02) and 12.3% (p=0.04), 
respectively. Plant stanol esters did not affect parameters related to lipid and glucose 
metabolism during the postprandial phase. However, the iAUC of the postprandial 
glucose concentration after consuming the control shake correlated positively with 
changes in fasting concentrations of total cholesterol, LDL-C, apoB100, total VLDL, 
small VLDL and IDL after 3 weeks.   
 
Conclusion: A single dose of plant stanol esters does not change postprandial lipid 
and lipoprotein profiles. However, postprandial glucose responses may predict the 
effects of longer-term plant stanol ester consumption.  
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Introduction 
 
The cholesterol-lowering effect of plant sterols was already observed in 1950. 
Numerous studies later, it is generally accepted that a daily intake of 2.5 g plant 
sterols or stanols lowers serum LDL-C concentrations up to 10% [1]. However, the 
mechanism underlying this effect is still under debate. As recently reviewed [2], the 
earliest explanations suggested an effect on mixed micelle composition, whereas 
more recent theories suggest involvement of several intestinal transporter molecules 
or activation of the recently described transintestinal cholesterol excretion (TICE) 
pathway [3].  Moreover, although serum LDL-C concentrations decrease in most 
individuals after consumption of plant sterol or stanol ester enriched foods, a large 
inter-individual variation exists [4]. Identification of factors related to this variability 
may help to identify responsive (sub)populations and add to a better understanding 
of the underlying mechanisms [5]. In this respect, postprandial challenge studies 
may be helpful. During the postprandial phase, not only glucose and insulin 
concentrations change profoundly, but also those of the intestine-derived 
cholesterol-containing chylomicrons. Until now, only a few studies have evaluated 
the effects of components that interfere with intestinal cholesterol absorption on 
postprandial glucose and lipoprotein metabolism. Bozzetto et al. [6] have shown that 
in type II diabetic patients with hypertriglyceridemia, six weeks ezetimibe treatment 
lowered the iAUC for apoB48 concentrations in the chylomicron fraction, but not the 
iAUC for chylomicron cholesterol or TAG concentrations. In line with these findings, 
Relas and colleagues [7] have shown that in normolipidemic men, an acute intake 
of plant stanol esters did not lower postprandial TAG or cholesterol concentrations 
in the chylomicron fraction. In these studies, relations between postprandial changes 
in lipid and lipoprotein or glucose metabolism to changes in fasting serum lipid and 
lipoprotein concentrations after longer-term consumption were not examined. This 
is unfortunate, as the ability of subjects to respond to acute dietary challenges may 
reflect the flexibility to adapt to changes on the longer-term [8]. Therefore, we 
evaluated whether it is possible to predict individual responses to longer-term 
consumption of plant stanol esters based on results obtained during a postprandial 
test at baseline. In addition, comparing the effects of an acute dietary challenge with 
and without plant stanol esters on postprandial lipid metabolism might also provide 
information on the cholesterol-lowering mechanism of plant stanols. We deliberately 
choose to compare the acute effects of a fat load containing no or 4 g plant stanols 
as their fatty acid esters after subjects had followed for one week a plant sterol and 
stanol poor diet. In this way, possible interference of day-to-day and inter-individual 
differences in plant sterol and stanol intake from the background diet was reduced, 
while an optimal contrast in intake was created.  
 
Materials and Methods 
 
Study population 
 
Subjects were recruited in Maastricht and surrounding areas through 
advertisements in local newspapers and via posters in the university and hospital 
buildings. They were invited for 2 screening visits if they met the following inclusion 
criteria: 18-60 years of age, BMI between 20 and 30 kg/m2, stable body weight 
(weight gain or loss < 2 kg in the previous 3 months), no use of lipid-lowering 
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medication or a prescribed diet, no abuse of alcohol or drugs, no pregnancy or 
breast-feeding, not smoking, not suffering from diabetes, no history of coronary 
artery disease, no history of gastrointestinal disorders and no participation in another 
lifestyle or pharmaceutical intervention study for the past 30 days. During the two 
screening visits, which were separated by at least 3 days, body weight, height and 
blood pressure were determined and blood was sampled for analysis of serum total 
cholesterol concentrations. Subjects were excluded if the mean serum total 
cholesterol concentration was > 7.8 mmol/L. Once included, the subjects were asked 
not to change their dietary habits, level of physical exercise, and alcohol intake 
during the duration of the study. In addition, those subjects regularly taking vitamin 
supplements were asked to discontinue this at least one month before the start of 
the study and prolonged during the study. This study was conducted according to 
the guidelines laid down in the Declaration of Helsinki and all procedures involving 
human subjects were approved by the Medical Ethical Committee of the Maastricht 
University Medical Centre. All participants gave written informed consent before 
entering the study. The trial was registered on clinicaltrials.gov under study number 
NCT01574417. 
 
Study design 
 
The study had a randomized, double blind cross-over design and consisted of two 
intervention periods of four weeks separated by a four weeks washout period. During 
randomization, subjects were stratified for age, gender and BMI. To examine the 
acute effects of plant stanol esters on postprandial lipid and lipoprotein metabolism, 
each intervention period started with a one-week period during which the subjects 
were instructed to avoid products relatively rich in plant sterols and stanols. These 
food items were listed and possible alternatives were discussed with a dietician. 
Furthermore, subjects were not allowed to consume products enriched with plant 
sterols/stanols during the study. To further minimize differences between the two 
postprandial test days, all subjects consumed the day before at dinner a standard 
lasagne meal, which was provided free of charge. Except for water, they were not 
allowed to consume any other foods or drinks after dinner, till the morning of the 
postprandial test. After a 12-hr overnight fast, participants visited our department by 
public transportation or by car avoiding physical activity. After resting for 15 minutes 
in a supine position, an intravenous canula was inserted into the anticubital vein and 
a fasting blood sample was collected (T0). Next, subjects received 1 of the 2 test 
meals consisting of a slice of white bread with jam and a high-fat shake that was 
either enriched with plant stanol esters or not. The shake contained 3.3 MJ (797.5 
kcal) energy provided by 51.3 g fat [57.9 energy percent (en%), of which 23.9 en% 
was saturated fatty acids, 22.9 en% monounsaturated fatty acids, and 11.1 en% 
polyunsaturated fatty acids], 11.7 g protein (5.9 en%), and 66.5 g carbohydrates 
(33.3 en%). The subjects were requested to consume the bread and shake within 
10 minutes and were not allowed to eat or drink anything else, except water during 
the next 4 hours. Subsequent blood samples were collected at T= 15 min (T15) after 
meal consumption, T= 30 min (T30), T= 45 min (T45), T= 60 min (T60), T = 120 min 
(T120), T= 180 min (T180) and at T= 240 min (T240). During the next 3 weeks, 
subjects consumed a margarine enriched with or without plant stanol esters (3 g/d). 
Subjects receiving the shake with plant stanol esters continued with the margarine 
containing plant stanol esters and vice-versa. They consumed daily 20 gram of 
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margarine, which was divided over two eating moments, i.e. at breakfast and at 
lunch. The margarines were packed in tubs of 140 g, equivalent to margarine 
consumption for 7 days. All products were coded with a colour label to blind the 
subjects and the investigators. At the end of each test period (days 25, 28 and days 
81, 85), subjects came to the university twice for taking a fasting blood sample. Body 
weight was determined at the beginning and at the end of each test period. 
Participants recorded in dairies any signs of illness, medication used, alcohol 
consumption, any deviations of the study protocol and any other complaints. They 
also recorded their food intake during the two test periods by completing food 
frequency questionnaires (FFQ) to estimate their energy and nutrient intakes. These 
FFQs were checked and calculated by a registered dietician.  
 
Blood sampling 
 
Blood was sampled in serum tubes as well as EDTA- and NaF-containing vacutainer 
tubes (Becton Dickinson). The EDTA and NaF tubes were placed on ice directly after 

sampling and centrifuged at 1300 x g for 15 min at 4C within 60 minutes after 
sampling. Blood samples taken in serum tubes (Becton Dickinson) were allowed to 

clot for 30 min at 21C, followed by centrifugation at 1300 x g for 15 min at 21C to 
obtain serum. Serum and plasma aliquots were directly snap-frozen in liquid nitrogen 

and stored at -80C until analysis. All samples from one subject were analyzed within 
the same analytical run. 
 
Lipids and (apo)lipoproteins 
 
In all fasting serum samples, serum total cholesterol (CHOD-PAP method; Roche 
Diagnostics Systems, Hofmann-La Roche), HDL cholesterol (HDL-C) (CHOD/PAP 
method; Roche Diagnostics Systems, Hofmann-La Roche) after precipitation of 
apoB-containing lipoproteins by adding phosphotungstic acid and magnesium ions 
(precipitation method; Monotest cholesterol, Boehringer Mannheim), and TAG with 
correction for free glycerol (GPO Trinder; Sigma Diagnostics) were analyzed 
enzymatically. LDL-C was calculated using the Friedewald equation [9]. ApoB-100 
and apoA-1 were measured using an immunoturbidimetric reaction (UNI-KIT apoB 
and UNI-KIT apoA-1, Roche). In addition, serum TAG concentrations were also 
analyzed in the postprandial samples taken at all indicated time points.  
 
Lipoprotein profiles 
 
Serum lipoprotein profiles were determined using NMR spectroscopy (Liposcience, 
Raleigh, NC, United-States) in EDTA plasma at 5 time points during the postprandial 
tests (T0, T60, T120, T180 and T240) as well as in fasting samples obtained at the 
end of each 3 week intervention periods, i.e. days 28 and 85. Concentrations (nmol/L 
for VLDL and LDL particles and μmol/L for high-density lipoproteins (HDL) particles) 
of the following subclasses were analyzed: large VLDL (> 60 nm), medium VLDL 
(35-60 nm), small VLDL (27-35 nm), intermediate-density lipoprotein (IDL) (23-27 
nm), large LDL (21.2-23 nm), small LDL (18-21.2 nm), medium small LDL (19.8-21.2 
nm), very small LDL (18-19.8 nm), large HDL (8.8-13 nm), medium HDL (8.2-8.8 
nm) and small HDL (7.3-8.2 nm). Since NMR distinguishes lipoprotein subclasses 
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on the basis of particle size alone the largest VLDL fraction also includes the 
chylomicrons, which are especially present in the postprandial samples [10].  
 
Serum plant sterols and stanols 
 
Concentrations of plant sterols, stanols and cholesterol precursors were determined 
at the start and at the end of each of the two experimental periods, i.e. in serum 
samples from days 8 and 28, and from days 64 and 85, as described [11].  
 
Glucose, insulin, FFA and hsCRP concentrations  
 
Plasma glucose (Roche Diagnostic Systems, Hoffmann-La Roche) and free fatty 
acids (FFA) (Wako Biochemicals) concentrations were measured in NaF plasma at 
all time points during the postprandial test days as well as in fasting samples 
obtained on days 25, 28, 81 and 85. Serum insulin concentrations were determined 
at the same time points with a human insulin-specific radioimmunoassay (RIA) kit 
(Linco Research). High sensitive C-reactive protein (hsCRP) was analyzed with a 
highly sensitive immunoturbidimetric assay (Kamiya Biomedical Company, Seattle, 
WA, USA).  
 
Statistical analysis  
 
A paired t-test was used to compare differences in fasting concentrations of the 
variables at the end of the intervention and control periods. For each subject, results 
of the two measurements taken at week 3 (days 25 and 28) and at week 12 (days 
81 and 85) were averaged before statistical analysis. Hs-CRP concentrations were 
not normally distributed and analyzed with the non-parametric Mann-Withney test. 
Changes over time of variables measured during the postprandial test were 
analyzed by linear mixed models with diet and time as fixed factors and with diet x 
time as an interaction term. If this term was not significant, it was omitted from the 
model. Post hoc tests with Bonferroni correction were carried out if factor time was 
significant to compare each concentration to baseline concentrations. At the 
postprandial test days, the incremental AUC (iAUC) was calculated using the 
trapezoidal rule [12] for serum total cholesterol, TAG, glucose, insulin and all 
lipoprotein subfractions. Pearson correlation coefficients were determined between 
changes in the different parameters after the three weeks interventions and 
postprandial changes in serum lipid, TAG, FFA, glucose and insulin concentrations 
at baseline. A p-value ≤ 0.05 was considered as statistically significant. All data are 
presented as means ± standard deviation (SD) and all analyses were performed 
using SPSS 20.0 software (SPSS Inc, Chicago, IL).   
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Results 
 
Baseline characteristics and dietary intake data 
 
Twenty subjects started the study. Due to flu the evening before the first test day 
and tonsillitis one week before the second test day for which antibiotics had to be 
used, two subjects dropped out. Both events occurred during the week in which a 
plant sterol poor diet was consumed, i.e. before plant stanol ester consumption 
started. Therefore, these events were considered not to be related to the active 
ingredients. Baseline characteristics of the 18 subjects who completed the study are 
shown in table 1. Energy and nutrient intakes did not differ between the two periods 
(supplemental table 1). There were also no significant changes in body weight during 
the study.  
 
