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Cardiovascular disease

Cardiovascular disease (CVD) is the leading cause of mortality worldwide and the 
prevalence is still rising annually [1]. The main underlying determinant to develop 
CVD is atherosclerosis [2] and several factors such as cigarette smoking, hypertension, 
physical inactivity, dyslipidemia, obesity and type 2 diabetes are known to increase the 
risk of atherosclerosis development [3]. Dyslipidemia represents an abnormality in the 
serum lipoprotein profile that is characterized by reduced high-density lipoprotein (HDL) 
cholesterol concentrations, and/or elevated low-density lipoprotein (LDL) cholesterol 
and triacylglycerol concentrations [4]. Hypercholesterolemia, defined as high serum 
cholesterol concentrations, especially in the LDL fraction, is considered a well-defined risk 
factor for atherosclerosis development [5, 6]. Moreover, many lines of evidence suggest a 
positive causal relationship between LDL cholesterol concentrations and CVD events [7, 8]. 
Exploring cholesterol metabolism in more detail, it seems that especially a high intestinal 
cholesterol absorption is atherogenic [9, 10]. It is estimated that approximately 30% of the 
population is characterized by a high intestinal cholesterol absorption in which CVD risk 
is elevated 2-fold [11]. Therefore, it is of interest to examine characteristics of cholesterol 
metabolism into more detail. Finally, inflammation is involved in nearly all stages of 
atherogenesis processes [12] revealing its crucial role in initiation and progression of 
CVD [13-15]. Recent European guidelines recommend lifestyle and dietary changes for 
CVD prevention [16]. The changes include amongst others, increasing the amount of 
physical activity and aiming to lose weight. Therefore, in this thesis we aim to assess 
the effect of several factors such as physical activity, diet-induced weight loss and using 
lipopolysaccharide (LPS) as a well-known pro-inflammatory trigger on characteristics of 
cholesterol metabolism.

Cholesterol and non-cholesterol sterols

Cholesterol consists of a steroid nucleus with four cycloalkane rings, a 3-hydroxyl group 
and an alkyl side chain. The main sources of cholesterol in our diet are beef, poultry, egg 
yolk, butter and cheese, which altogether contribute to an average daily intake of 200-300 
mg/day [17]. However, there are no clear guidelines for the amount of dietary cholesterol 
in European policies [17]. Non-cholesterol sterols encompass plant sterols, cholesterol 
precursors and degradation products of cholesterol (Table 1). Plant sterols have a similar 
structure to cholesterol with a different side chain and are abundant in plant-based 
diets. For example, they are present in vegetable oils, cereals, nuts, fruits and vegetables.  
Generally, the average intake of plant sterols in the population is around 300 mg per day 
[18-21]. Sitosterol, campesterol and stigmasterol are the most abundant plant sterols in 
our diet [20]. Since non-cholesterol sterols are transported in lipoproteins, the circulating 
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concentrations of non-cholesterol sterols are frequently standardized to those of 
cholesterol [22]. Circulating cholesterol-standardized levels of campesterol and sitosterol 
serve as surrogate markers for measuring cholesterol absorption [23]. Furthermore, 
the cholesterol metabolite cholestanol is used as a measure for cholesterol absorption 
[24]. Lathosterol and desmosterol are two intermediates of the endogenous cholesterol 
synthesis pathway, and these metabolites reflect the level of cholesterol synthesis when 
standardized for cholesterol concentrations [25, 26].

Table 1. Non-cholesterol sterol products that can serve as markers for cholesterol 
metabolism.

Cholesterol synthesis biomarkers Cholesterol absorption biomarkers
Cholesterol precursors Plant sterols Cholesterol degradation 

metabolite
Lanosterol
Lathosterol
Desmosterol
Cholestenol

Campesterol
Sitosterol
Stigmasterol

Cholestanol

Cholesterol and plant sterol absorption

As shown in Figure 1, cholesterol and plant sterols, either derived from the diet or biliary 
secretion, are dissolved in mixed micelles before they become available for absorption 
into the enterocytes. Cholesterol and plant sterols are transported into the enterocyte via 
the Niemann-Pick C1-Like 1 (NPC1L1) transporter, located in the enterocyte brush borders 
membranes. Within the enterocyte, the majority of plant sterols are secreted back into the 
intestinal lumen by the heterodimer ATP-binding cassette (ABC) transporters ABCG5/G8, 
while cholesterol is re-excreted via this route to lesser extent. One of the assumed reasons 
for this is that plant sterols are poor substrates for the enzyme Acyl-CoA cholesterol 
acyltransferase-2 (ACAT), an enzyme that esterifies cholesterol in the enterocyte before 
they are integrated into chylomicrons and transferred into the circulation via the lymphatic 
system. Since plant sterols remain in its free form mainly, they are preferentially secreted 
back into the lumen instead of being incorporated into chylomicrons, meaning that only 
small amounts are actually entering the circulation. Unlike cholesterol, humans are 
unable to synthesize plant sterols [27]. 

Several approaches using fractional and absolute parameters have been used in humans 
to study the process of intestinal cholesterol absorption including radioisotope tracer 
or stable isotope tracer methods. However, these methods are laborious, complex and 
expensive and need a steady-state condition. Therefore, an alternative approach via 
measuring circulating levels of plant sterols and cholestanol has been suggested for 
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estimating intestinal cholesterol absorption. The use of plant sterols and cholestanol 
(degradation product of cholesterol) as surrogate markers for cholesterol absorption has 
been validated by comparing their cholesterol standardized levels with measurements for 
intestinal cholesterol absorption using tracer techniques. Plasma cholesterol standardized 
levels of campesterol, sitosterol and cholestanol in a random selected population were 
correlated with the percent cholesterol absorption rates obtained by using the dual-
isotope continuous feeding method [23, 28].  

Figure 1. Overview of intestinal absorption of cholesterol and plant sterols (modified 
based on Ryan et al., 2009). Figure was created with BioRender.com.

C: cholesterol; PS: plant sterols (phytosterols); NPC1L1: Niemann-Pick C1-Like 1; ABCG5/G8: ATP-
binding cassette sub-family G member 5 and 8; ACAT; Acyl-CoA cholesterol acyltransferase-2 
enzyme; CE; cholesterol ester; PE; plant sterol ester.

Cholesterol biosynthesis pathways

The important steps of the endogenous cholesterol synthesis process are illustrated 
in Figure 2 [29]. Hydroxymethyl-glutaryl (HMG)-CoA synthase converts acetate into 
3-hydroxy-3-methyl-glutaryl-CoA before it converts to mevalonate via HMG-CoA reductase. 
Mevalonate is processed into squalene, which is then converted to lanosterol. The 
Kandutsch-Russell pathway and Bloch pathway shuttle lanosterol through the last steps 
of cholesterol synthesis. In the Kandutsch-Russell pathway, the reduction of the double 
bond at C24 in the sterol side chain occurs early leading to production of lathosterol, then 
7-dehydrocholesterol and lastly cholesterol. In the Bloch pathway, the double bond at 
C24 is reduced at the last step when cholesterol is produced from desmosterol  [30, 31].
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Different methods are used to measure endogenous whole-body cholesterol synthesis 
such as the cholesterol balance technique, the fractional conversion of squalene, or mass 
isotopomer analysis and deuterium incorporation. Due to methodological drawbacks 
such as being laborious, time consuming and costly, using plasma levels of the cholesterol 
precursors are used as an alternative to reflect endogenous cholesterol biosynthesis. The 
cholesterol metabolite lathosterol serves as the best validated marker for endogenous 
cholesterol synthesis [25]. However, the validity of other cholesterol precursors has also 
been demonstrated since cholesterol standardized levels of desmosterol and cholestenol 
were positively correlated with direct measurements for endogenous cholesterol 
synthesis using the sterol balance method [23, 32, 33]. Moreover, plasma squalene, 
lanosterol, lathosterol, and desmosterol correlated positively with values obtained from 
the deuterium incorporation method in hypercholesterolemic women [32].
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Figure 2. Simplified scheme of endogenous cholesterol biosynthesis pathways.
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Method of measuring cholesterol and non-cholesterol 
sterols

Measuring cholesterol and non-cholesterol sterols from plasma and serum samples 
involves lipid extraction followed by quantifying their concentrations using gas 
chromatography methods such as GCFID or GCMS as described by McKay et al. [34]. 
Analyzing these non-cholesterol sterols is accepted to assess intestinal cholesterol 
absorption and endogenous cholesterol synthesis in large population studies [23, 28, 35, 
36]. To quantify the total amount of plant sterols (i.e., the sum of free and esterified sterol 
molecules), plasma or serum samples are first saponified using alkaline hydrolysis to 
convert esterified sterols into their free forms. Next, tetramethylsilane (TMS) reagent is used 
to derivatize the extracted molecules before being injected into the gas chromatography 
apparatus. Finally, the data analysis involves detecting, integration, and quantifying these 
non-cholesterol sterol concentrations followed by standardizing these concentrations to 
cholesterol concentrations, as analyzed in the same run.