Table 1: Baseline characteristics of the 18 participants who completed the study. 
 

Age (years)      33 ± 12 

Gender (F/M)      11 / 7  

Body weight (kg)   71.4 ± 11.3 

BMI (kg/m2)   23.9 ± 2.8 

Serum total cholesterol (mmol/L)   5.61 ± 0.96 

Systolic blood pressure (mmHg)    117 ± 12 

Diastolic blood pressure (mmHg)      78 ± 8 

All values are means ± SD.  

 
 
Supplemental table 1: Energy and nutrient intake during the two test periods according to food frequency 
questionnaires. 
 

  Control meal 
 

Plant stanol ester 
meal 

   Change 
 

p-value 

Energy (MJ/day)   10.1 ± 2.5   10.1 ± 2.8     0.0 ± 1.8 0.97 
Protein (en%)   15.5 ± 3.4   15.4 ± 3.6    -0.1 ± 2.3 0.96 
Total fat (en%)   37.1 ± 7.1   36.6 ± 7.9    -0.5 ± 4.5 0.62 
SFA (en%)   11.9 ± 2.7   11.0 ± 3.1       -1 ± 2.2 0.08 
MUFA (en%)   14.3 ± 4.0   14.7 ± 4.3     0.4 ± 2.7 0.50 
PUFA (en%)     8.4 ± 2.4     8.5 ± 2.6     0.1 ± 1.7 0.90 
Carbohydrates (en%)   45.3 ± 9.0   45.6 ± 10.3     0.3 ± 5.7 0.80 
Fibre (g/MJ)     2.7 ± 0.7     2.5 ± 0.6    -0.2 ± 0.6 0.13 
Alcohol (en%)     2.2 ± 1.7     2.4 ± 1.8     0.2 ± 0.8 0.51 
Cholesterol (mg/MJ)   19.6 ± 5.5   21.1 ± 7.1     1.5 ± 8.9 0.70 

All values are means ± SD.  
 
 

Serum lipid, lipoproteins, glucose, insulin, free fatty acids and inflammation 
 
Three weeks consumption of the margarine enriched with plant stanol esters 
reduced serum total cholesterol and LDL-C concentrations by 0.38 ± 0.42 mmol/L 
(7.1%; p < 0.01) and by 0.30 ± 0.41 mmol/L (9.5%; p < 0.01), respectively. Serum 
apoB100 concentrations were reduced by 0.07 ± 0.09 g/L (8.6%; p < 0.01). Serum 
HDL-C, TAG and apoA1 concentrations did not change (table 2). As compared to 
the control period, the number of total VLDL-CM, small VLDL and large LDL particles 
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decreased with respectively 17.2 ± 27.8  (26.6%; p = 0.02), 9.4 ± 15.5 mmol/L 
(27.6%; p = 0.02) and 56.4 ± 109.3 mmol/L (12.3%; p = 0.04) during the plant stanol 
ester period (table 3). Glucose, insulin, FFA and hs-CRP concentrations did not differ 
between the control and intervention periods (table 2).   
 
Table 2: Effect of 3-week consumption of plant stanol esters on parameters reflecting lipid, plant sterol, 
plant stanol, lathosterol, cholestanol, glucose metabolism and body weight.  
 

 Control     
margarine 

Plant stanol ester 
margarine   

Change1 
 

p-value 

Total Cholesterol 
(mmol/L) 

    5.38 ± 0.83     5.00 ± 0.82   -0.38 ± 0.42   <0.01 

LDL-C (mmol/L)     3.17 ± 0.79     2.87 ± 0.70   -0.30 ± 0.41    0.01 
HDL-C (mmol/L)     1.59 ± 0.33     1.59 ± 0.33    0.01 ± 0.15    0.82 
Triglycerides (mmol/L)     1.32 ± 0.45     1.21 ± 0.44   -0.11 ± 0.30    0.13 
Free fatty acids 
(μmol/L) 

     303 ± 87      286 ± 86   -17.2 ± 83.3    0.39 

Glucose (mmol/L)     5.20 ± 0.35     5.28 ± 0.42    0.08 ± 0.28    0.26 
Insulin (μU/mL)     14.2 ± 6.6     13.5 ± 4.8   -0.67 ± 5.85    0.63 
CRP (mg/dl)     1.30 ± 1.61     1.36 ± 1.91    0.06 ± 0.82    0.45 
ApoA1 (g/l)     1.48 ± 0.22     1.48 ± 0.23   -0.01 ± 0.09    0.69 
ApoB100 (g/l)     0.93 ± 0.20     0.85 ± 0.20   -0.07 ± 0.09   <0.01 
Sitosterol       155 ± 60      111 ± 39      -45 ± 28   < 0.01 
Campesterol       249 ± 92      178 ± 64      -71 ± 45   < 0.01 
Sitostanol       5.7 ± 1.5     22.5 ± 7.4       17 ± 7   < 0.01 
Campestanol       3.7 ± 1.2     11.0 ± 4.0         7 ± 3   < 0.01 
Lathosterol      153 ± 70      161 ± 48         8 ± 51    0.49 

Desmosterol     66.0 ± 18.9     70.2 ± 21.3         4 ± 9    0.05 

Body weight (kg)     72.2 ± 12.1     73.1 ± 12.2    0.91 ± 1.90    0.06 

All values are means ± SD. Plant sterols, stanols and cholesterol precursors (lathosterol and 
desmosterol) are expressed as 102 x μmol/mmol cholesterol 
 
Table 3: Effect of 3-week consumption of plant stanol esters on fasting serum lipoprotein profiles.  
 

 Control  
margarine 

Plant stanol ester 
margarine 

Change1 
 

p-value 

Total VLDL (nmol/L)     65  ± 31      47 ± 26     -18 ± 28 0.02 
Large VLDL-CM 
(nmol/L) 

       2 ± 2        3 ± 4        1 ± 4 0.28 

Medium VLDL (nmol/L)      29 ± 20      20 ± 12       -9 ± 18 0.52 
Small VLDL (nmol/L)      34 ± 17      25 ± 15       -9 ± 15 0.02 
Total LDL (nmol/L) 1042 ± 340    966 ± 319     -76 ± 176 0.08 
IDL (nmol/L)     34 ± 30      27 ± 21       -7 ± 36 0.39 
Large LDL (nmol/L)   457 ± 156    401 ± 171     -56 ± 109 0.04 
Small LDL (nmol/L)   551 ± 329    538 ± 308     -13 ± 193 0.79 
Medium small LDL 
(nmol/L) 

  109 ± 62    114 ± 65        5 ± 41 0.64 

Very small LDL 
(nmol/L) 

  442 ± 268    425 ± 245     -17 ± 156 0.65 

Total HDL (μmol/L)     33 ± 5      32 ± 5       -1 ± 3 0.25 
Large HDL (μmol/L)       8 ± 4        8 ± 3        0 ± 2 0.98 
Medium HDL (μmol/L)       5 ± 5        5 ± 4        0 ± 3 0.74 
Small HDL (μmol/L)      20 ± 6      19 ± 5       -1 ± 4 0.26 

All values are means ± SD 

1The change was calculated as the difference between 3 weeks consumption of plant stanol ester 
enriched margarine versus 3 weeks consumption of the control margarine.
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Serum plant sterols, plant stanols, lathosterol and desmosterol 
 
As expected, consumption of plant stanol esters decreased cholesterol-
standardized concentrations of serum sitosterol by 44.6 ± 27.6 102 x μmol/mmol 
cholesterol (p < 0.01) and of campesterol by 71.3 ± 44.7 102 x μmol/mmol cholesterol 
(p<0.01). Serum cholesterol-standardized concentrations of sitostanol 
concentrations increased by 16.9 ± 6.5 102 x μmol/mmol cholesterol (p < 0.01) and 
of campestanol by 7.3 ± 3.3 102 x μmol/mmol cholesterol (p < 0.01). For markers of 
endogenous cholesterol synthesis, no significant effect was found for lathosterol, 
whereas for desmosterol, concentrations significantly increased by 4.2 ± 8.6 102 x 
μmol/mmol cholesterol (p = 0.05) (table 2).  
 
Predictive value of the postprandial test for longer-term lipid lowering efficacy  
 
The major aim of the study was to evaluate whether metabolic characteristics of the 
postprandial response could be used to predict the response after 3-weeks plant 
stanol ester consumption. In this study, the serum total and LDL-C-lowering effect 
ranged from  -14 to + 9% for total cholesterol and from -25 to +15% for LDL-C, 
respectively.  
Interestingly, the iAUC of the postprandial glucose concentration obtained during the 
control period and the change in fasting total cholesterol after 3 weeks plant stanol 
ester consumption were strongly correlated (r = 0.66, p < 0.01) (figure 1). Moreover, 
comparable positive correlations were found between the iAUC of the postprandial 
glucose concentration and the changes in fasting concentrations of LDL-C (r = 0.76, 
p < 0.01), apoB100 (r = 0.68, p < 0.01), total VLDL (r = 0.50, p = 0.04), small VLDL 
(r = 0.47, p = 0.05), and IDL (r = 0.48, p = 0.05). The iAUC for insulin was not 
predictive for any of these parameters. In contrast to the iAUC for glucose, the 
baseline lathosterol / campesterol ratio, which has been suggested to predict the 
decrease in LDL-C after plant stanol ester consumption [13], did not correlate with 
the observed LDL-C response after three weeks plant stanol ester consumption (r = 
0.25, p = 0.31). In agreement, this ratio also did not correlate with the iAUC for 
glucose (r = 0.05, p = 0.84).  
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Figure 1: Relationship between the postprandial iAUC of glucose with the changes in the concentrations 
of total cholesterol (A), LDL-C (B), apoB100 (C), total VLDL (D), small VLDL (E) and IDL (F).  Each 
correlation plot consists of 18 data points corresponding to the number of subjects, which consumed in 
random order a shake enriched with or without 4 g plant stanol esters. 
 
 

Effects of plant stanol esters on postprandial lipemia and glycemia 
 
Fasting concentrations of serum total cholesterol, TAG, glucose and insulin before 
the 4-hour postprandial period did not differ significantly. After the meals, serum total 
cholesterol concentrations decreased and those of TAG increased over time, (p = 
0.02 and p < 0.01, respectively; supplemental figure 1). These changes were 
comparable after the plant stanol ester and control meals. Also, the iAUC of serum 
cholesterol and TAG were comparable after consumption of both meals (p = 0.55 
and p = 0.27, respectively). Glucose and insulin concentrations increased after both 
meals. The factor time was significant for both conditions, but changes did not differ 
between the two meals. The iAUCs of glucose and insulin were also comparable 
after consumption of both meals (p = 0.07 and p = 0.13, respectively). 
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Supplemental figure 1: Mean changes (± SEM) in serum concentrations of total cholesterol (A), TAG (B), 
insulin (C) and plasma concentrations of glucose (D) and free fatty acids (E) following a shake enriched 

with ( ) or without ( ) plant stanol esters in a randomized crossover study with normolipidemic subjects 
(n = 18). Data were analyzed using linear mixed models. After consumption of the shake, there was a 
decrease in the concentration of total cholesterol and an increase in the concentration of TAG, insulin, 
glucose and free fatty acids, which was significant for the factor time (p ≤ 0.05). Values between the 
shakes did not differ (p > 0.05). # After Bonferroni’s correction significantly different from baseline (p ≤ 
0.05). 