Phenotyping and targeting cholesterol metabolism 
characteristics

Cholesterol homeostasis is regulated by balancing different processes like intestinal 
cholesterol absorption, endogenous cholesterol synthesis, and bile acid synthesis 
and excretion [37-39]. Cholesterol homeostasis plays an important role in maintaining 
metabolic health [40]. It is generally accepted that a reciprocal relationship between 
intestinal cholesterol absorption and endogenous cholesterol synthesis exists [37]. For 
example, a dietary study has shown that an increase in cholesterol absorption following 
high dietary cholesterol was compensated for by a reduction in endogenous cholesterol 
synthesis [41]. In contrary, consumption of plant sterols / stanols or treatment with 
ezetimibe, which are all known to decrease intestinal cholesterol absorption, resulted in 
increased cholesterol synthesis [42, 43]. However, significant inter-individual variation in 
this reciprocal relationship has been found [41].

Interestingly, subjects can be identified either by having a higher cholesterol absorption 
or a higher cholesterol synthesis, phenotyping them as so-called preferential cholesterol 
absorbers or cholesterol synthesizers, respectively [43]. These characteristics can 
theoretically be applied in targeting personalized dietary and pharmacological 
interventions. A statin drug binds to the rate-limiting enzyme HMG-CoA reductase, and 
as such inhibits cholesterol synthesis [44]. On other hand, ezetimibe and plant sterol 
or stanol consumption inhibit intestinal cholesterol absorption via lowering dietary 
and biliary cholesterol uptake by the enterocyte [45]. Thus, subjects with a cholesterol 
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synthesizer phenotype should respond more effectively to statin treatment while those 
with a cholesterol absorber phenotype should benefit more from ezetimibe or plant 
sterols/stanols treatment. Since cholesterol homeostasis is assumed to be important 
for maintaining metabolic health, there is a need to explore associations between 
characteristics of cholesterol metabolism and a variety of diseased conditions.

Outline thesis

The aim of this thesis was to examine the effects of physical activity, diet-induced weight 
loss and LPS infusion used as an inflammatory trigger on characteristics of cholesterol 
metabolism. In addition, we evaluated the effects of different lipid emulsions with various 
amounts of plant sterols on plasma plant sterols, liver function and inflammatory markers. 
To understand the characteristics of cholesterol absorption and synthesis in health and 
diseased conditions, we first extensively reviewed the potential relevant literature on 
the relationship between plasma non-cholesterol sterols as biomarkers for intestinal 
absorption and endogenous cholesterol synthesis with different metabolic disorders 
(chapter 2). Assumptions of validity of these markers in dietary and pharmacological 
studies were also discussed in this chapter. Next, we described the effects of an 8-week 
aerobic physical activity program on plasma markers for cholesterol absorption and 
synthesis in older men with obesity (chapter 3). The effect of diet-induced weight loss on 
plasma cholesterol absorption and synthesis markers were studied in apparently healthy 
men with abdominal obesity (chapter 4). Chapter 5 describes the effects of LPS infusion 
on non-cholesterol sterol concentrations and inflammatory markers in healthy young 
volunteers. Furthermore, in a human intervention study carried out in adult patients 
with intestinal failure receiving home parental nutrition with different lipid emulsions, 
the effects of plant sterols content of these emulsions on plasma non-cholesterol 
sterol concentrations and the link with liver function and inflammation markers were 
investigated (chapter 6). Finally, the main findings, conclusions and future perspectives 
in this thesis are reviewed and discussed in chapter 7.
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Abstract
Non-cholesterol sterols are validated biomarkers for intestinal cholesterol 
absorption and endogenous cholesterol synthesis. However, their use in 
metabolic disturbances has not been systematically explored. Therefore, 
we conducted a systematic review to provide an overview of non-
cholesterol sterols as markers for cholesterol metabolism in different 
metabolic disorders. Potentially relevant studies were retrieved by a 
systematic search of three databases in July 2018 and ninety-four human 
studies were included. Cholesterol-standardized levels of campesterol, 
sitosterol and cholestanol were collected to reflect cholesterol absorption 
and those of lathosterol and desmosterol to reflect cholesterol synthesis. 
Their use as biomarkers was examined in the following metabolic disorders: 
overweight/obesity (n = 16), diabetes mellitus (n = 15), metabolic syndrome 
(n = 5), hyperlipidemia (n = 11), cardiovascular disease (n = 17), and diseases 
related to intestine (n = 16), liver (n = 22) or kidney (n = 2). In general, markers 
for cholesterol absorption and synthesis displayed reciprocal patterns, 
showing that cholesterol metabolism is tightly regulated by the interplay 
of intestinal absorption and endogenous synthesis. Distinctive patterns 
for cholesterol absorption or cholesterol synthesis could be identified, 
suggesting that metabolic disorders can be classified as ‘cholesterol 
absorbers or cholesterol synthesizers’. Future studies should be performed 
to confirm or refute these findings and to examine whether this information 
can be used for targeted (dietary) interventions.

Keywords
non-cholesterol sterols; plant sterols; BMI; diabetes mellitus; metabolic 
syndrome; hyperlipidemia; cardiovascular disease; intestinal disease; liver 
disease; kidney disease
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1. 		  Introduction

Cholesterol metabolism is tightly regulated, since cholesterol plays an essential role in 
many physiological processes [1]. Cells have different possibilities to regulate cellular free 
cholesterol concentrations such as changing low-density lipoprotein-receptor expression, 
endogenous synthesis, intracellular esterification and excretion [2]. Cholesterol can not 
only be obtained from de novo endogenous cholesterol synthesis, which occurs virtually 
in every single cell [3], but also from intestinal absorption of dietary and biliary cholesterol. 
Interestingly, an inverse relationship exists between cholesterol absorption and synthesis, 
whereby low intestinal cholesterol absorption is compensated by upregulation of 
cholesterol synthesis and vice versa [4]. To study the processes of intestinal cholesterol 
absorption and endogenous cholesterol synthesis in humans, several approaches can be 
used. Intestinal cholesterol absorption can be measured by using radioisotope tracer or 
stable isotope tracer methods. Radioisotope methods can be used to quantify cholesterol 
absorption via both direct and indirect procedures [5]. The only direct method to measure 
intestinal cholesterol absorption in humans is the intestinal perfusion technique using 
radioisotopes [6], whereas cholesterol balance and isotope ratio methods can be used to 
indirectly calculate cholesterol absorption. Cholesterol absorption using stable isotopes 
can be estimated using the dual plasma isotope ratio method, continuous isotope 
feeding, or single stable isotopes [5]. For quantifying endogenous cholesterol synthesis, 
other techniques such as cholesterol balance, fractional conversion of squalene, mass 
isotopomer distribution analysis (MIDA), and deuterium incorporation (DI) are used. 
Overall, the cholesterol balance technique, dual plasma isotope ratio, and continuous 
isotope feeding are the gold standard methods to quantify respectively cholesterol 
synthesis and absorption. These methods were developed and validated many years 
ago [7–10]. However, although these techniques are very precise, they are also complex, 
laborious, expensive and require a steady-state condition. Thus, these techniques are 
only suitable for small-scale in-depth studies, but not for large-scale intervention studies 
[11]. Consequently, there is a clear need for alternative approaches to monitor intestinal 
cholesterol absorption and endogenous cholesterol synthesis. In the early 90s, serum 
non-cholesterol sterols were introduced as validated biomarkers for assessing intestinal 
cholesterol absorption and endogenous synthesis [12]. The cholesterol precursors 
squalene, desmosterol and lathosterol reflect cholesterol synthesis, and the non-
cholesterol sterols sitosterol, campesterol and cholestanol reflect fractional intestinal 
cholesterol absorption [13].