 
 
As shown in table 4, there were no significant changes in lipoprotein profiles over 
the 4-hr postprandial period after intakes of the plant stanol ester and control meals. 
We only observed some diet-independent effects such as increases over time in the 
total numbers of VLDL-CM, large VLDL-CM and medium VLDL particles. No effect 
was found on concentrations of small VLDL particles. Interestingly, the 
concentrations of large and medium HDL particles were immediately increased after 
consuming the shake and those of small HDL particles decreased. Surprisingly, 
postprandial concentrations of large LDL particles, which is recognized as a 
postprandial appearing lipoprotein subclass [14], tended to decrease (p = 0.06).  The 
total number of LDL as well as those of the various small LDL particles increased 
during the 4-hr follow up period.  
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As expected, there was a strong positive correlation between the iAUC of the 
postprandial TAG concentration and the iAUC of the postprandial concentration of 
large VLDL-CM particles (r = 0.76, p < 0.01 and r = 0.88, p < 0.01 for the control and 
the plant stanol ester periods, respectively). The iAUC of the postprandial TAG 
concentrations also correlated positively with the iAUC of the postprandial 
concentration of medium VLDL particles in the control group (r = 0.57, p = 0.01). For 
the other lipoprotein particles, no significant correlations were found. 
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Discussion 
 
The mechanism underlying the beneficial effects of plant stanol esters on fasting 
serum LDL-C and possibly TAG concentrations [15-17] has not been unravelled yet. 
To further understand these mechanisms and variations in responsiveness, acute 
dietary challenge studies may be helpful [8, 18]. After the intake of an acute single 
dose of plant stanol esters, however, no major postprandial changes were observed 
in parameters related to lipid and glucose metabolism. Yet, we found a clear 
association between the iAUC of the postprandial glucose concentration at baseline 
and changes in the concentrations of total cholesterol, LDL-C, apoB100, total VLDL, 
small LDL and IDL after 3 weeks plant stanol ester consumption. This suggests that 
subjects with a more pronounced postprandial glucose response are less sensitive 
for the longer-term LDL-C-lowering effect of plant stanol ester consumption.   
 
As expected [16, 19], three weeks consumption of plant stanol esters lowered serum 
LDL-C concentrations in normolipidemic subjects. In addition, we found reductions 
in the number of total VLDL particles, and in the concentrations of small VLDL and 
of large LDL particles. No decrease in small dense LDL particles was observed, 
which could be explained by the fact that these are metabolic products of the large 
TAG-rich VLDL particles [20], which were unchanged. Earlier studies have reported 
a significant reduction in the total number of LDL particles [16] or in large and 
medium VLDL particles [21] after consumption of plant stanol esters. However, these 
studies were performed in subjects with familial hypercholesterolemia and in 
subjects diagnosed with the metabolic syndrome, and it cannot be excluded that 
effects in these populations are different. In contrast to our results, others have found 
in normolipidemic subjects a reduction in the number of large VLDL and IDL particles 
after plant stanol ester consumption [17], for which we have no explanation. Thus, 
based on these limited number of studies, it is not possible to draw a conclusion on 
the effects of plant stanol esters on lipoprotein subclasses.  
In general, plant stanol ester intervention studies show a large inter-individual 
variation in the cholesterol-lowering efficacy [13]. To explain this inter-individual 
variation, various studies have focussed on genetic background [22] or individual 
characteristics like being a cholesterol-absorber or not [23]. For this, the plasma ratio 
of lathosterol to campesterol is frequently used [24]. However, in our study this ratio 
did not correlate with the changes in the fasting lipid and lipoprotein profile. We did 
find, however, a strong positive correlation between the postprandial iAUC of 
glucose with changes in total cholesterol, LDL-C, apoB100, total VLDL, small VLDL 
and IDL. It should be noticed that the matrix (shake vs margarine) and the dose of 
plant stanol esters (4 g vs 3 g) were different in the acute and semi-long term 
intervention. However, it is not likely that this will affect the predictive value, since it 
was shown previously that the food matrix was not a determinant of the LDL-C- 
lowering efficacy of plant stanols [25]. Our findings regarding a potential link with 
glucose concentrations are in agreement with the observations of Watts et al. [26], 
who suggested that subjects who are insulin resistant have a reduced susceptibility 
to interventions that lower intestinal cholesterol absorption. If true, the 
hypocholesterolemic effect of plant sterols/stanols in a metabolic syndrome 
population should be lower due to the lower intestinal absorption observed in these 
subjects [27, 28]. In contrast, based on the available data from a number controlled 
intervention studies, we have earlier concluded that the response towards plant 
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sterol and stanol esters seemed to be larger in subjects with the metabolic syndrome 
[13]. The question still remains how we can explain the inconsistency between the 
results from those studies and the current study together with the study from Watts 
et al. [26]. It should, however, be realized that no side-by-side comparisons 
regarding LDL-C lowering responsiveness in healthy and for example diabetic 
subjects have been made. A logical explanation for our results could be that it relates 
not only to glucose but also to regulatory effects of insulin. However, the iAUC for 
insulin as well as the HOMA index were not predictive indicating that it is not insulin 
sensitivity as such which predicts responsiveness. Clearly, the data presented here 
suggests that the effects on cholesterol metabolism due to inhibition of intestinal 
cholesterol absorption could be mediated via changes in determinants of glucose 
metabolism. Future studies should therefore focus on transcription factors linking 
lipid, glucose and insulin metabolism like sterol regulatory element-binding protein-
2 (SREBP2), carbohydrate-responsive element-binding protein (ChREBP) and 
SREBP-1c. 
Unfortunately, we could not observe any plant stanol ester-induced effect on the 
postprandial lipoprotein profile, which is in agreement with the 4-hour postprandial 
study of Gylling et al. [29]. It could be possible that the acute 4-hour postprandial 
follow-up period in our study was not long enough to observe any significant change 
in the postprandial lipid and lipoprotein profile induced by the plant stanol ester 
treatment. Also, results could be different when subjects were studied after longer-
term intake of plant stanol esters. 
 
In summary, the results of our study demonstrate that a single dose of plant stanol 
esters does not have an acute effect on postprandial glucose, lipid and lipoprotein 
metabolism. However, glucose responses during a postprandial test at baseline 
seemed predictive for individual responses in lipid and lipoprotein metabolism after 
3 weeks plant stanol ester consumption. This may suggest that the plant stanol ester 
induced effects on cholesterol metabolism are associated with subjects’ 
characteristics of glucose metabolism.  
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Abstract 
 
Animal studies have indicated that the gut microbiota influences lipid and glucose 
metabolism. Results from human studies are, however, less clear. We therefore 
investigated whether oral amoxicillin, a moderate-spectrum antibiotic, changes lipid 
and glucose metabolism in slightly hypercholesterolemic subjects. The primary 
outcome parameter was changes in low-density lipoprotein-cholesterol (LDL-C). 
 
In a randomized, placebo-controlled, double-blind study, 34 subjects (16 female/18 
male) received placebo and 37 subjects (16 female/21 male) received amoxicillin 
during 1 week. They were instructed to take 2 capsules of 250 mg 3 times daily after 
each meal. Fasting blood samples were taken on days 1, 4 and 8, but also during 
the washout period, i.e. on days 12 and 16.   
 
Amoxicillin intake had no effect on serum concentrations of LDL-C, insulin, blood 
pressure and body weight. The interaction terms between treatment and baseline 
HDL-C (p=0.025), triacylglycerol (TAG, p<0.001), glucose (p=0.021), HOMA index 
(p=0.010) and hsCRP (p=0.027) were significant. More specifically, amoxicillin 
intake decreased concentrations of HDL-C, glucose and the HOMA index, and 
increased those of TAG in subjects with elevated baseline values. Differences in 
TAG and HDL-C concentrations between the amoxicillin and placebo high-baseline 
groups tended to decrease during the wash-out period, suggesting that these effects 
were not only due to changes in the composition of the microbiota.  
 
In conclusion, amoxicillin intake might improve glucose metabolism, whereas it could 
be disadvantageous for lipids. Further studies are needed to identify the specific 
microbiota responsible for these effects and to examine the direct effects of 
antibiotics on gene expression.  
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Introduction 
 
Trillions of non-pathogenic commensal organisms live in the human gut, contributing 
to the digestion, formation and absorption of many nutrients [1]. It has even been 
estimated that colonic fermentation of indigestible dietary compounds provides up 
to 10-15% of the human daily energy supply [2]. Therefore, the composition of the 
microbiota may play a role in the development of metabolic aberrations. In fact, the 
proportion of gram-positive Firmicutes to gram-negative Bacteroidetes is higher in 
obese animals and in obese humans compared with lean controls. This may result 
into an increased degradation of otherwise indigestible dietary polysaccharides, and 
absorption of monosaccharides and short-chain fatty acids (SCFA) [3]. Furthermore, 
lowering the number of gram-positive bacteria (predominantly Firmicutes), thereby 
increasing gram-negative bacteria via vancomycin treatment decreased insulin 
sensitivity [4]. Finally, enrichment with gram-negative species increased 
lipopolysaccharide (LPS) absorption, which after binding to toll-like receptor 4 - 
cluster of differentiation 14 (TLR4-CD14) complex may stimulate the release of 
proinflammatory cytokines, leading to insulin resistance [5]. These latter studies [4, 
5] suggest a more beneficial role on glucose metabolism for gram-positive bacteria 
than for gram-negative bacteria. 

Besides energy and glucose metabolism, also lipid metabolism may be related to 
gut microbiota. Compared with germ-free mice, conventionally raised mice on a 
chow diet had lower serum chylomicron concentrations, comparable very-low 
density lipoprotein (VLDL)-triacylglycerol and high-density lipoprotein cholesterol 
(HDL-C) concentrations, and higher low-density lipoprotein cholesterol (LDL-C) 
concentrations [6]. Several mechanisms have been proposed to explain the effects 
of gut microbiota on lipid metabolism. In mice, the increased carbohydrate flow to 
the liver and the adipocytes after fermentation of indigestible polysaccharides into 
SCFA may enhance de novo lipogenesis via stimulation of 2 nuclear receptors of 
lipogenic enzymes: i.e. carbohydrate response element-binding protein (chREBP) 
and sterol response element-binding protein 1c (SREBP-1c). Furthermore, via a so 
far unknown cross-talk route, microbiota composition affects the expression of 
fasting-induced adipose factor (fiaf) in the intestinal epithelium, thereby increasing 
LPL activity and decreasing the expression of peroxisomal proliferator-activated 
receptor coactivator (PGC-1α). A similar mechanism may explain the link between 
microbiota composition and AMP-activated protein kinase (AMPK) activity in muscle 
and liver [7]. Finally, as also described for associations with glucose metabolism [4, 
5], changes in intestinal microbiota composition may affect lipid metabolism by the 
excretion of LPS into the circulation. Finally, it has been suggested that gut-flora-
dependent metabolism of the dietary lipid phosphatidylcholine promotes 
cardiovascular disease in man [8]. Thus, there is substantial evidence from animal 
studies that the gut microbiota is related to lipid and lipoprotein metabolism. 
However, from human studies there is less evidence. Therefore, the primary aim of 
the present study was to examine the effects of oral amoxicillin intake on serum LDL-
C concentrations in slightly hypercholesterolemic subjects. Changes in other 
parameters related to lipid or glucose metabolism were determined as well. 
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Materials and methods 
 
Subjects 
 

Subjects were recruited in Maastricht and surrounding areas through 
advertisements in local newspapers and via posters in the university and hospital 
buildings or among subjects who had participated in earlier studies at the 
department. They were invited for two screening visits if they were aged between 
18-70 years. Fasting blood was sampled for analyses of serum lipids and creatinine. 
In addition, body weight, height and blood pressure were determined. Exclusion 
criteria were impairment of kidney function (creatinine clearance <30 mL/min), 
serum total cholesterol (TC) <5 mmol/L or >8 mmol/L, serum triacylglycerol (TAG) 
>3 mmol/L, unstable body weight (weight gain or loss >2 kg in the past 3 months), 
use of medication or a prescribed diet known to affect lipid and glucose metabolism, 
abuse of alcohol and drugs, pregnancy or breast-feeding, history of coronary artery 
disease, known allergy to antibiotics, intension to change their physical activity 
pattern during the study or being a blood donor eight weeks before the start of the 
study or during the study. They were also asked not to use fish oil supplements, 
laxantia, prebiotica, probiotica, antibiotica and gastric acid inhibitors at least one 
month before the start of the study as well as during the study. Furthermore, they 
had to complete a medical and general questionnaire. Women who reported the use 
of oral anticonceptives were excluded. 
The study was approved by the Medical Ethical Committee of Maastricht University 
and was registered at ClinicalTrials.gov under study number NCT01566266. All 
participants gave written informed consent before entering the study.  
 
Study design 
 
The study had a randomized, double-blind, placebo-controlled parallel design. 
Before the start of the study, the subjects were assigned to use capsules containing 
placebo or amoxicillin, which is a moderate-spectrum antibiotic belonging to the 
beta-lactam antibiotics. It acts by inhibiting the synthesis of bacterial peptidoglycan 
that constitutes the cell wall of bacteria. The randomization list was made by Basic 
Pharma (Geleen, The Netherlands), an external independent party. The 
randomization code was concealed from the study investigators until the primary 
endpoint analysis was completed. The placebo capsules were filled with gelatine, 
cellulosum microcristallinum PH102.  
 
On day 1, a fasting blood sample was taken. For the next 7 days, subjects received 
capsules containing either 250 mg placebo or 250 mg amoxicillin. They were 
instructed to take 2 capsules 3 times a day after each meal with a glass of water 
which resulted in a daily intake of 1500 mg amoxicillin for 7 days, which is a full 
clinically applied treatment regimen. The remaining capsules were returned on day 
8 to calculate compliance. Blood was also sampled at days 4, 8, 12 and 16. At these 
days, blood pressure and body weight were also determined. Weight was measured 
without shoes and heavy clothing. An Omron M7 (Omron Healthcare Europe B.V., 
Hoofddorp, The Netherlands) was used to measure the blood pressure in fourfold at 
the left arm. The first measurement was discarded and the last three measurements 
were averaged. At the beginning of the intervention, the subjects were asked to 
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record their food intake by completing a food frequency questionnaire (FFQ) to 
estimate their energy and nutrient intakes. These FFQs were checked and 
calculated by a registered dietician. On day 8 and on day 16, they were asked to fill 
in a short questionnaire to evaluate changes in food intake and complaints due to 
the capsules. Subjects also recorded in dairies any signs of illness, medication used, 
alcohol consumption, any deviations of the study protocol and any other complaints.  
 
Blood sampling and analysis 
 
Blood sampling 
 
Blood samples were collected after an overnight fast. On the day before blood 
sampling, subjects were asked not to engage in any strenuous physical exercise or 
to consume alcohol. They visited the university by public transport or by car after a 
12 hours overnight fast. Venipuncture was performed under standardized conditions 
by the same person. All samples from one subject were analyzed within the same 
run.  
 
Plasma measurements 
 
Blood was sampled in 2ml NaF-containing vacutainer tubes (Becton Dickinson) for 
analysis of glucose (Roche Diagnostic Systems, Hoffmann-La Roche) and free fatty 
acids (FFA) (Wako Biochemicals). These tubes were kept on ice and centrifuged at 

1300 x g for 15 min at 4C within 60 minutes after sampling to obtain plasma. The 

samples were directly snap-frozen in liquid nitrogen and stored and -80C until 
analysis at the end of the study.  
 
Serum measurements  
 
Blood samples taken in serum tubes (Becton Dickinson) were allowed to clot for 30 
minutes at 21°C, followed by centrifugation at 11300 x g for 15 min at 21°C. These 

samples were also stored at -80C until analysis at the end of the study. In all fasting 
serum samples, serum TC (CHOD-PAP method; Roche Diagnostics Systems, 
Hofmann-La Roche), HDL cholesterol (HDL-C) (CHOD/PAP method; Roche 
Diagnostics Systems, Hofmann-La Roche) after precipitation of apoB-containing 
lipoproteins by adding phosphotungstic acid and magnesium ions (precipitation 
method; Monotest cholesterol, Boehringer Mannheim) and TAG with correction for 
free glycerol (GPO Trinder; Sigma Diagnostics) were analyzed enzymatically. LDL-
C was calculated by using the Friedewald equation [9]. Serum insulin concentrations 
were determined with a human insulin-specific radioimmunoassay (RIA) kit (Linco 
Research). High sensitive C-reactive protein (hsCRP) was analyzed with a highly 
sensitive immunoturbidimetric assay (Kamiya Biomedical Company, Seattle, WA, 
USA) and creatinine (Roche Diagnostics Systems, Hofmann-La Roche) was also 
determined enzymatically. Creatinine clearance was estimated with the Cockroft-
Gault equation from creatinine values [10].  
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Statistical analysis 
 
Effects of the treatment were examined using ANCOVA with values at the end of the 
intervention period (day 8) as dependent variable and values at the start of the study 
(day 0) as covariate. To examine if differences were related to baseline values, an 
interaction term (baseline value*treatment) was introduced into the model. If this 
interaction term did not reach statistical significance (p ≤0.05), it was omitted from 
the model. If the interaction term was significant, the subjects were further divided 
into subjects with low and high baseline values for that corresponding parameter. 
Subjects with a baseline value above the median were classified as subjects with 
high baseline values and subjects with a baseline value below the median were 
classified as subjects with low baseline values. To visualize the interaction effect, 
values during the study were plotted for subjects with low and high baseline levels. 
Values are presented as means ± SD. Statistical analysis was performed using 
SPSS 20.0 software (SPSS Incorporated, Chicago, IL, USA).  
 
Results 
 
Baseline characteristics 
 
One hundred nineteen subjects were screened. Based on our inclusion criteria, 
fasting serum TC levels of thirty-one subjects were too low, of five subjects too high, 
while for TAG concentrations two subjects were too high. Of the 80 subjects who 
met all the inclusion criteria, 3 decided not to participate for personal reasons. In 
total, thirty-two women and thirty-nine men started the study and were randomized 
to the amoxicillin or the placebo group. Three subjects dropped out during the 
intervention. One woman had a flu on the second day, one man was bitten by a dog 
and had to start immediately with the intake of antibiotics, and one man was not able 
to ingest the capsules. Three subjects with hsCRP >10mg/L at one of the time points 
were excluded from the analysis. Baseline characteristics of the 71 subjects who 
completed the study are shown in table 1.  
 
 
Table 1: Baseline characteristics of the subjects who completed the study.  
 

 All  
(n=71) 

Placebo group  
(n=34) 

Amoxicillin group 
(n=37) 

Age (years)      59 ± 11      60 ± 10      58 ± 13 
Gender (F/M)       32/39       16/18       16/21 
BMI (kg/m2)   25.9 ± 3.4   25.5 ± 3.5   26.2 ± 3.3 
Total cholesterol 
(mmol/L) 

  6.38 ± 0.81   6.43 ± 0.90   6.34 ± 0.73 

Triacylglycerol 
(mmol/L) 

  1.40 ± 0.57   1.31 ± 0.56   1.45 ± 0.58 

Systolic blood 
pressure (mmHg) 

   130 ± 18     131 ± 22    130 ± 13 

Diastolic blood 
pressure (mmHg) 

    84 ± 11     84 ± 14      84 ± 8 

Except for gender, values are means ± SD 
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Energy and nutrient intakes did not differ between the two groups at baseline 
(supplemental table 1). Subjects did not report to have changed their food intake 
due to the intake of the capsules. Also, body weight did not change during the 
study. Two subjects in the placebo group and two subjects in the amoxicillin group 
had suffered from diarrhea. Another subject in the amoxicillin group suffered from 
headaches.  
 
 
Supplemental table 1: Energy and nutrient intake at baseline according to food frequency questionnaires. 
 

 Placebo group Amoxicillin group 

Energy (MJ/day)   9.7 ± 2.3  9.8 ± 3.5 
Protein (en%) 16.8 ± 4.3 16.0 ± 30 
Total fat (en%) 38.3 ± 7.6 38.8 ± 7.6 
SFA (en%) 12.4 ± 3.0 11.8 ± 2.7 
MUFA (en%) 13.4 ± 3.6 14.8 ± 4.8 
PUFA (en%)   8.9 ± 3.1   8.9 ± 3.4 
Carbohydrates (en%) 42.4 ± 9.5 43.1 ± 8.6 
Fibre (g/MJ)   2.5 ± 0.9   2.7 ± 1.3 
Alcohol (en%)   2.7 ± 3.7   2.2 ± 2.5 
Cholesterol (mg/MJ) 24.0 ± 7.4 23.4 ± 8.7 

All values are means ± SD. Thirty-four subjects participated in the placebo group and  
37 subjects in the amoxicillin group. 

 
 
Compliance 
 
The capsules were provided in boxes containing 44 capsules, which was 2 more 
than needed. Subjects were instructed to return the boxes at day 8 with the 
remaining capsules to calculate compliance. The number of capsules returned in the 
placebo and the amoxicillin group was 3.2 ± 2.9 and 2.6 ± 1.3, respectively.  
 
Lipid metabolism 
 
There were no statistically significant differences in serum concentrations of TC, 
LDL-C, HDL-C and TAG between the two groups on day 1 of the study. Compared 
to the placebo group, the use of amoxicillin did not change serum TC (p = 0.672) 
and LDL-C concentrations (p = 0.715). However, a statistically significant interaction 
between amoxicillin treatment and baseline HDL-C and TAG was found (p = 0.025 
and p < 0.001, respectively) (table 2).  
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Amoxicillin decreased serum HDL-C concentrations more pronounced in subjects 
with higher serum HDL-C concentration at baseline (figure 1, panel A). One week 
after treatment, the HDL-C concentration in this amoxicillin high-baseline subgroup 
was still somewhat lower than the concentration in the placebo high-baseline 
subgroup. For TAG, we found that the increase after amoxicillin intake was more 
pronounced in subjects with higher baseline values (figure 1, panel B). Moreover, 
the TAG concentration remained higher in this subgroup than in the placebo group.  
 
 

 
 
Figure 1: Mean changes (± SEM) in serum concentrations of HDL-C (A), TAG (B), and plasma glucose 
(C) and the HOMA index (D). Subjects with a baseline value above the median were classified as subjects 
with high baseline values and subjects with a baseline. 

 
 
Glucose metabolism 
 
Changes in plasma glucose concentrations and HOMA index did not differ among 
the groups at baseline. There was a significant difference in serum insulin 
concentrations between the two groups on day 1 (p = 0.014). Intake of amoxicillin 
did not change the insulin concentrations compared to the placebo group (p = 
0.280). However, the interaction term between treatment and baseline HOMA index 
and plasma glucose concentrations was significantly different (p = 0.010 and p = 
0.021, respectively) (table 3).  
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In the amoxicillin as well as in the placebo group, the glucose concentration 
decreased in the subjects with high baseline values after 4 days (figure 1, panel C). 
For the next 12 days, glucose concentrations remained practically stable in the 
placebo high-baseline group, whereas levels increased in the amoxicillin high-
baseline group. The same pattern was observed for the HOMA index (figure 1, panel 
D).  
 
Weight, blood pressure, CRP and creatinine clearance 
 
Body weight, systolic and diastolic blood pressure were not significantly different 
among the groups at day 1. Treatment with amoxicillin did not change weight (p = 
0.247) and diastolic blood pressure (p = 0.173) compared to the placebo group. 
However, systolic blood pressure tended to decrease after amoxicillin intake (p = 
0.074) compared to the placebo group. Concentrations of hsCRP were significantly 
different (p = 0.017) between the two groups at the start of the study. A significant 
interaction between baseline concentrations of hsCRP and response-to-treatment 
was found (p = 0.027). Creatinine concentrations and creatinine clearance were the 
same between both groups on day 1 and did not change significantly after amoxicillin 
treatment compared to the placebo group (p = 0.986 and p = 0.479, respectively)  
(table 4). 
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Discussion 4 
 5 
This study was designed to examine the effects of the changes in gut microbiota on 6 
lipid and glucose metabolism in slightly hypercholesterolemic subjects using 7 
amoxicillin, a moderate-spectrum aminopenicilline antibiotic against gram-positive 8 
and gram-negative bacteria. No effects were found on serum TC, LDL-C, insulin, 9 
blood pressure and body weight. However, amoxicillin treatment decreased 10 
concentrations of HDL-C, glucose, and hsCRP and the HOMA index, but increased 11 
TAG concentrations in subjects with increased levels at baseline.  12 
Animal studies have suggested that the gut microbiota accelerate cholesterol 13 
catabolism, thereby decreasing serum TC concentrations [6]. In humans, however, 14 
results are less clear. The cholesterol-lowering effect of orally administered 15 
neomycin, an antibiotic with a strong activity against in particular gram-negative 16 
bacteria, was already reported in 1958 [11]. In a later study, Kesäniemi et al. [12] 17 
reported that daily administration of 1.5 g neomycin for 2 to 3 months to 6 slightly 18 
hypercholesterolemic men decreased serum concentrations of TC by 20%, of LDL- 19 
C by 25%, and of HDL-C by 16%. Faecal excretion of neutral steroids was increased, 20 
absorption of exogenous cholesterol decreased, and apoB100 synthesis rates 21 
lowered, which may explain the effects on LDL-C. No effects on serum TAG 22 
concentrations were found. Other longer-term studies in type II hyperlipoproteinemic 23 
patients and in hypercholesterolemic type 2 diabetics found comparable effects on 24 
serum TC, LDL-C and TAG concentrations [13, 14]. The latter study also reported a 25 
decrease in HDL-C concentrations of 30% [14]. Altogether, longer-term treatment 26 
with orally administered neomycin may lower serum concentrations of LDL-C and 27 
HDL-C, but not those of TAG. No short-term human studies with neomycin have 28 
been published, which makes it difficult to compare these results with our results. 29 
However, in a short-term study with amoxicillin and omeprazole in patients suffering 30 
from Helicobacter pylori infection, no changes in serum lipid or lipoprotein 31 
concentrations were found after 2 weeks treatment [15]. Very recently, Vrieze et al. 32 
[4] compared the effects of one-week oral administration of amoxicillin versus those 33 
of vancomycin 1.5 g/d in obese men with the metabolic syndrome. Although median 34 
concentrations of LDL-C decreased by 0.6 mmol/L in the amoxicillin group and by 35 
0.8 mmol/L in the vancomycin group, these effects did not reach statistical 36 
significance. As only 10 men were studied in each group, it is possible that this may 37 
have been due to a lack of statistical power. However, using the same dose and 38 
applying the same study duration we here present also no effects of amoxicillin on 39 
LDL-C in a much larger study population. It cannot be excluded, that longer-term 40 
treatment may have affected LDL-C concentrations. In our study, amoxicillin 41 
decreased serum concentrations of HDL-C and increased those of TAG in subjects 42 
who had increased levels at baseline. These effects were not related to gender or 43 
BMI. Effects on TAG should be interpreted with some caution as these were due to 44 
aspecific changes in the placebo group, which may be partly related to regression 45 
to the mean. However, due to the parallel design of the study, similar effects would 46 
have been expected in the intervention group and the difference in effect between 47 
the two groups can therefore be attributed to amoxicillin treatment. Vrieze et al. [4] 48 
did not observe any effects of amoxicillin or vancomycin on HDL-C, which may have 49 
been due to the low baseline HDL-C concentrations (around 1.0 mmol/L) of their 50 
metabolic syndrome subjects. In that study, serum TAG concentrations tended to 51 
decrease after amoxicillin treatment, but not after vancomycin treatment. Why we 52 