The use of non-cholesterol sterols as biomarkers to estimate intestinal cholesterol 
absorption and endogenous cholesterol synthesis has been validated by comparing 
plasma non-cholesterol sterols with absolute measurements for intestinal cholesterol 
absorption and whole-body cholesterol synthesis [12]. In more detail, Miettinen and 
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colleagues measured intestinal cholesterol absorption via the dual isotope continuous 
feeding approach and by determining the ratio of plasma campesterol, sitosterol and 
cholestanol to total cholesterol (TC) in a randomly selected healthy normocholesterolemic 
population [12]. It was shown that the ratio of these plasma non-cholesterol sterols to 
cholesterol highly correlated with the absorption values obtained by using the dual isotope 
method. In another study, including middle-aged men, plasma cholestanol-to-cholesterol 
and plant sterol-to-cholesterol ratios were associated with fractional and absolute 
absorption of dietary cholesterol. From this second study, it was concluded that the serum 
ratio of cholestanol-to-cholesterol is a sensitive indicator to detect changes in intestinal 
sterol absorption [14]. Regarding endogenous whole-body cholesterol synthesis, the 
cholesterol precursors lathosterol, desmosterol and cholestenol, calculated as their ratios 
to cholesterol, are often used as alternative markers. Their validity was demonstrated 
by showing positive correlations with endogenous cholesterol synthesis measured by 
the sterol balance method [12,14,15]. Furthermore, Matthan and colleagues validated 
the plasma cholesterol precursors squalene, lanosterol, desmosterol and lathosterol by 
measuring the rate of uptake of deuterium into plasma free cholesterol in a small study 
with hypercholesterolemic women [16]. The deuterium incorporation method correlated 
positively with cholesterol synthesis as estimated by the plasma biomarkers. It should be 
noted that the quality of the methodology used to measure non-cholesterol sterol levels 
is important for the validity of these biomarkers to reflect cholesterol metabolism [17]. In 
addition, since cholesterol and non-cholesterol sterol absorption in the intestinal lumen 
is regulated by the Niemann-Pick C1-like 1 sterol transporter (NPC1L1) and the ABCG5/
G8 transporters, genetic variation in these protein transporters may impact their activity, 
which could possibly have an effect on selectivity of cholesterol absorption biomarkers.

Another approach to address the validity of these biomarkers is by evaluating a change 
in their levels during drug therapies such as statin and ezetimibe, which have known 
and accepted effects on cholesterol metabolism [18]. Briefly, statins lower endogenous 
cholesterol synthesis by inhibiting the rate-limiting enzyme, 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase, leading to reduced production of cholesterol. 
Ezetimibe inhibits the NPC1L1 sterol transporter in the enterocyte resulting in decreased 
absorption of dietary and biliary cholesterol [19]. Nissinen and co-workers conducted 
a clinical trial to evaluate the change in whole-body cholesterol metabolism among 
hypercholesterolemic men during two different statin treatments and showed that ratios 
of lathosterol-to-cholesterol and desmosterol-to-cholesterol correlated with absolute 
cholesterol synthesis measured using isotope tracer techniques at baseline, as well as 
on statin treatment [20]. This study also demonstrated inverse correlations at baseline 
between cholesterol synthesis markers (ratios of plasma lathosterol-to-cholesterol 
and desmosterol-to-cholesterol) and cholesterol absorption markers (ratios of plasma 
sitosterol-to-cholesterol, campesterol-to-cholesterol and cholestanol-to-cholesterol). In 
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a study by Stellaard et al. [21], ezetimibe treatment of a population with normal daily 
cholesterol intake, serum ratios of sitosterol-to-cholesterol, campesterol-to-cholesterol 
and cholestanol-to-cholesterol were shown to reflect changes in fractional cholesterol 
absorption. In the same study, serum lathosterol-to-cholesterol ratios correlated 
with absolute cholesterol synthesis. Taking together, findings from validation studies 
comparing non-cholesterol sterols with radio or stable isotope tracer techniques together 
with changes in non-cholesterol sterols during pharmacological intervention studies 
indicate that the use of serum non-cholesterol sterols as biomarkers for cholesterol 
metabolism are valid under various conditions.

As outlined above, non-cholesterol sterols are used as markers for intestinal cholesterol 
absorption and endogenous synthesis in healthy subjects under normal metabolic 
conditions [12,14]. However, there is a need to explore in more detail what we can learn 
from these non-cholesterol sterols as biomarkers of cholesterol metabolism in various 
metabolic conditions. Therefore, the aim of this paper is to provide a systematic overview 
of the use of non-cholesterol sterols as biomarkers to reflect cholesterol metabolism in 
different metabolic disorders.

2. 		  Methods

2.1. 	 Search Strategy
Potentially relevant studies were retrieved by a systematic search of three databases 
(Medline, Embase, and the Cochrane Central Register of Clinical Trials) in July 2018. Search 
terms consisted of keywords that were related to plant sterols and metabolic conditions. 
The following search terms were used: plant sterols (plant sterol or plant sterols or 
phytosterol or phytosterols or sitosterol or campesterol or brassicasterol or stigmasterol 
or avenasterol or lathosterol or desmosterol or cholestanol or lanosterol or squalene or 
cholestenol) combined with metabolic syndrome, diabetes, heart disease (cardiovascular 
disease or cardiovascular diseases or CVD or coronary heart disease or coronary heart 
diseases or CHD or carotid artery disease or coronary artery disease or coronary 
artery diseases or CAD or atherosclerosis), hyperlipidemia (hypercholesterolemia or 
hypercholesterolaemia or hyperlipidemia or hyperlipidaemia or hyperlipoproteinemia or 
hyperlipoproteinaemia) and organ-related diseases (liver or kidney or kidneys or intestine 
or intestines or intestinal or small bowel or ileum or ileal or jejunum or duodenum or 
duodenal or colon or colonic) and plasma (plasma or serum or blood).

2.2. 	 Selection of Studies
Human studies investigating cholesterol metabolism using the surrogate non-cholesterol 
sterol markers in different metabolic conditions were selected. The selection procedures 
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were divided into two stages, and for the first stage, titles and abstracts were screened and 
papers were included if they met the following criteria: (1) studies performed in human 
subjects, (2) measurement of plasma (or serum) non-cholesterol sterol concentrations, (3) 
original research (i.e., no case reports, conference proceedings or reviews), (4) written in 
English language, and (5) no duplicates. For the second selection stage, full papers were 
read to assess their eligibility and studies were excluded when they lacked a control group 
or when plasma TC-standardized non-cholesterol sterols were not reported or could not 
be calculated. When inconclusive, the eligibility of the studies was discussed with the 
authors to reach consensus.

2.3. 	 Data Collection and Transformation
Data were collected using a spreadsheet that included the following information: 
publication characteristics (reference number, first author and year of publication), study 
characteristics (design, specification of subgroups and sample size), subject characteristics 
(health status, mean age, mean BMI and gender distribution), measurement characteristics 
(plasma/serum and type of analytical method), and variable characteristics (sitosterol, 
campesterol, cholestanol, lathosterol, desmosterol and cholesterol). For all variables, 
mean and variance measures were collected at baseline in the metabolic condition and 
the control group. If non-cholesterol sterol or TC concentrations were expressed in μg/dL, 
μg/mL, mg/dL, mg/L, mg/mL, μg/L, or ng/mL, these units were converted to µmol/L and 
mmol/L based on their molecular weight (sitosterol: 414.7, campesterol: 400.7, lathosterol 
and cholesterol: 386.7, cholestanol: 388.7, desmosterol: 384.6 g/mol). These conversions 
applied for means and variance measures. Absolute as well as TC-standardized data were 
collected, and TC standardized values were calculated if these were not reported. If TC-
standardized values were not reported or could not be calculated, the study was excluded. 
Data reported as median (interquartile range) values were transformed to means and 
standard deviation (SD) based on the method of Wan et al. [22] and data displayed in 
graphs were estimated manually. 

3. 		  Results

The systematic search retrieved 1953 potentially relevant papers and after two selection 
rounds, 94 studies were included in the systematic review. A flowchart of the study 
selection process is presented in Figure 1.

3.1.	 Serum Non-Cholesterol Sterol Markers in Overweight and 
		  Obese Subjects
Sixteen articles carried out in overweight or obese subjects met the inclusion criteria 
(Table 1). In these 16 papers, eight studies were reported that compared cross-sectionally 
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obese subjects with normal weight subjects [23–30], while two intervention studies 
compared subjects before and after surgery [31,32], and six intervention studies before 
and after diet-induced weight loss [33–38]. The mean BMI (Body Mass Index) in the cross-
sectional studies of the cases was >30 kg/m2 in six comparisons, between 25–30 kg/m2 in 
one comparison [24], and not reported in another comparison [25]. Control subjects had 
a mean BMI in the normal-weight range (20.9–25.1 kg/m2).