CHAPTER 6 

 114 

observed only effects in subjects with increased serum HDL-C and TAG levels at 53 
baseline, remains to be determined. Increases in cholesteryl ester transfer protein 54 
(CETP) activity during amoxicillin treatment are a possibility, as this would have 55 
resulted in increased TAG and decreased HDL-C concentrations [16]. 56 
Treating obese mice with norfloxacin and ampicillin reduced body weight, and 57 
improved fasting glycaemia and glucose tolerance [17]. In agreement, we also found 58 
a decrease in glucose concentrations after amoxicillin intake in subjects with higher 59 
glucose concentrations at baseline. Also, the HOMA-index, which correlates with 60 
measures for insulin resistance obtained during a hyperglycemic clamp [18], 61 
decreased after amoxicillin treatment. For humans, the importance of the gut 62 
microbiota on glucose metabolism was shown by Vrieze and colleagues [19], who 63 
found that transplantation of lean donor gut microbiota into obese subjects with the 64 
metabolic syndrome altered the composition of the intestinal microbiota, and 65 
improved hepatic and peripheral insulin sensitivity. In a later study, Vrieze et al. [4] 66 
demonstrated that vancomycin decreased peripheral insulin sensitivity, reduced gut 67 
microbiota diversity, and decreased the number of gram-positive bacteria. At the 68 
same time, however, the number of gram-negative bacteria was increased. Many 69 
gram-positive bacteria are able to deconjugate, oxidize and dehydroxylate primary 70 
bile acids into secondary bile acids, whereas only two strains of the gram-negative 71 
Bacteriodes have deconjugation activity [20]. It was hypothesized that decreases in 72 
the production of secondary bile acids could ultimately result in increased peripheral 73 
insulin resistance [4]. It was surprising, however, that amoxicillin in that study had 74 
no effect at all on microbial diversity or on the total number of fecal bacteria, and on 75 
insulin sensitivity.  76 
In contrast to changes in glucose concentrations and the HOMA index, differences 77 
in TAG and HDL-C concentrations between the amoxicillin and placebo high- 78 
baseline groups tended to decrease during the wash-out period. If true, it is not likely 79 
that this can be explained by a recovery of the gut microbiota, since this takes 80 
several weeks to months before it has revered to its original composition [21]. An 81 
explanation for this rapid return may be that antibiotics themselves changed gene 82 
expression, as has been demonstrated in human adipose tissue for genes involved 83 
in lipid metabolism [22]. In that case the effects observed after antibiotic treatment 84 
are at least partly caused by direct gene regulation of the antibiotic without interfering 85 
in the microbiota composition. However, further studies are needed to unravel the 86 
potential association between antibiotic intake and effects on genes involved in lipid 87 
and glucose metabolism. 88 
 89 
To summarize, amoxicillin intake increased TAG concentrations, and reduced HDL- 90 
C and glucose concentrations and the HOMA index, especially in subjects with 91 
elevated baseline values. This study therefore supports the growing evidence that 92 
the gut microbiota may affect lipid and glucose metabolism. Further studies are 93 
however needed to identify the specific microbiota responsible for these effects and 94 
to examine the direct effects of antibiotics on gene expression. 95 
 96 
 97 
 98 
  99 
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Foods enriched with fatty acids of plant sterols and stanols are well known for their 176 
low-density lipoprotein cholesterol (LDL-C) lowering activity. These functional foods 177 
are helpful in reducing CVD risk for subjects with elevated LDL-C concentrations if 178 
they are part of a healthy diet low in saturated fatty acids. The underlying 179 
mechanisms of the hypocholesterolemic effect of plant sterols/stanols are still 180 
unknown. Besides plant sterols / stanols, animal studies also suggest a possible role 181 
for the gut microbiota on lipid metabolism. Within this context, we investigated the 182 
role of plant stanol esters and gut microbiota on lipid metabolism.  183 
 184 
Acute effects of plant stanol esters on expression profiles of genes involved in sterol 185 
metabolism  186 
 187 
In our first study (chapter 3), we investigated the acute effects of plant stanol esters 188 
on the expression profile of genes involved in sterol metabolism in the liver and in 189 
the intestine. Cell studies have demonstrated that plant sterols/stanols have an 190 
effect on genes involved in sterol metabolism [1]. Results from in vivo studies are 191 
however conflicting. This may be due to the various amounts of plant sterols in the 192 
background diets, resulting in different tissue and serum concentrations, which may 193 
affect pathways underlying the cholesterol-lowering activity of the added plant 194 
sterols/stanols. Indeed, tissue concentrations of plant sterols increase if mice were 195 
fed a diet containing higher amounts of plant sterols. Therefore, in the first study, we 196 
fed female mice (F0) a plant sterol/stanol poor diet from weaning. They were used 197 
in a breeding protocol and their pups (F1) were fed the same diet from weaning. In 198 
our study, the intestinal cellular cholesterol concentration decreased despite the 199 
presence of cholesterol in the gavage. The intestinal sitostanol concentration 200 
increased already after 15 minutes. The decrease in intestinal cellular cholesterol 201 
concentrations could explain the upregulation of sterol regulatory element binding 202 
protein 2 (SREBP2) and its target genes. The increased mRNA expression of 3- 203 
hydroxy-3-methyl-glutaryl-Coenzyme A (HMG-CoA) reductase did not result in 204 
increased concentrations of lathosterol and desmosterol. Despite the increased 205 
expression of SREBP2, the intestinal cholesterol concentration did not return to 206 
baseline values during the 4-hr follow-up period. Surprisingly, changes in gene 207 
expression profiles in the liver were opposite to those in the intestine. The hepatic 208 
cholesterol concentration remained nearly unchanged during the entire post-gavage 209 
period, while the sitostanol concentration increased again 15 minutes post-gavage. 210 
After this rapid appearance, sitostanol concentrations decreased and increased 211 
again after 120 minutes, which could be explained by the uptake of chylomicron 212 
remnants by the liver. One important question that is raised by this study is how 213 
sitostanol originating from the gavage reached the liver within 15 minutes without 214 
clear changes in serum sitostanol concentrations at this early time-point. We tried to 215 
unravel the route of entrance in a second study using deuterium labelled plant 216 
stanols and cholesterol in the gavage. The absence of an increase in the hepatic 217 
sitostanol concentration 15 minutes post-gavage in the lymph-canulated mice 218 
indicates that the entrance is lymph-dependent. However, these lymph-canulated 219 
mice showed an increase in hepatic sitostanol concentrations 1 hour after the 220 
gavage for which we have no explanation. At that time point, there were again no 221 
changes in plant stanol concentrations in the serum or the portal vein. The hepatic 222 
expression of SREBP2 and its target genes was downregulated. We could speculate 223 
that this is due to a direct effect of the increased hepatic sitostanol concentrations, 224 
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i.e. the hepatocytes cannot distinguish between elevated cholesterol or plant stanol 225 
concentrations as suggested before [2]. However, this explanation does not agree 226 
with the observed upregulation of SREBP2 in the enterocytes. The 5-fold increased 227 
intestinal LDL receptor (LDLr) expression is suggestive for an enhanced clearance 228 
of cholesterol via the enterocytes. Nevertheless, a phytosterol-enriched diet 229 
decreased plasma cholesterol levels in LDLr-/- mice [3]. Whether effects are less 230 
pronounced in these knockout mice as compared to other mouse models is not 231 
known. To further study the importance of the LDLr, a side-by-side comparison 232 
between heterozygote versus homozygote LDLr knockout mice could be performed. 233 
However, it can be speculated that the increased intestinal LDLr expression 234 
contributes to activation of the transintestinal cholesterol excretion (TICE) by plant 235 
stanols [4], resulting in enhanced faecal neutral sterol loss via secretion into the 236 
intestinal lumen. In this way, it can also be explained why there are no human 237 
interventional trials showing clear changes on postprandial chylomicron formation or 238 
composition [5, 6]. However, the suggested plant stanol ester-induced TICE so far 239 
is all based on animal data and needs to be confirmed in human studies. Moreover, 240 
plant stanols also actively lower serum LDL-C concentrations in homozygous FH 241 
patients [7] suggesting that effects can be achieved independent from functional 242 
LDLr. 243 
 244 
The expression profiles of genes involved in sterol efflux were opposite between the 245 
liver and the intestine. The expression of liver X receptor α (LXRα) target genes was 246 
increased in the liver, whereas it remained nearly unchanged in the intestine. The 247 
increase in hepatic expression of LXRα target genes could be explained by an 248 
indirect effect, i.e. increases in intracellular cholesterol and consequent oxysterol 249 
concentrations or by a direct effect of sitostanol. The latter possibility is not likely, 250 
since the sitostanol concentration was also increased in the enterocytes, without 251 
affecting expression of LXRα target genes. Theoretically, if plant stanols act as LXR 252 
agonists, we would expect that these effects were more pronounced in the intestine 253 
compared to the liver, since the absorption of plant stanols is poor thereby reaching 254 
higher intracellular concentrations in the intestine. However, it should be noticed that 255 
hepatic sitostanol concentrations increased already 15 minutes post-gavage to 256 
rather pronounced levels. The assumption that plant stanols act as local instead of 257 
systemic LXR agonists is further supported by our findings (chapter 5) that longer- 258 
term plant stanol ester consumption did not affect serum triacylglycerol (TAG) 259 
concentrations in normolipidemic subjects, which would be increased after systemic 260 
LXR activation [8]. In fact, plant stanols may lower serum TAG concentrations 261 
instead of elevate, especially in subjects with elevated baseline TAG concentrations 262 
[9-11]. This effect is also ascribed to hepatic specific effects [10]. In support, Brufau 263 
et al. recently showed that the hepatic very-low density lipoprotein (VLDL) production 264 
is decreased in C57BL/6J mice after consuming plant sterol or stanol ester enriched 265 
diets for 3 weeks (unpublished data). It could also be speculated that differences in 266 
hepatic and intestinal desmosterol concentrations might have influenced tissue 267 
specific LXR activation. Recently, Spann et al. [12] have demonstrated that 268 
desmosterol may regulate LXR activation in macrophages. In our study, the 269 
intestinal desmosterol concentration decreased post-gavage, whereas those in the 270 
liver remained stable. The large difference in desmosterol concentrations between 271 
intestine and liver could therefore be a possible explanation for the observed 272 
increase in the expression profile of hepatic LXR target genes. 273 
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We also investigated whether plant stanol esters exert an acute effect on intestinal 274 
gene expression profile in healthy, normolipidemic subjects (chapter 4). To the best 275 
of our knowledge, there are no human interventional trials that have investigated 276 
changes in intestinal gene expression profiles after plant sterol/stanol consumption. 277 
Since we do not know which part of the proximal small intestine is most responsive, 278 
we decided to take biopsies both from the duodenum (around the Papil van Vater) 279 
and the jejunum (20 cm distal from the Papil van Vater). Our subjects were instructed 280 
to avoid the consumption of products relatively rich in plant sterols/stanols one-week 281 
before the intestinal biopsies were taken. In this way, an optimal contrast in plant 282 
stanol ester intake was created and inter-individual variability due to differences in 283 
plant sterol/stanol intake were minimized. During the test day, subjects consumed in 284 
random order a shake enriched with or without 4g plant stanol esters. Five hours 285 
later, intestinal biopsies were taken. In contrast to our findings in the animal study 286 
(chapter 3), we could not observe significant changes in the expression profile of 287 
genes involved in sterol metabolism. We could speculate that it may take more than 288 
5 hours before changes in genes involved in sterol metabolism could be detected. 289 
Ideally, we had to take biopsies both in the acute phase and after longer-term 290 