In general, the cross-sectional studies suggested that an increased BMI was associated 
with a lower cholesterol absorption and higher cholesterol synthesis. Surprisingly, 
TC-standardized levels of sitosterol and campesterol and of lathosterol both increased 
in subjects after sleeve gastrectomy [31] or gastric bypass [32]. In contrast, cholesterol 
absorption was higher and synthesis lower before weight loss induced by gastric banding 
surgery. The intervention studies also showed that diet-induced weight loss increased 
cholesterol absorption and decreased cholesterol synthesis.

Overall, these findings suggest cholesterol absorption is decreased and synthesis 
increased in obese subjects. These associations are reversed after diet-induced weight 
loss. Effects of the different types of surgical interventions are not clear.

3.2.	 Serum Non-Cholesterol Sterol Markers in Subjects with 
		  Diabetes Mellitus
Fifteen studies were identified, of which four studies were performed in patients with 
type 1 diabetes mellitus (T1DM) [39–42], and nine studies in patients with type 2 diabetes 
mellitus (T2DM) of which one paper yielded two data points [43–51], while in one study, 
both T1DM and T2DM patients were included [52] (Table 2). In one study, women with 
gestational diabetes (GDM) were examined [53].

Three studies in subjects with T1DM suggested that cholesterol absorption was higher in 
T1DM patients [39,40,42], and four studies reported that cholesterol synthesis was lower 
in T1DM patients compared to non-diabetic controls [39,40,42,52]. A study performed in 
children [41] did not find any differences in cholesterol absorption and synthesis markers 
between cases and controls. The opposite was found for T2DM, i.e., four studies [43–
45,50] suggested lower cholesterol absorption and higher cholesterol synthesis in T2DM 
patients. Two of these studies [43,50] were performed in T2DM subjects on statin therapy, 
but cholesterol absorption and synthesis patterns were comparable to those of T2DM 
patients not using statins [44,45]. In two studies, no differences in cholesterol absorption 
markers were observed [47,51], and three studies did not report differences in synthesis 
markers in T2DM patients compared to non-diabetics [49,51,52]. Finally, pregnant women 
with gestational diabetes showed comparable levels of cholesterol absorption and 
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Figure 1. Flowchart of the study selection process.
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synthesis markers compared to non-diabetic pregnant women (Data tabulated in Table 
S1) [53]. 

To summarize, most studies in T1DM patients suggested that cholesterol absorption is 
higher and cholesterol synthesis lower compared to non-diabetic control subjects. For 
T2DM patients, the opposite was found. No effects of GDM were reported.

3.3.	 Serum Non-Cholesterol Sterol Markers in Hyperlipidemic  
		  Subjects
Eleven studies met the inclusion criteria (Table 3). Three studies were performed in 
patients with Familial Combined Hyperlipidemia (FCH) [54–56], one study in patients 
with Familial Hypercholesterolemia (FH) [57], and four studies included patients with 
FCH, FH or another (non-FH) form of hypercholesterolemia [58–61]. Patients with 
hypercholesterolemia other than FCH of FH were evaluated in three studies [62–64].

In patients with FCH, cholesterol absorption markers were significantly lower compared 
to control subjects in four studies [55,56,58,60], comparable in one study [61], and 
not measured in one study [54]. At least one of the cholesterol synthesis markers was 
significantly increased in five studies [54–56,60,61], and were comparable between FCH 
patients and control subjects in one study [58]. Two studies in FH patients, of which one 
was performed in children, reported comparable cholesterol absorption markers between 
cases and controls subjects, while cholesterol synthesis was lower [58] or comparable 
between patients with or without FH [57]. 

In patients diagnosed with hypercholesterolemia other than FCH or FH, at least one 
of the cholesterol absorption markers increased in three comparisons [58,60,61], 
was comparable in two comparisons [64], and was not tested or measured in three 
comparisons [59,62,63]. One study reported higher cholesterol absorption in subjects 
diagnosed with heterogeneous autosomal dominant hypercholesterolemia compared to 
normolipidemic control subjects [61]. For cholesterol synthesis, most comparisons did not 
find a difference between hypercholesterolemic cases and their controls [60–62,64], while 
cholesterol synthesis was suggested to be higher in one study [61] and lower in another 
study [58] in cases compared to controls. Two studies measured cholesterol synthesis, 
but did report differences between cases and control subjects, although it seems that 
cholesterol synthesis was lower in subjects with hypercholesterolemia [59,63]. 

Overall, studies in patients with FCH suggested that cholesterol absorption was lower 
and cholesterol synthesis higher compared to control subjects, while patients with FH 
showed a comparable cholesterol absorption and synthesis pattern as control subjects. 
Studies in patients with hypercholesterolemia other than FCH or FH suggested a pattern 
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of increased cholesterol absorption, while cholesterol synthesis seems comparable or 
decreased compared to normolipidemic subjects.

3.4.	 Serum Non-Cholesterol Sterol Markers in Subjects with the 
		  Metabolic Syndrome
Five studies met the inclusion criteria for the metabolic syndrome (Table 4). Findings 
suggested that cholesterol absorption was lower and synthesis higher in subjects with the 
metabolic syndrome. It should be noted, however, that in four studies [65–68], cases were 
obese and had a BMI >30 kg/m2, while controls had a BMI around 25 kg/m2. It remains to 
be elucidated whether the metabolic syndrome per se affects cholesterol absorption or 
synthesis, or if relations can be explained by one of the underlying characteristics of the 
metabolic syndrome.

3.5.	 Serum Non-Cholesterol Sterol Markers in Subjects with  
		  Cardiovascular Diseases
Seventeen studies matched the inclusion criteria (Table 5). The studies varied widely 
in the selected patient groups. For many studies, it was reported that at least a part of 
the population had comorbidities such as T2DM [70–78], T1DM [79] or hypertension, 
dyslipidemia, or the metabolic syndrome [73,76–79]. In general, controls were to some 
extent matched for these comorbidities. 

One or more of the cholesterol absorption markers were significantly increased in seven 
of the comparisons, decreased in two comparisons, not statistically different in eleven 
comparisons, and not tested in the two remaining comparisons. In one study, no cholesterol 
absorption markers were measured [76]. At least one of the cholesterol synthesis markers 
was significantly increased in two comparisons, decreased in five comparisons, not 
statistically different in nine comparisons, not tested in three comparisons. In two studies, 
opposite findings were reported, as cholesterol-standardized lathosterol levels increased 
and those of desmosterol decreased [80,81]. Surprisingly, in these two studies, only 
postmenopausal women were included. Also, in another study with only postmenopausal 
women, only a significant increase in desmosterol was reported [82]. 

Overall, studies in patients with cardiovascular suggested a pattern of increased 
cholesterol absorption. Relationships with cholesterol synthesis markers were less clear. 
In the majority of studies, however, decreases or no differences were reported. Whether 
effects on lathosterol and desmosterol are gender-specific warrant further study.
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3.6.	 Serum Non-Cholesterol Sterol Markers in Subjects with  
		  Intestinal Diseases
Six studies were identified that matched our inclusion criteria, of which one had three 
study arms, providing eight comparisons versus controls in total (Table 6). Three of these 
studies evaluated conditions where the length of the small intestine was reduced, i.e., 
two studies in patients with short bowel syndrome [87,88], and one study in Familial 
Hypercholesterolemia (FH) patients who underwent ileal bypass surgery [89]. Another 
study evaluated three conditions where the colon was removed, i.e., ileostomy, ileorectal 
anastomosis and ileal pouch anastomosis [90]. This latter condition was also studied by 
Hakala et al. [91]. Finally, there was one study in patients with gastric bleeding [92]. Two 
studies in subjects with a shortened small intestine suggested that cholesterol synthesis 
increased [87,88], whereas only one study showed a lower cholesterol absorption [88] 
as compared to controls. In contrast to the first study by Ellegard et al. [87], the study 
showing the effects on cholesterol absorption was conducted in children [88]. The third 
study in subjects with an ileal bypass plus FH did not show any differences versus controls 
[89]. In two studies including subjects without a colon cholesterol synthesis increased, 
i.e., in ileostomy patients and patients with ileal pouch anastomosis [90], whereas two 
other studies did not show a difference in cholesterol synthesis, i.e., in patients with 
ileorectal anastomosis [90] and ileal pouch anastomosis [91]. In all four comparisons, 
cholesterol absorption increased [90,91], although this conclusion was not consistent for 
all absorption markers. Finally, data from subjects with gastric bleeding did not suggest 
differences in cholesterol synthesis or absorption.

To summarize, studies in patients with shorter small intestines suggested that cholesterol 
synthesis is higher and cholesterol absorption lower compared to control subjects. For 
patients without a colon, both cholesterol synthesis and absorption seem higher.

3.7. 	 Serum Non-Cholesterol Sterol Markers in Subjects with  
		  Kidney Disease
Two studies were identified, of which one study was performed in hyperlipidemic patients 
with nephrotic proteinuria [93] and one in hemodialysis subjects with diabetes type 2 plus 
manifestations of CVD [94] (Table 7). Both studies suggested that endogenous synthesis 
is lower in patients with kidney disease as compared to controls without kidney disease. 
The study in hemodialysis patients showed a higher cholesterol absorption in patients as 
compared to controls [94], whereas absorption markers were not reported in the study 
including patients with nephrotic proteinuria [93]. To summarize, these two studies 
suggested that cholesterol absorption is higher and cholesterol synthesis lower compared 
to controls, even in the presence of T2DM.
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3.8. 	 Serum Non-Cholesterol Sterol Markers in Subjects with 
		  Liver Diseases
Twenty-two studies were identified, of which five studies were performed in patients with 
steatosis [95–99], eleven studies in patients with cholestasis [100–110], and six studies 
included patients with liver diseases related to cirrhosis or necrosis [111–116] (Table 8).

In patients with a fatty liver (steatosis), cholesterol absorption markers were lower in 
one study [96], comparable to control subjects in another study [97] and not significantly 
tested or measured in three studies [95,98,99]. At least one of the cholesterol synthesis 
markers increased in two studies (three comparisons) [95,97], which was independent of 
statin use, comparable in one study [96] and not significantly tested in two studies [98,99]. 

In nine comparisons in cholestasis patients with gallstones, at least one of the cholesterol 
absorption markers decreased in three comparisons [106,108] comparable in one [105] 
and not tested or measured in five comparisons [100,102,104,109]. On the other hand, 
cholesterol synthesis markers increased in five comparisons [102,107,108] comparable in 
two [106,109] and not tested or measured in the remaining comparisons. In children with 
gallstones, results are inconsistent. In patients with black pigment stones, cholesterol 
absorption was comparable, while cholesterol synthesis increased compared to controls. 
On the other hand, patients with cholesterol stones had significantly lower cholesterol 
absorption and higher cholesterol synthesis markers. In cholecystectomized patients, 
cholesterol absorption was comparable to controls, while cholesterol synthesis increased 
[101], and in children after successful surgery for biliary atresia, cholesterol absorption 
markers were inconsistent, while cholesterol synthesis was lower in cases compared 
with healthy controls [110]. Markers for cholesterol absorption and synthesis were also 
measured in pregnant women with cholestasis, but differences compared to control 
subjects were not significantly tested [103].

In patients with primary biliary cirrhosis, markers for cholesterol absorption are 
inconsistent, i.e., increased concentrations in two comparisons [111,112], reduced 
concentrations in one comparison [114], and not tested in two comparisons [111,115]. 
Patients with acute necrosis have a higher cholesterol absorption compared with 
controls [114], while cholesterol absorption was comparable in children with Intestinal 
Failure Associated Liver Disease (IFALD) [113]. At least one cholesterol synthesis marker 
was reduced in primary biliary cirrhosis, Hepatitis C-related cirrhosis and acute necrosis 
[111,114,116], while cholesterol synthesis increased in IFALD patients [113]. 

To summarize, studies in patients with steatosis or cholestasis suggested a pattern of 
reduced cholesterol absorption and increased cholesterol synthesis, while it appears that 
patients with cirrhosis have increased cholesterol absorption and reduced cholesterol 
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synthesis. Studies performed in children with cholestasis and IFALD are inconsistent and 
warrant further investigation. 

3.9. 	 Summary of the Results
An overview of non-cholesterol sterol concentrations as biomarkers for cholesterol 
absorption and synthesis in different metabolic disorders is presented in Table 9. 
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4. 		  Conclusions

To better understand cholesterol metabolism in a wide variety of metabolic disorders, 
we here present the first extensive systematic overview of plasma non-cholesterol 
sterols levels, which are validated biomarkers for intestinal cholesterol absorption and 
endogenous cholesterol synthesis, in different metabolic disorders.

In the vast majority of studies, TC-standardized levels of campesterol, sitosterol and 
cholestanol on the one hand, and TC-standardized levels of lathosterol and desmosterol on 
the other hand, showed comparable patterns. This underlines their use as biomarkers for 
cholesterol absorption and cholesterol synthesis, respectively. Moreover, non-cholesterol 
biomarkers displayed reciprocal patterns, indicating that cholesterol metabolism is tightly 
regulated by the balance of intestinal absorption and endogenous synthesis. Furthermore, 
we identified that certain metabolic disorders are characterized by either higher 
cholesterol absorption or by higher cholesterol synthesis, classifying them as ‘cholesterol 
absorbers or cholesterol synthesizers’. The identification of metabolic disorders as 
cholesterol absorbers or synthesizers is important for future (dietary) interventions, 
since pharmacological and dietary treatments have different underlying mechanisms by 
which they affect cholesterol metabolism [117,118]. In more detail, cholesterol absorbers 
would benefit from ezetimibe treatment and plant sterol or stanol consumption, since 
these interventions inhibit intestinal cholesterol absorption [119,120]. On the other hand, 
subjects with higher cholesterol synthesis would achieve better cholesterol target levels 
by using statins, i.e., drugs that reduce endogenous cholesterol synthesis rates [121]. 

In general, cholesterol absorption is decreased and synthesis is increased in overweight and 
obese subjects, in T2DM patients, and in metabolic syndrome subjects. Since the metabolic 
syndrome is a constellation of at least three of the following features: visceral obesity, 
impaired fasting glucose, high triacylglycerol, low high-density lipoprotein cholesterol, 
and hypertension, it could be speculated that low absorption/high synthesis patterns are 
(partly) explained by insulin resistance, obesity status, or disturbed lipid profile. However, 
differences in BMI are most likely not the only factor to explain differences in cholesterol 
metabolism between metabolic syndrome subjects and controls, since Hernandez-
Mijares et al. [69] showed comparable results in weight-matched metabolic syndrome 
subjects. Interestingly, differences between obese and control subjects in cholesterol 
absorption and/or synthesis are reversed after diet-induced weight loss, while the effect 
on cholesterol metabolism after weight loss by different types of surgical interventions 
are inconsistent. It might be possible that energy balance (or the lack thereof) plays a role 
in the inconsistent effects on cholesterol homeostasis after surgery-induced weight loss. 
Future research on the effects of weight loss on cholesterol absorption and synthesis is 
therefore warranted. As stated, T2DM patients also display a low cholesterol absorption/
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high cholesterol synthesis pattern, while the opposite is true for T1DM patients, where 
cholesterol absorption is higher and synthesis is lower than in non-diabetic controls. 
Insulin resistance might be a contributory factor in the lower cholesterol absorption/
higher cholesterol synthesis pattern, since both metabolic syndrome and T2DM patients 
showed a comparable low absorption/high synthesis pattern, which is in contrast to T1DM 
patients who are insulin-dependent but can still be insulin sensitive [122]. 

We also investigated the interplay in cholesterol absorption and synthesis in 
hyperlipidemias and cardiovascular diseases. Both FCH and FH are inherited disorders 
of cholesterol metabolism. However, FH patients are characterized by high serum 
cholesterol concentrations, while patients with FCH also exhibit high serum triacylglycerol 
concentrations. Although studies in FH patients suggested that cholesterol absorption and 
synthesis pattern are comparable to those of normolipidemic subjects, FCH patients are 
characterized by a pattern of low cholesterol absorption and high cholesterol synthesis. 
It has been postulated that patients with FCH have an altered cholesterol synthesis 
pathway, resulting in higher cholesterol synthesis and thus lower cholesterol absorption 
[56]. In contrast to FCH, hyperlipidemic patients with a cause other than FH or FCH were 
characterized by higher cholesterol absorption and lower cholesterol synthesis. Patients 
with CVD also displayed this reciprocal pattern of high absorption/low synthesis. Indeed, 
most studies have suggested that higher cholesterol absorption and lower cholesterol 
synthesis is more atherogenic [72,123,124]. Nevertheless, this is difficult to reconcile 
with the low absorption/high synthesis pattern in T2DM and FCH patients, who are also 
at increased risk to develop CVD. The relationship between cholesterol metabolism and 
CVD risk and the underlying mechanisms should therefore be investigated in more detail 
in future studies.