consumption of plant stanol esters. However, this was considered not to be possible 291 
from an ethical point of view unless we had chosen for a parallel instead of a 292 
crossover design.  293 
We did find, however, a highly interesting observation in the jejunal biopsies, i.e. a 294 
significant downregulation in the expression profile of genes belonging to immune- 295 
related pathways. The downregulated gene sets could be clustered into functions 296 
related to T-cells such as T-cell development, homeostasis, activation, quantity, 297 
adhesion and chemotaxis. In vitro as well as ex vivo studies have already shown an 298 
effect of plant sterols/stanols on the immune system [13, 14]. It should be noticed, 299 
however, that these studies were performed in subjects with a disturbed T-helper-1 300 
cell/T-helper-2 cell (Th1/Th2) balance, which was not the case in our study. Thus, 301 
effects of plant sterols/stanols are not limited to lipid and lipoprotein metabolism. A 302 
link between cholesterol homeostasis and the immune system has already been 303 
demonstrated. Bensinger et al. [15] indicated that the activity of the SREBP pathway 304 
was increased and that of LXR was decreased when T-cells were activated by 305 
antigens. In this way, there is sufficient cholesterol available for membrane formation 306 
and cellular proliferation. It could also be speculated that consumption of plant stanol 307 
esters reduces the cellular cholesterol content of the intestinal T-cells, thereby 308 
dampening its expansion. 309 
  310 
Acute and semi-long term effects of plant stanol esters on lipid and lipoprotein 311 
metabolism 312 
 313 
Besides the decrease in LDL-C, some studies have also suggested a role for plant 314 
sterols/stanols in TAG metabolism [11, 16]. In addition, a large inter-individual 315 
variation in the cholesterol-lowering efficacy of plant stanol ester treatment exists 316 
[17]. It is highly relevant to identify factors related to this variability in response-to- 317 
treatment to elucidate underlying mechanisms. Therefore, we decided to evaluate 318 
whether it is possible to predict an individual’s LDL-lowering response to longer-term 319 
consumption of plant stanol esters based on postprandial changes in metabolic 320 
parameters. In our study (chapter 5), 3 weeks consumption of plant stanol esters 321 
reduced serum concentration of total cholesterol by 7.1%, LDL-C by 9.5% and 322 
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apoB100 by 8.6% compared to the control group.  No TAG-lowering effect was 323 
found, which could be due to the fact that we only included normolipidemic subjects. 324 
Demonty et al. [16] have indicated earlier that the modest decrease in TAG 325 
concentrations is dependent on baseline TAG levels. Compared to the control group, 326 
the number of total VLDL-CM, small VLDL and large LDL particles are reduced after 327 
consumption of plant stanol esters. This is in contrast to another study [10], which 328 
was also performed in normolipidemic subjects, showing a decrease in large VLDL 329 
and intermediate-density lipoprotein (IDL) particles. We do not have an explanation 330 
for these differences. It should, however, be noticed that there are differences 331 
between both studies (i.e. parallel versus cross-over design, 8 weeks versus 3 332 
weeks plant stanol ester consumption, daily plant stanol ester intake: 3.8-4.1 g/day 333 
versus 3 g/d). The number of studies investigating the effects of plant stanol esters 334 
on lipoprotein particle characteristics like size density and composition is scarce and 335 
some studies have been performed in subjects suffering from metabolic syndrome 336 
[9] or familial hypercholesterolemia [11], making it difficult to draw a straightforward 337 
conclusion.  338 
There were no significant changes in lipid, lipoprotein and glucose metabolism 339 
during the postprandial phase. The 4-hr follow-up period may not have been long 340 
enough to observe significant changes. This assumption is in agreement with the 341 
fact that also no changes in the expression profiles of genes involved in sterol 342 
metabolism 5 hours after an acute intake of plant stanol esters (chapter 4) were 343 
found. It may be hypothesized that new steady state conditions should be reached 344 
first before significant changes could be found. Finally, but highly interesting, we 345 
observed that the incremental area under the curve (iAUC) of the postprandial 346 
glucose response could be used to predict an individual’s response to plant stanol 347 
ester treatment. A significant, positive correlation was found between the iAUC of 348 
postprandial glucose and the change in fasting concentrations of total cholesterol, 349 
LDL-C, apoB100, total VLDL, small VLDL and IDL. The change was calculated as 350 
the difference between three weeks consumption of a margarine enriched with plant 351 
stanol esters (3 g/day) versus three weeks consumption of control margarine. The 352 
lathosterol/campesterol ratio [18], which is frequently used as a predictor for the 353 
decrease in LDL-C after plant stanol ester treatment did not correlate with the 354 
observed decrease in LDL-C concentrations in our study, nor with the iAUC of the 355 
postprandial glucose concentration. There is some inconsistency between the 356 
relation of insulin sensitivity and the response to interventions reducing the intestinal 357 
cholesterol absorption. Watts et al. [19] have demonstrated earlier that insulin- 358 
resistant subjects, showing a lower cholesterol absorption and increased cholesterol 359 
synthesis, are less susceptible to treatments interfering with cholesterol absorption. 360 
This is in agreement with our finding, showing that subjects with a more pronounced 361 
postprandial glucose response are less sensitive to the LDL-C lowering efficacy of 362 
plant stanol esters. In contrast, it has been indicated that the response was larger 363 
instead of smaller in metabolic syndrome patients [18]. In the future, it would be 364 
interesting to make a side-by-side comparison between healthy normolipidemic 365 
subjects and subjects with impaired glucose response such as diabetics. 366 
Surprisingly, the serum desmosterol concentration was slightly increased after plant 367 
stanol ester consumption for 3 weeks, whereas we could not observe changes in 368 
lathosterol concentrations. As mentioned previously, desmosterol can act as a LXR 369 
agonist [12], thereby mediating a hypolipidemic effect via stimulation of the reverse 370 
cholesterol transport and inhibition of intestinal cholesterol absorption.  Moreover, 371 
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LXR is not only an important regulator of cholesterol, but also of fatty acid and 372 
glucose homeostasis [20]. The disadvantage of systemic LXR activation is the 373 
potential development of hepatic steatosis. LXR stimulates lipogenesis, which is 374 
partly mediated via the increased expression of SREBP-1c, but also directly via 375 
increased expression of lipogenic enzymes such as fatty acid synthase (FAS), 376 
acetyl-coA carboxylase (ACC) and stearoyl-CoA desaturase-1 (SCD1). The 377 
increased expression of lipogenic enzymes could also be described to the 378 
stimulatory effect of LXR agonist on carbohydrates responsive element binding 379 
protein (chREBP), a glucose sensitive transcription factor. Thus, the mechanism of 380 
reducing LDL-C by plant stanol esters may not be limited to parameters involved in 381 
lipid metabolism. Other metabolic parameters such as glucose and insulin might also 382 
be involved. Therefore, in future studies, it is necessary to focus on transcriptional 383 
pathways linking lipid, fatty acid and glucose metabolism. However, it should be 384 
noticed that the expression profiles of these genes depends on the health status of 385 
an individual. For example, Hurtado del Pozo et al. [21] showed that hepatic chREBP 386 
mRNA levels were much higher in obese that in lean subjects. Similarly, subjects 387 
with impaired glucose tolerance or type 2 diabetes mellitus have an increased 388 
expression of chREBP in the liver [22], suggesting that chREBP activation might be 389 
involved in the early stage of the metabolic syndrome. For FAS, it was also shown 390 
that its expression is significantly higher in obese and in type 2 diabetes subjects 391 
compared to lean controls [23]. Finally, mRNA levels of Niemann-Pick C1-like 1 392 
(NPC1L1) and microsomal triglyceride transfer protein (MTTP) are increased and 393 
those of adenosine thriphosphate binding cassette transporter G5/G8 394 
(ABCG5/ABCG8) are decreased in type 2 diabetic patients [24]. Despite these 395 
differences, Lau et al. [25] showed that consumption of plant sterols is efficacious in 396 
lowering LDL-C in both type 2 diabetic and nondiabetic subjects. The inhibition of 397 
intestinal cholesterol absorption induced by plant sterol supplementation results in a 398 
compensatory increase in cholesterol synthesis. This increase could be suppressed 399 
by insulin. As type 2 diabetic patients have a reduced postprandial insulin peak, 400 
HMG-CoA reductase activity, which is increased by insulin, will be decreased in 401 
these subjects [26]. 402 
 403 
The role of the gut microbiota on lipid metabolism 404 
 405 
During the last couple of years, the gut microbiota became an important factor 406 
potentially contributing to metabolic aberrations in pathological conditions such as 407 
obesity [27], NASH [28], diabetes [29] and CVD [30] (figure 1). The composition of 408 
the gut microbiota is influenced by different factors, including host genetics [31], 409 
immunological factors [32], antibiotic treatment [33, 34] and also dietary effects [35, 410 
36]. Velagapudi et al.  [37] indicated that a link exist between gut microbiota and lipid 411 
metabolism in mice. Conversion of cholesterol into coprostanol and deconjugation 412 
of primary bile acids into secondary bile acids might explain the hypocholesterolemic 413 
effect of gut microbiota. These assumptions need to be further investigated in 414 
humans. Therefore, we decided to examine this in slightly hypercholesterolemic 415 
subjects (chapter 6). In the meantime, Vrieze et al. [38] published a study in which 416 
they compared the effects of one-week oral administration of vancomycin versus 417 
those of amoxicillin 1.5 g/d in obese men with the metabolic syndrome. In contrast 418 
to the animal studies, but in agreement with our study, using the same dose and 419 
applying the same study duration, they could not find an effect on LDL-C. In our 420 
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study, amoxicillin decreased serum concentrations of HDL-C and increased those 421 
of TAG in subjects who had increased levels at baseline. This latter finding is in line 422 
with data from animal studies, showing a decrease in serum TAG and an increase 423 
in liver TAG concentrations in the presence of gut microbiota [37]. It is postulated 424 
that alterations in gut microbiota could affect the microbiota-mediated suppression 425 
of fasting-induced adipose tissue factor (FIAF/ANGPTL4) expression, thereby 426 
increasing lipoprotein lipase (LPL) activity resulting in enhanced lipid clearance and 427 
increased fatty acid uptake into adipocytes and liver. In mice overexpression FIAF, 428 
the expression of adipose TAG lipase (ATGL) was increased by 50% in adipose 429 
tissue and muscle, two insulin sensitive tissues. It is likely that elevated plasma free 430 
fatty acids and glycerol levels are caused by enhanced lipolysis via increased 431 
expression of ATGL, resulting in impaired glucose tolerance [39]. Altogether, it 432 
seems that a link exists between gut micriobiota composition and peripheral adipose 433 
tissue and skeletal muscle lipid metabolism. Finally, in our study, the decrease in 434 
glucose after amoxicillin intake was higher in subjects with increased baseline 435 
glucose concentrations. It was earlier demonstrated that antibiotic treatment in ob/ob 436 
mice improved oral glucose tolerance, glycemia and insulinemia.  It is plausible that 437 
lipopolysaccharides (LPS) absorbed from gram-negative bacteria may induce insulin 438 
resistance [40]. In the gut, LPS is a ligand for Toll-like receptor 4 (TLR4), and 439 
activation of this receptor leads to the expression of tumor necrosis factor α (TNFα). 440 
Excessive production of this proinflammatory cytokine is also related to insulin 441 
resistance [41]. In addition, serum adiponectin concentrations increased after 442 
antibiotic treatment in ob/ob mice [40], resulting in enhanced mitochondrial fatty acid 443 
oxidation, decreased activity of lipogenic enzymes such as FAS and ACC1 and 444 
reduced circulating TNFα concentrations as well as reduced production of hepatic 445 
TNFα. Vrieze et al. [38] also could not find an effect of amoxicillin on insulin 446 
sensitivity. However, they showed earlier that the gut microbiota plays an important 447 
role in the glucose metabolism since transplantation of lean donor gut microbiota 448 