In organ-specific diseases (intestine, liver and kidney), the relationship between 
cholesterol absorption and synthesis was more heterogeneous. In subjects with a deprived 
small intestine, cholesterol synthesis increased, while cholesterol absorption decreased 
or comparable to control subjects. Since cholesterol is mainly absorbed at the duodenum 
and proximal jejunum, the upregulation of cholesterol synthesis is most likely a counter-
reaction in patients with a shorter small intestine. On the other hand, in patients without 
a colon, both cholesterol synthesis and absorption appeared to be higher. This finding 
does not concur with the notion of reciprocal changes in cholesterol homeostasis and 
might suggest that absence of microbiota could play a role in cholesterol metabolism 
in patients with a deprived large intestine. In patients with kidney-related diseases 
(nephrotic proteinuria or hemodialysis), cholesterol absorption was higher and synthesis 
was lower. These patients were hyperlipidemic or at risk to develop CVD, which might 
partly explain the high cholesterol absorption/low cholesterol synthesis pattern. Patients 
with chronic kidney disease also have a high CVD risk [125] and it might be of interest to 
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investigate whether changes in cholesterol metabolism could play a role in the CVD risk 
of kidney patients. In patients with steatosis (fatty liver), cholesterol absorption was lower 
and cholesterol synthesis higher compared with control subjects. Simonen et al. [99] 
indeed demonstrated that biomarkers of cholesterol synthesis correlated positively with 
liver fat—independent of BMI—suggesting that cholesterol synthesis increases when the 
liver contains more fat. In patients with cholestasis, the same pattern is seen, i.e., reduced 
cholesterol absorption and increased cholesterol synthesis. For patients suffering from a 
cirrhotic or necrotic liver, it appears that the liver can no longer maintain its cholesterol 
synthesis, which most likely results in an increased cholesterol absorption. Few studies 
were performed in children with liver diseases, and with inconsistent results, warranting 
further investigation.

Overall, distinctive patterns for cholesterol absorption or cholesterol synthesis could be 
identified, suggesting that metabolic disorders can be classified as ‘cholesterol absorbers 
or cholesterol synthesizers’. It should be noted that our conclusions are mainly based on 
cross-sectional studies, which makes it impossible to draw any conclusions on causal 
relationships. Therefore, future research should confirm or refute our findings. Ultimately, 
the classification of a metabolic disorder as cholesterol absorber or synthesizer based on 
non-cholesterol sterol biomarkers can be used for targeted (dietary) interventions.
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Background
Increased physical activity is inversely related to the risk to develop 
cardiovascular disease (CVD). In a recent systematic review, it was reported 
that CVD patients had an increased cholesterol absorption and a decreased 
synthesis as compared with control participants. As increased physical 
activity levels reduce CVD risk, we hypothesized that exercise training 
will reduce cholesterol absorption and increase endogenous cholesterol 
synthesis in older overweight and obese men. 

Methods
A randomized, controlled, crossover trial was performed. Seventeen 
apparently healthy older overweight and obese men were randomized to 
start with an aerobic exercise or no-exercise control period for 8 weeks, 
separated by 12 weeks washout. Fasting serum total cholesterol (TC) and 
non-cholesterol sterol concentrations were measured at baseline, and after 
4 and 8 weeks. 

Results
The aerobic exercise program did not affect serum TC concentrations. In 
addition, exercise did not affect TC-standardized serum concentrations 
of sitosterol and cholestanol that are markers for cholesterol absorption. 
However, a trend for reduced TC-standardized campesterol concentrations, 
which is another validated marker for cholesterol absorption, was observed 
as compared with control. Lathosterol concentrations, reflecting cholesterol 
synthesis, did not differ between both periods. 

Conclusions
Aerobic exercise training for 8 weeks did not lower serum TC concentrations 
in older overweight and obese men, but a trend towards a decrease in the 
cholesterol absorption marker campesterol was found. The cholesterol 
synthesis marker lathosterol did not change. 

Keywords
Aerobic exercise, cholesterol metabolism, cholesterol absorption, 
cholesterol synthesis, non-cholesterol sterols, plant sterols, cholesterol 
precursors.

Trial registry name and URL, registration number
posted on
www.clinicaltrials.gov as NCT03272061 on 7 September 2017. 
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Introduction

Increased physical activity is inversely related to the risk to develop cardiovascular 
disease (CVD) [1]. Indeed, aerobic exercise improves several CVD risk markers such as 
body composition, blood pressure, low-grade systematic inflammation and immune 
function [2-5]. In addition, some training intervention studies have reported increased 
serum high-density lipoprotein cholesterol (HDL-C) [6], and decreased serum low-
density lipoprotein cholesterol (LDL-C) and triglyceride (TG) concentrations [7]. However, 
the number of involved study participants in these studies was in general small and a 
meta-analysis including six randomized controlled trials and data from 192 men and 
women with intervention periods ranging from 10 to 104 weeks concluded that serum 
total cholesterol (TC), LDL-C and HDL-C concentrations were not improved after aerobic 
exercise training [8].

Even without affecting serum TC concentrations, aerobic exercise may still affect processes 
underlying cholesterol homeostasis. These processes e.g., intestinal cholesterol absorption 
and endogenous cholesterol synthesis do not only determine serum TC concentrations, 
but may also be related to certain metabolic diseases. Non-cholesterol sterols have been 
validated as markers for cholesterol absorption and cholesterol synthesis [9]. Circulating 
levels of campesterol, sitosterol and cholestanol reflect intestinal cholesterol absorption, 
while lathosterol and desmosterol levels are markers of endogenous cholesterol 
synthesis [10]. Using these markers, patients can be classified as cholesterol absorber or 
synthesizer [11-14]. For instance, chronic kidney disease (CKD) patients on hemodialysis 
are characterized by higher cholesterol absorption and lower cholesterol synthesis 
compared to controls [15, 16]. Furthermore, mortality rates in hemodialysis patients 
with a high cholesterol absorption are higher compared to those of patients with a low 
cholesterol absorption [16]. Further, in a recent systematic review, it was also reported 
that CVD patients have an increased cholesterol absorption and decreased cholesterol 
synthesis as compared with control participants [17]. It can be speculated that aerobic 
exercise does not lower serum TC concentrations, but may lower the risk to develop CVD 
by reducing intestinal cholesterol absorption and increasing cholesterol synthesis.

So far, only a few trials have examined the effects of exercise training on cholesterol 
absorption and synthesis, but results were inconsistent. Using stable isotopes, Varady et 
al. [18] showed that endurance exercise for 8 weeks did not affect cholesterol absorption 
and synthesis in hypercholesteremic subjects. However, Wilund et al. [19] observed, after 
an endurance exercise program for 6 months, an increase in TC-standardized campesterol 
levels, but no significant change in TC-standardized lathosterol levels. However, a 
no-exercise control group was lacking. In contrast, Cho and coworkers reported in ten 
overweight participants that an 8-week intervention of combined resistance and aerobic 
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exercise reduced cholesterol synthesis without changing cholesterol absorption [20]. 
These discrepant findings might be explained by various factors, such as type of exercise 
training program, sample size, lack of control group and the methodology to measure 
cholesterol metabolism markers. Therefore, the purpose of this study was to examine the 
effect of an 8-week aerobic exercise training period as compared to a control period on 
markers for cholesterol metabolism in older, overweight and obese sedentary men. The 
population group of the study was deliberately chosen, as they have an increased risk 
to develop CVD [21-24]. The hypothesis of the study is that exercise reduces cholesterol 
absorption and increases cholesterol synthesis, a phenotype that may be associated with 
a decreased CVD risk [17]. 

Methods

Study participants
Details of this study have been published before [25]. Briefly, nineteen Caucasian men 
aged between 60-70 years were recruited. Subjects were eligible to participate based 
on the following inclusion criteria: sedentary lifestyle (classified as low physical activity 
according to the guidelines for International Physical Activity Questionnaire (IPAQ)); body 
mass index (BMI) between 25-35 (kg/m2); no smoking; no diabetes; no active CVD; no 
drug or alcohol abuse; no use of dietary supplements known to interfere with the study 
outcomes; no use of medication known to affect lipid or glucose metabolism; fasting 
plasma glucose concentrations < 7.0 mmol/L; fasting serum TC concentrations < 8.0 
mmol/L and fasting serum TG concentrations < 4.5 mmol/L. This study was conducted in 
accordance with the declaration of Helsinki and written informed consent was obtained 
from all participants before the start of the study.