into obese subjects with the metabolic syndrome altered the composition of the 449 
intestinal microbiota, and improved hepatic and peripheral insulin sensitivity [42]. 450 
Altogether, it would be interesting to investigate in the future whether manipulation 451 
of the gut microbiota composition affects lipid and glucose metabolism in serum, 452 
adipose tissue and skeletal muscle in subjects with and without impaired glucose 453 
tolerance. Furthermore, evaluating the effects on cytokine profile, expression 454 
profiles of transcription factors (e.g.SREBP-1c, chREBP) and its target genes 455 
involved in lipid/glucose metabolism and on faecal microbiota composition would be 456 
useful to elucidate the role of gut microbiota in health and disease. 457 
 458 
 459 
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 460 
  461 
Figure 1:  Processes that are influenced by the composition of the gut microbiota. 462 
 463 
 464 
Conclusions and recommendations 465 
 466 
As dietary cholesterol contributes to elevated LDL-C and decreasing LDL-C is 467 
cardioprotective, adding plant sterols/stanols to a variety of foods is a suitable 468 
approach in managing CVD risk. An acute bolus of plant stanol esters rapidly 469 
changed the expression of intestinal and hepatic genes involved in sterol metabolism 470 
in mice. These effects were not found in the human intestine, but immune-related 471 
pathways were downregulated in the jejunum. The effect on immune cells is in line 472 
with earlier observations, indicating that plant stanol esters may be attractive for 473 
other purposes instead of only being used as a cholesterol-lowering compound.  474 
Moreover, we found that individual responses in lipid and lipoprotein metabolism 475 
after 3 weeks plant stanol ester consumption were related to glucose responses 476 
during a postprandial test at baseline. Future studies, investigating the relationship 477 
between lipid and glucose metabolism could be helpful to unravel the mechanisms 478 
of plant stanol esters. Finally, modulation of the composition and metabolism of the 479 
gut microbiota has become very interestingly in order to improve long-term health 480 
status. In animals, it has been shown that this can be achieved by changes in diet. 481 
How these findings compare to the human situation and whether plant stanol ester 482 
consumption affects microbiota composition warrant further study. 483 
 484 
 485 
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Cardiovascular diseases (CVD) are still the number one cause of death for men and 599 
women globally. Some risk factors for CVD (e.g. age and family history of early heart 600 
diseases) cannot be modified, but other can (e.g. smoking, hypertension, lack of 601 
physical activity, being overweight, unhealthy dietary habits and abnormal serum 602 
lipid and lipoprotein concentrations). Adopting a healthy lifestyle is therefore a 603 
cornerstone to decrease the risk for CVD. In this respect, functional foods, targeted 604 
to lower the atherogenic low-density lipoprotein cholesterol (LDL-C) concentrations, 605 
can be helpful. Functional foods contain (or lack) one or more components, thereby 606 
providing positive health effects beyond their traditional nutritional value. Plant stanol 607 
esters are an example of such components. They are incorporated into margarines 608 
and other food products, and reduce intestinal cholesterol absorption. The 609 
(intestinal) mechanism underlying the hypocholesterolemic effect of plant stanol 610 
esters is still unknown. Beside plant stanol esters, also other factors could be 611 
targeted to modulate intestinal cholesterol metabolism. In this context, animal 612 
studies have suggested that the gut microbiota plays a role in (intestinal) cholesterol 613 
metabolism. The aim of the studies described in this thesis was therefore to 614 
investigate the effects of plant stanol esters and amoxicillin, a moderate-spectrum 615 
antibiotic, which could change the composition of the gut microbiota, on (intestinal) 616 
lipid metabolism. 617 
 618 
In the first study the acute effects of plant stanol esters on serum, intestinal and 619 
hepatic plant sterol and stanol concentrations was examined to gain more insight 620 
into the kinetics of plant stanol esters (chapter 3). In addition, acute effects on 621 
intestinal and hepatic expression profiles of genes involved in sterol metabolism 622 
were investigated. To reduce the impact of plant sterol and stanol already present in 623 
serum and tissues as much as possible, C57BL/6J mice were fed a plant sterol and 624 
stanol poor diet from weaning. At the age of 8 weeks, the mice received an oral 625 
gavage consisting of 0.25 mg cholesterol and of 50 mg plant stanols, which were 626 
provided as their fatty acids, dissolved in 500 μl refined plant sterol poor olive oil. 627 
The mice were fasted 2 hours before the gavage and sacrificed at 7 different time 628 
points post-gavage. The plant stanol concentrations increased in the intestine, but 629 
also in the liver 15 minutes after administration. This latter finding was highly 630 
unexpected, since it suggests that it takes only 15 minutes for plant stanol esters to 631 
be digested and absorbed into the enterocytes, incorporated and secreted as 632 
chylomicrons in the lymph, and taken up by the liver after entering the circulation. In 633 
addition, there was no clear change in serum plant stanol or cholesterol 634 
concentrations at this early time point. It could be possible that plant stanols reach 635 
the liver via the portal vein, independent of chylomicron formation. Therefore, a 636 
second study was performed to address the route of entrance into the liver. In this 637 
study, C57BL/6J mice were fed the same plant sterol and stanol poor diet from 638 
weaning. At the age of 8 weeks, mice were anesthetized and the ductus lymphaticus 639 
thoracicus was canulated proximal from the cisternae magnum via an abdominal 640 
approach. The mice in the control group were subjected to a sham operation, leaving 641 
the lymph circulation intact. They were given the same oral gavage, except that 642 
deuterium labelled plant stanols and cholesterol were used to follow concentrations 643 
and amounts of plant stanols and cholesterol from the gavage into the circulation 644 
and the tissues over time. The mice remained under anaesthesia until sacrificing at 645 
6 different time points. The rapid hepatic appearance of deuterated-plant stanols 646 
was absent in the lymph-canulated mice. The intestinal uptake was, however, 647 
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comparable between the lymph-canulated and the sham-operated mice. Altogether, 648 
this study showed that the appearance of plant stanols in the liver is lymph 649 
dependent. No deuterated-cholesterol was detected in the liver. This suggests that 650 
the rapid hepatic appearance was specific for plant stanols. Alternatively, it is 651 
possible that the detection limit for deuterated-cholesterol was too low due to dilution 652 
with cholesterol already present in the liver. The question still remains how and in 653 
which form (i.e. free or esterified), plant stanols enter the liver after 15 minutes 654 
without clear changes in serum concentrations.  655 
Another finding was that changes in the expression profile of genes involved in sterol 656 
metabolism in the liver were opposite to those in the intestine. The increased 657 
intestinal expression of sterol regulatory element binding protein 2 (SREBP2) and 658 
its target genes can be explained by decreased intestinal cholesterol concentrations. 659 
In the liver, the expression of ABCG5/ABCG8, two liver X receptor (LXR) target 660 
genes, was increased, but hardly changed in the intestine. This could be due to 661 
differences in desmosterol concentrations in the liver and the intestine, which act as 662 
an important regulator of LXR activation in macrophages. Finally, the pronounced 663 
increases in intestinal LDLreceptor and proprotein convertase subtilisin/kexin type 9 664 
(PCSK9) expressions are suggestive for an enhanced clearance of cholesterol via 665 
the transintestinal cholesterol excretion (TICE). However, these speculations 666 
warrant further studies. 667 
 668 
To study the acute effects of plant stanol esters on the expression profiles of genes 669 
from human enterocytes, 18 healthy normolipidemic volunteers received in a 670 
randomized double-blind placebo-controlled crossover design a shake enriched with 671 
or without 4 g plant stanol esters after an overnight fast (chapter 4). One week before 672 
the test, subjects were instructed to avoid products relatively rich in plant sterols and 673 
stanols. Five hours after consumption of the shake, intestinal biopsies were taken 674 
originating from the duodenum (around the Papil van Vater) and the jejunum (20 cm 675 
distal from the Papil van Vater). No changes in the expression profile of genes 676 
involved in sterol metabolism were found. However, immune-related T-cell pathways 677 
were downregulated in the jejunum. In humans with a disturbed immune response, 678 
plant stanol esters have already been observed to activate the immune system. In 679 
our study with healthy men, however, the immune response was dampened. The 680 
functional and physiological consequence of this effect deserves further 681 
investigation.  682 
 683 
In that study, the acute effects of plant stanol esters on the postprandial lipid and 684 
lipoprotein profile were also examined (chapter 5). Furthermore, it was examined 685 
whether individual responses to longer-term consumption of plant stanol esters were 686 
related to results from the postprandial test. After an overnight fast, 18 healthy 687 
normolipidemic volunteers received a shake enriched with or without 4 g plant stanol 688 
esters. Blood samples were taken during the next 4 hours. Subjects receiving the 689 
shake with plant stanol esters during the postprandial test, continued with the 690 
margarine containing plant stanol esters for the next 3 weeks and vice-versa. The 691 
two intervention periods were separated by a washout period of four weeks. A 692 
positive correlation was found between the postprandial incremental area under the 693 
curve (iAUC) of glucose with changes in the concentration of total cholesterol, LDL- 694 
C, apoB100, total VLDL, small VLDL and IDL after 3 weeks consumption of a 695 
margarine enriched with plant stanol esters. This suggests that subjects with a more 696 
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pronounced postprandial glucose response are less sensitive to the longer-term 697 
LDL-C-lowering effect of plant stanol ester consumption. However, there were no 698 
correlations with the iAUC of insulin and of the HOMA index. More research is 699 
needed which should focus on transcription factors associated with lipid, glucose 700 
and insulin metabolism such as SREBP2, SREBP-1c and carbohydrate-responsive 701 
element-binding protein (chREBP) to unravel the plant stanol ester-induced 702 
inhibition of intestinal cholesterol absorption. 703 
After the shake, serum total cholesterol concentrations decreased and those of 704 
triacylglycerol (TAG), glucose and insulin increased over time. These changes were 705 
comparable after consumption of the control or the plant stanol ester enriched shake. 706 
Also, the iAUC of serum TAG, insulin and plasma glucose were comparable after 707 
both meals. Changes in lipoprotein profiles were comparable after intakes of the 708 
plant stanol ester and control shakes.  709 
As expected, three weeks consumption of a margarine enriched with plant stanol 710 
esters (3 g/d) reduced serum concentrations of total cholesterol, LDL-C and 711 
apoB100. Serum HDL-C, TAG and apoA1 concentrations did not change. 712 
Furthermore, the number of total VLDL-CM, small VLDL and large LDL particles 713 
decreased compared to the control condition.  714 
 715 
Animal studies have shown that the composition of the gut microbiota is related to 716 
lipid and lipoprotein metabolism (chapter 6). Therefore, effects of oral amoxicillin 717 
intake on lipid and glucose metabolism were examined in slightly 718 
hypercholesterolemic subjects. In a randomized, double-blind, placebo-controlled 719 
design, 74 subjects were assigned to use capsules containing placebo or amoxicillin 720 
during 1 week. Fasting blood samples were taken on days 1, 4, 8, 12 and 16. The 721 
last two time points were part of a washout period. Amoxicillin did not change serum 722 
concentrations of total cholesterol, LDL-C, TAG, C-reactive protein, glucose, insulin 723 
and the HOMA index. Body weight and blood pressure also did not change. 724 
However, a significant interaction term was found between amoxicillin treatment and 725 
baseline concentrations of HDL-C, TAG, glucose and the HOMA index. More 726 
specifically, amoxicillin decreased serum HDL-C concentrations more pronounced 727 
in subjects with higher serum HDL-C concentrations at baseline. For TAG, we found 728 
that the increase after amoxicillin intake was more pronounced in subjects with 729 