Study design
This 8-week, randomized, controlled, cross-over trial was conducted at Maastricht 
University in Maastricht, the Netherlands from January 2018 to December 2018. 
Participants were randomized to start with either the exercise period or the control period 
using a computer-generated, randomization scheme. The protocol was approved by the 
Medical Ethics Committee of Maastricht University Medical Center (METC173025), and the 
study was registered on September 7th, 2017 at ClinicalTrials.gov (NCT03272061). 

Exercise protocol
The intervention period consisted of a supervised, progressive, aerobic exercise training 
3 times a week for 8 weeks performed on a cycling ergometer. The training intensity 
was determined for each individual based on their maximal power (Pmax), which was 
reassessed every two weeks during the exercise period. Each exercise session started 
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with 10 min of warming-up and ended with 10 min of cooling down corresponding to 
45% of participant’s Pmax. In-between, the participant cycled for 30 min at 70% Pmax. 
Participants’ attendance was recorded to assess exercise compliance. At the end of each 
period, energy and nutrient intakes were calculated for each participant using a validated 
food frequency questionnaire. During the control period, participants were requested 
to maintain their habitual activity levels. A wearable accelerometer (activPAL3; PAL 
Technologies Ltd., Glasgow, United Kingdom) was used to assess physical activity and 
sedentary behavior for a median duration of 5 days at the end of each period. During this 
period, no exercise training was performed  [25]. The exercise and control periods were 
separated by 12 weeks washout period, in which participants returned to their habitual 
activity levels. As previously described [25], peak oxygen consumption (VO2 peak) was 
measured during a maximal exercise test using an incremental step-wise protocol. 
Measurements were performed every two weeks during the exercise period and three 
times during the control period.

Serum lipid analysis
Twelve-hour fasting venous blood samples were drawn at baseline, week 4 and at two 
follow up days in week 8. The first follow up sample was collected 43 hours (median: range 
19-72 hours) and the second follow up sample 117 hours (70-118 hours) after an exercise 
training. Blood samples were centrifuged at 1300x g for 15 min at 21 ºC to collect serum 
samples that were stored at -80 ºC until analyzed at the end of the study. Serum TC (CHOD-
PAP method; Roche Diagnostic, Mannheim, Germany), HDL-C (CHOD-PAP method; Roche 
Diagnostic, Mannheim, Germany), and TG concentrations were analyzed with enzymatic 
methods (GPO-Tinder; Sigma-Aldrich Corp., St. Louis, MO, USA).

Serum non-cholesterol sterol analysis
Serum non-cholesterol sterol concentrations, campesterol, sitosterol, cholestanol and 
lathosterol, were measured by gas chromatography (GC) equipped with a flame ionization 
detector (GC-FID) (Hewlett Packard 6890 plus), using a capillary column (DB-XLB 30 m x 
0.25 mm i.d. x0.25 um; Agilent Technologies, Amstelveen, Netherlands). Extraction of 
cholesterol and non-cholesterol sterols was performed as described by Mackay et al. [26]. 
Briefly, 100ul serum sample was saponified with 1mL of 90% ethanolic sodium hydroxide 
for 1hr at 60 ºC. 5a-cholestane and epicoprostanol were used as internal standards. After 
two rounds of cyclohexane extraction, samples were derivatized with 30ul of TMS reagent 
[pyridine, hexamethyldisilazane and trimethylchlorosilane (9:3:1, v/v/v)]. Samples 
were injected into the GC-FID, and cholesterol and non-cholesterol sterol peaks were 
integrated (OpenLab CDS ChemStation Edition; Agilent Technologies, Santa Clara, USA), 
and their concentrations were calculated relative to the internal standard 5a-cholestane 
concentration. Non-cholesterol sterol concentrations were standardized for cholesterol 
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concentrations, as determined during the same GC run and expressed as umol/mmol 
cholesterol. 

Statistical analysis
Data are presented as means ± standard deviations (SD), unless indicated otherwise. 
Normality of distribution was assessed using the Kolmogorov-Smirnov test. Baseline 
differences in cholesterol and non-cholesterol sterols concentrations between control 
and intervention periods were analyzed by a paired sample t-test. Changes from baseline 
over time between the control and intervention periods were analyzed using linear mixed 
models with treatment and time as within-subject fixed factors and with treatment*time 
interaction. If the interaction term was not statistically significant, it was omitted from 
the model. Bonferroni’s correction for multiple comparisons was used, as appropriate. 
Additional analyses were also performed using linear mixed model to evaluate the 
difference in changes from baseline in all variables between absorbers and synthesizers 
subgroups.  A P-value < 0.05 was considered statistically significant. All data were analyzed 
using SPSS 24.0 for windows (SPSS Inc., Chicago, IL, USA).

Results

Of the nineteen men that started the study, two dropped out due to personal reasons. 
A full consort flow chart is shown in Supplemental figure 1. Baseline characteristics of 
the seventeen men who completed the study are shown in Table 1. The VO2 peak values 
were significantly increased during the exercise period from 2716 ± 454 mL at baseline 
to 2978 ± 473 mL at week 8, while it was 2713 ± 478 mL at baseline and remained nearly 
unchanged (2708 ± 459 mL) at the end of control period [25]. These results indicated that 
cardiorespiratory fitness was increased during the exercise period. BMI and body weight 
were comparable at the start of the control and intervention periods, and did not change 
during these periods (data not shown). 

Table 1. Baseline characteristics (N=17)

Characteristic Mean ± SD

Age (years) 66.8 ± 1.7

Weight (kg) 94.8 ± 11.7

BMI (kg/m2) 30.3 ± 2.8

Glucose (mmol/L) 5.8 ± 0.4

Total cholesterol (mmol/L) 5.3 ± 1.1

Triglycerides (mmol/L) 1.4 ± 0.5
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Physical activity levels, sedentary times and dietary intake between the intervention and 
control periods were comparable (unpublished data). 

Serum TC concentrations and TC-standardized serum non-cholesterol sterol 
concentrations (campesterol, sitosterol, cholestanol and lathosterol) were comparable at 
the start of the intervention and control periods (Supplemental table 1). No effects of 
the aerobic exercise program on serum TC concentrations were observed (Supplemental 
table 1). Changes in TC-standardized non-cholesterol levels are shown in Figure 1. For 
cholesterol absorption markers, no significant treatment or time effects were observed 
(Figure 1, A-C), although TC-standardized campesterol levels tended to be decreased 
after the exercise period (P=0.060). Levels of the cholesterol synthesis marker lathosterol 
were comparable between both intervention periods (Figure 1, D). 
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Figure 1. Changes in cholesterol standardized levels of cholesterol absorption markers (A, 
B, C) and cholesterol synthesis marker (D) during an 8-week intervention period. Data are 
presented as mean ± SEM. 
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As exploratory analyses, subjects were divided into cholesterol-absorbers and cholesterol-
synthesizers based on the median lathosterol-to-campesterol ratio of the group at baseline 
to investigate differences in responses between these two subgroups after exercise. At 
baseline, the range in lathosterol-to-campesterol ratio was 0.21 – 0.69 for cholesterol-
absorbers (n=9) and 0.84 – 1.77 for cholesterol-synthesizers (n=8). Even though changes in 
serum TC concentrations after aerobic exercise in the cholesterol-synthesizers appeared 
to be more pronounced than in the cholesterol-absorbers, there were no significant 
treatment or time effects for TC changes in absorbers or synthesizers (Figure 2). Also, 
for changes in TC-standardized campesterol levels, no significant treatment*time effect 
was observed (P=0.093). However, these levels tended to be lower after exercise in the 
cholesterol absorbers, but not in cholesterol synthesizers. Changes in other markers 
showed neither treatment nor time effects in absorbers and synthesizers after exercise 
(Supplemental figure 2). 
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Figure 2. Changes in TC concentrations during intervention periods for cholesterol 
absorbers (n= 9) and cholesterol synthesizers (n=8) subgroups.

AP values for factor effects in cholesterol absorbers. 
SP values for factor effects in cholesterol synthesizers.