higher baseline values. After amoxicillin intake, glucose concentrations decreased 730 
in subjects with higher glucose concentrations at baseline. The HOMA index 731 
followed the same pattern as glucose. Finally, differences in HDL-C and TAG 732 
concentrations between the amoxicillin and placebo high-baseline groups tended to 733 
decrease during the washout period. A possible explanation for this rapid return 734 
might be changes on gene expression profiles. However, more research is needed 735 
to examine the effect of antibiotics on gene expression. Moreover, it is also 736 
interesting to investigate if amoxicillin intake changes the composition of the gut 737 
microbiota. Finally, it would be interesting to identify the specific microbiota 738 
responsible for the observed effects. 739 
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Hart- en vaatziekten (HVZ) zijn wereldwijd de belangrijkste doodsoorzaak voor 744 
mannen en vrouwen. Sommige risicofactoren, zoals leeftijd en genetische belasting, 745 
kunnen we niet veranderen. Factoren zoals roken, hypertensie, een tekort aan 746 
lichamelijke activiteit, overgewicht, ongezonde voedingsgewoontes en afwijkende 747 
lipidenconcentraties in het serum, zijn echter wel te beïnvloeden. Om het risico op 748 
het krijgen van HVZ te verlagen is een gezonde levensstijl erg belangrijk. Het gebruik 749 
van functionele voedingsmiddelen, die het aantal atherogene LDL-deeltjes verlagen, 750 
kan het risico op HVZ verminderen. Functionele voedingsmiddelen bevatten (of 751 
missen) een of meerdere stoffen en hebben daarom een gunstig effect op de 752 
gezondheid. Plantaardige stanolesters, verwerkt in margarines, zijn hiervan een 753 
bekend voorbeeld. Ze verlagen de cholesterolabsorptie in de darm via een tot nu 754 
toe onbekend mechanisme. Behalve plantaardige stanolesters zijn er nog andere 755 
factoren die een effect hebben op het cholesterolmetabolisme in de darm. Het doel 756 
van de studies, die in dit proefschrift staan beschreven, was dan ook om de rol van 757 
plantaardige stanolesters en amoxicilline, een antibioticum dat de samenstelling van 758 
de darmbacteriën (microbiota) kan veranderen, op het lipidenmetabolisme te 759 
bestuderen.  760 
 761 
In onze eerste studie werden de effecten van een éénmalige inname van 762 
plantaardige stanolesters op plantaardige sterol- en stanolconcentraties in serum, 763 
darm en lever onderzocht om inzicht te verkrijgen in de kinetiek van plantaardige 764 
stanolesters (hoofdstuk 3). Tegelijkertijd werd in de lever en de darm gekeken naar 765 
het expressieprofiel van genen betrokken bij het sterolmetabolisme. Om de invloed 766 
van plantaardige sterolen en stanolen, die reeds in het bloed en de weefsels 767 
aanwezig zijn, te verminderen, kregen de C57BL/6J muizen vanaf de geboorte een 768 
sterol- en stanol-arme voeding. Op de leeftijd van 8 weken kregen deze muizen een 769 
orale gavage. Hiervoor werd 0,25 mg cholesterol samen met 50 mg plantaardige 770 
stanolesters opgelost in 500 μl plantaardig sterolarme olijfolie. Voorafgaande aan de 771 
gavage werden de muizen 2 uur gevast. Na de gavage werden zij op 7 verschillende 772 
tijdstippen opgeofferd. Vijftien minuten na toediening van de gavage nam de 773 
concentratie van plantaardige stanolen niet alleen in de darm toe, maar ook al in de 774 
lever. Deze laatste bevinding was onverwacht. Het betekent immers dat de absorptie 775 
van plantaardige stanolen in de enterocyten, gevolgd door de inbouw en secretie als 776 
chylomicronen in de lymfe, en tenslotte de opname ervan in de lever, slechts 15 777 
minuten duurt. Bovendien was er geen duidelijke verandering in de 778 
serumconcentraties van plantaardige stanolen te zien op dit tijdstip. Het zou ook 779 
kunnen dat plantaardige stanolen of stanolesters de lever bereiken via de poortader, 780 
een route waarbij de vorming van chylomicronen niet vereist is. Daarom werd een 781 
tweede studie uitgevoerd. Voor deze studie werden C57BL/6J muizen vanaf de 782 
geboorte gevoed met hetzelfde plantaardige sterol en stanol arme voer. Op de 783 
leeftijd van 8 weken werden de muizen onder anesthesie gebracht en werd de 784 
ductus lymphaticus thoracicus gecanuleerd. De muizen in de controlegroep kregen 785 
een sham operatie, waarbij de lymfe-circulatie intact bleef. Ze kregen dezelfde orale 786 
gavage toegediend als de muizen in de eerste studie, met als enige wijziging dat nu 787 
deuterium-gelabelde plantaardige stanolesters en cholesterol werden gebruikt. Dit 788 
label maakte het mogelijkheid om de route te volgen, die de plantaardige 789 
stanolesters en cholesterol afkomstig uit de gavage, aflegden via de circulatie en de 790 
weefsels. De muizen bleven onder anesthesie totdat ze op 6 verschillende 791 
tijdstippen werden opgeofferd. Vijftien minuten na toediening was er geen toename 792 
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van deuterium-gelabelde plantaardige stanolen in de lever van de lymfe- 793 
gecanuleerde muizen. Toch was de opname in de darm vergelijkbaar tussen de 794 
lymfe-gecanuleerde en de controle (sham-geopereerde) muizen. We concludeerden 795 
dan ook dat de opname van plantaardige stanolen in de lever via de lymfe verloopt. 796 
Het deuterium-gelabelde cholesterol kon niet aangetoond worden in de lever, 797 
hetgeen suggereert dat de snelle opname in de lever specifiek is voor plantaardige 798 
stanolen. Het is echter ook mogelijk dat de detectielimiet voor de bepaling van het 799 
gelabelde cholesterol in de lever te laag was. De vraag blijft dan ook hoe de vrije of 800 
de veresterde vorm van plantaardige stanolen de lever zo snel kunnen bereiken, 801 
zonder dat er grote veranderingen in serumconcentraties waarneembaar zijn.  802 
Een andere bevinding was dat de expressie van genen betrokken bij het 803 
sterolmetabolisme tegenovergesteld was in de lever en de darm. Een daling van de 804 
cholesterolconcentratie in de darmcel kan aan de basis liggen van een toename in 805 
de expressie van SREBP2 en zijn targetgenen tot gevolg hebben. In de lever nam 806 
de expressie van ABCG5/ABCG8, twee LXR targetgenen, echter toe, terwijl hun 807 
expressie nauwelijks veranderde in de darm. Dit verschil kan mogelijk verklaard 808 
worden door verschillen in desmosterolconcentraties tussen de lever en de darm. In 809 
macrofagen is reeds eerder aangetoond dat desmosterol betrokken is bij de activatie 810 
van LXR. Tenslotte suggereert de sterke toename van de expressie van de 811 
LDLreceptor en PCSK9 in de darm een verhoogde klaring van cholesterol via de 812 
transintestinale cholesterolexcretie (TICE). Deze veronderstelling moet echter nader 813 
onderzocht worden. 814 
 815 
Behalve in muizen, werden de effecten van een éénmalige inname van plantaardige 816 
stanolesters op het expressieprofiel van genen ook in de darm van mensen 817 
onderzocht (hoofdstuk 4). Hiervoor werden achttien gezonde deelnemers willekeurig 818 
verdeeld over twee groepen. ’s Ochtends kregen ze in willekeurige volgorde een 819 
shake verrijkt met 4 g plantaardige stanolesters of een controle shake (0 g 820 
plantaardige stanolesters). De deelnemers mochten een week voor deze 821 
postprandiale test geen producten eten, die rijk waren aan plantaardige sterolen en 822 
stanolen. Vijf uur na consumptie van de shake werden darmbiopten genomen in het 823 
duodenum (de twaalfvingerige darm) en het jejunum (de nuchtere darm). Het 824 
expressieprofiel van genen, die een rol spelen in het sterolmetabolisme, was 825 
vergelijkbaar na inname van de controle en de plantenstanolester verrijkte shake. 826 
Onverwachts was de bevinding dat er een downregulatie was van immuun- 827 
gerelateerde T-cell pathways in het jejunum. Reeds eerder is aangetoond bij 828 
mensen met een verstoorde immuunrespons, dat plantaardige stanolesters het 829 
immuunsysteem, in het bijzonder de T-helper cel response, kunnen activeren. In 830 
onze studie, met gezonde deelnemers leek de immuunrespons echter te zijn 831 
afgezwakt. Nader onderzoek zal moeten uitwijzen wat de functionele en 832 
fysiologische gevolgen zijn van deze mogelijke afname van de immuunrespons in 833 
de darm bij gezonde mensen.  834 
 835 
In deze studie werd eveneens het effect op het postprandiale lipiden en 836 
lipoproteïnenprofiel bekeken (hoofdstuk 5). Bovendien onderzochten we of de 837 
resultaten van de postprandiale test gebruikt konden worden om te voorspellen hoe 838 
het lipidenprofiel van een individu zou veranderen na langdurige consumptie van 839 
plantaardige stanolesters. Hiervoor werd bloed afgenomen gedurende de eerste 4 840 
uur na consumptie van de shake, die al niet dan verrijkt was met 4 g plantaardige 841 
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stanolesters. De deelnemers die tijdens de testdagen de shakes hadden gebruikt, 842 
kregen gedurende twee perioden van 3 weken eveneens een margarine al dan niet 843 
verrijkt met plantaardige stanolesters (3 g/d). Er was een periode van 4 weken 844 
tussen beide interventies (controle en plantenstanolester conditie). Er werd een 845 
positieve correlatie gevonden tussen de postprandiale toename van glucose (iAUC) 846 
en de veranderingen in de concentraties van totaal cholesterol, LDL-cholesterol, 847 
apoB100, totaal VLDL, klein VLDL en IDL na het gebruik van een margarine verrijkt 848 
met plantaardige stanolesters gedurende 3 weken. Dit suggereert dat mensen met 849 
een verhoogde postprandiale glucoserespons minder gevoelig zijn voor het 850 
cholesterolverlagend effect van plantaardige stanolesters op langere termijn. Er is 851 
echter meer onderzoek nodig, waarbij gericht gekeken moet worden naar een 852 
verband tussen transcriptiefactoren die een rol spelen in het lipiden, het glucose en 853 
het insuline metabolisme. Enkele voorbeelden hiervan zijn SREBP2, SREBP-1c en 854 
chREBP.  855 
Gedurende de postprandiaal test daalde de serumconcentratie van totaal 856 
cholesterol, terwijl die van de triglyceriden (TAG), glucose en insuline toenamen. 857 
Deze veranderingen waren vergelijkbaar na consumptie van de controle shake of 858 
de shake verrijkt met plantaardige stanolesters. De iAUCs van TAG, insuline en 859 
glucose waren eveneens vergelijkbaar op beide testdagen. Het lipoproteïnenprofiel 860 
veranderde niet na inname van de shakes.  861 
Zoals verwacht, nam de serumconcentratie van totaal cholesterol, LDL-cholesterol 862 
en apolipoproteïne B100 (apoB100) af in deelnemers na inname van de margarine 863 
verrijkt met plantaardige stanolesters. De serumconcentraties van HDL-cholesterol, 864 
TAG en apoA1 veranderden niet. In vergelijking met de controle conditie verlaagde 865 
het totaal aantal VLDL-chylomicron, kleine VLDL en grootte LDL-deeltjes.  866 
 867 
Dierstudies hebben aangetoond dat de samenstelling van de darmbacteriën 868 
(microbiota) geassocieerd is met het lipiden- en lipoproteïnenmetabolisme. Daarom 869 
onderzochten we het effect van een oraal toegediende amoxicilline kuur (7 dagen) 870 
op het lipiden- en glucosemetabolisme in deelnemers met een licht verhoogd 871 
cholesterolgehalte (hoofdstuk 6). Vierenzeventig deelnemers werden willekeuring 872 
verdeeld over 2 groepen. Een groep kreeg capsules met amoxicilline en de andere 873 
groep kreeg controle capsules (placebo) gedurende 1 week. De deelnemers 874 
kwamen op dag 1, 4, 8, 12 en 16 langs voor een nuchtere bloedafname. Dag 12 en 875 
dag 16 waren tijdstippen waarop de deelnemers geen capsules meer innamen. 876 
Inname van amoxicilline leidde niet tot veranderingen in de serumconcentratie van 877 
totaal cholesterol, LDL-cholesterol, TAG, C-reactief proteïne, glucose, insuline en 878 
de HOMA-index. Lichaamsgewicht en bloeddruk bleven ook ongewijzigd. Er werd 879 
echter een significante interactie gevonden tussen inname van amoxicilline en de 880 
startwaarde van het HDL-cholesterolgehalte, het TAG-gehalte, het glucosegehalte 881 
en de HOMA-index. Het gebruik van amoxicilline verlaagde de serumconcentratie 882 
van HDL-cholesterol in personen met een verhoogde startwaarde. De toename in 883 
de TAG-concentratie was verhoogd in deelnemers met verhoogde starwaarden. Na 884 
inname van amoxicilline verlaagde de glucose en de HOMA-index in de deelnemers 885 
met een hoge waarde bij aanvang van de proef. Het verschil in HDL-cholesterol en 886 
TAG-concentraties tussen de deelnemers met hoge startwaarde in de amoxicilline 887 
en de controlegroep leek af te nemen in de week volgend op de inname van de 888 
capsules. Veranderingen in het expressieprofiel van genen veroorzaakt door het 889 
antibioticum (dus onafhankelijk van een eventuele verandering in de samenstelling 890 
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van de microbiota) kan een mogelijke verklaring zijn voor deze snelle terugkeer naar 891 
startwaarden. Vervolgstudies zijn echter nodig om het effect van antibiotica op het 892 
genexpressieprofiel te bestuderen. Ook is het noodzakelijk om na inname van 893 
amoxicilline de veranderingen in de samenstelling van de darmbacteriën na te gaan. 894 
Tenslotte is het ook de moeite waard om te onderzoeken of een bepaalde soort 895 
darmbacterie verantwoordelijk is voor deze bevindingen.  896 
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