Discussion

The present study shows that an 8-week aerobic exercise program did not affect validated 
plasma markers of cholesterol absorption or synthesis in older overweight and obese 
men. Based on a recent systematic review [17], it was hypothesized that aerobic exercise 
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training would reduce cholesterol absorption and increase cholesterol synthesis. Although 
campesterol levels tended to be lower after aerobic exercise, this difference did not reach 
significance. The two previous studies investigating the effect of exercise on plasma 
markers of cholesterol absorption and synthesis showed inconsistent findings. In one 
study, the effect of a long-term aerobic exercise program for 6 months increased plasma 
campesterol levels, reflecting a higher cholesterol absorption, but did not change plasma 
markers for cholesterol synthesis in men and women at high risk of developing metabolic 
syndrome [19]. In contrast, in the current study cholesterol absorption tended to decrease. 
However, Wilund et al. did not include a no-exercise control group. In the other study with 
overweight men and women, the effect of alternate day fasting and exercise, composed 
of combined aerobic and resistance training, was examined [20]. In this randomized 
controlled trial, no difference in cholesterol absorption markers after 8 weeks intervention 
between the exercise and control groups was found. However, a significant reduction in 
cholesterol synthesis in the exercise group was reported, which could also have been due 
to the alternate day fasting protocol that was followed at the same time [20]. Moreover, 
only desmosterol levels were decreased, while no changes were observed in lathosterol 
levels [20]. Desmosterol is an intermediate of the Bloch pathway for cholesterol synthesis 
and lathosterol of the Kandutsch-Russell pathway [27]. However, this does not necessarily 
mean that effects of the intervention on cholesterol synthesis were pathway-specific, also 
because lathosterol is the only validated marker for cholesterol synthesis [9]. In addition, 
in the recent systematic review, no evidence was found that metabolic aberrations were 
specifically related to desmosterol and not to lathosterol [17]. Differences in participants 
characteristics, duration of intervention, methods of dietary control and lack of control 
group could explain the inconsistency in the effects observed on plasma markers for 
cholesterol absorption and synthesis. Using stable isotopes, Varady et al. found no effects 
on cholesterol absorption and synthesis in previously sedentary hypercholesteremic 
subjects after 6 weeks of endurance exercise [18]. These results agree with the current 
findings and show that results can be extended to non-hypercholesterolemic sedentary 
older men using a different approach to estimate fractional cholesterol absorption and 
synthesis. Despite the 8-week aerobic exercise program, body weight did not change in 
the exercise period. Dietary habits were comparable between the intervention and control 
periods, suggesting that any potential loss of fat mass could have been compensated by 
an increase in fat free mass [28]. Furthermore, factors such as age, sedentary behavior and 
body composition might affect the exercise intervention, explaining the discrepancy in 
the current and other studies investigating the effect of exercise on cholesterol absorption 
and synthesis [29]. 

Participants can be classified as cholesterol absorbers or cholesterol synthesizers based on 
their baseline ratios of campesterol to lathosterol [30]. Although not the primary outcome 
of this study, an exploratory analysis was performed to examine whether the effects of 
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exercise on TC concentrations were different between absorbers and synthesizers. The 
effect of exercise on TC concentrations did not significantly differ between the subgroups, 
although we postulated that participants with a higher cholesterol synthesis at baseline 
(synthesizers) would respond more pronounced to exercise in terms of TC-lowering than 
those with a higher cholesterol absorption at baseline (absorbers). However, changes in 
markers for cholesterol metabolism were comparable between cholesterol absorbers 
and synthesizers and could not explain the slight, non-significant reduction in TC 
concentrations observed in cholesterol synthesizers, but not in absorbers. 

Study strengths and limitations
A strength of this current study was the inclusion of a sedentary population at a high risk 
to develop CVD as well as the addition of a no-exercise control period. Furthermore, due 
to the crossover design, each participant acted as his own control thereby eliminating 
between-subject variability. There are several limitations in this study. First of all, intake 
of dietary plant sterols was not known. However, serum plant sterol concentrations 
were comparable between intervention periods at baseline, suggesting no change in the 
habitual consumption of plant sterols. Secondly, only male participants were included 
in the current study but so far there is no indication that non-cholesterol sterols are only 
valid as markers for cholesterol synthesis or absorption in men and not in women [31]. 
Lastly, since the current study was not originally designed to investigate the effect of 
exercise on markers of cholesterol and absorption and synthesis, power calculations were 
not performed a priori. 

Conclusions

In summary, the 8-week aerobic exercise did not lower serum TC concentrations in older 
overweight and obese men, but a trend towards a decrease in the cholesterol absorption 
marker campesterol was found. The cholesterol synthesis marker lathosterol did not 
change. In future studies, the added value of using non-cholesterol sterol concentrations to 
classify participants as cholesterol absorbers or synthesizers to increase responsiveness 
to lifestyle interventions or lipid-lowering therapies needs to be addressed. Nonetheless, 
increasing physical activity levels is an important approach to reduce CVD risk [32].
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Supplementary Materials

Supplemental table 1. Cholesterol and non-cholesterol sterol concentrations (n=17) at 
baseline, week 4 and week 8 in control and exercise periods.

Control Exercise P values
Total cholesterol (mmol/l)
Baseline 5.22 ± 1.10 5.36 ± 1.03 0.102
Week 4 5.33 ± 1.29 5.42 ± 1.16
Week 8 5.29 ± 1.09 5.31 ± 1.27
TC-Campesterol* 
Baseline 1.97 ± 0.78 2.03 ± 0.74 0.494
Week 4 2.02 ± 0.78 1.90 ± 0.70
Week 8 2.11 ± 0.82 2.00 ± 0.67
TC-Sitosterol* 
Baseline 1.43 ± 0.59 1.46 ± 0.55 0.498
Week 4 1.47 ± 0.56 1.44 ± 0.55
Week 8 1.48 ± 0.54 1.48 ± 0.57
TC-Cholestanol* 
Baseline 1.39 ± 0.25 1.37 ± 0.23 0.391
Week 4 1.39 ± 0.25 1.35 ± 0.23
Week 8 1.39 ± 0.26 1.35 ± 0.23
TC-Lathosterol*
Baseline 1.26 ± 0.38 1.38 ± 0.42 0.120
Week 4 1.30 ± 0.41 1.41 ± 0.44
Week 8 1.34 ± 0.39 1.36 ± 0.39

* Expressed as µmol/mmol cholesterol. Data are presented as mean ± SD
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Supplemental figure 1. CONSORT flow diagram of the randomised, controlled crossover 
study.



78   |   Chapter 3

4 8
-0.4

-0.2

0.0

0.2

0.4

0

Control - Absorber

Control - Synthesizer

Exercise - Absorber

Exercise - Synthesizer

A
treatment * time, P=0.093

S
treatment, P=0.304

 time, P=0.205

Time (weeks)

D  
C

am
pe

st
er

ol
 (m

m
ol

/m
m

ol
 c

ho
le

st
er

ol
)

4 8
-0.2

-0.1

0.0

0.1

0.2

0

Control - Absorber

Control - Synthesizer

Exercise - Absorber

Exercise - Synthesizer

A
treatment, P=0.291

      time, P=0.838

S
treatment, P=0.908

 time, P=0.313

Time (weeks)

D  
Si

to
st

er
ol

 (m
m

ol
/m

m
ol

 c
ho

le
st

er
ol

)

4 8
-0.10

-0.05

0.00

0.05

0

Control - Absorber

Control - Synthesizer

Exercise - Absorber

Exercise - Synthesizer

A
treatment, P=0.344

      time, P=0.616

S
treatment, P=0.366

time, P=0.245

Time (weeks)

D  
C

ho
le

st
an

ol
 (m

m
ol

/m
m

ol
 c

ho
le

st
er

ol
)

4 8
-0.2

-0.1

0.0

0.1

0.2

0

Control - Absorber

Control - Synthesizer

Exercise - Absorber

Exercise - Synthesizer

A
treatment, P=0.395

      time, P=0.921

S
treatment, P=0.116

time, P=0.671

Time (weeks)

D  
La

th
os

te
ro

l (
m m

ol
/m

m
ol

 c
ho

le
st

er
ol

)

Supplemental figure 2. Changes in markers of cholesterol absorption and synthesis 
during intervention periods for cholesterol absorbers (n= 9) and cholesterol synthesizers 
(n=8) subgroups.

AP values for factor effects in cholesterol absorbers. 

SP values for factor effects in cholesterol synthesizers.
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Cross-sectional studies have shown that obesity is associated with a lower 
intestinal cholesterol absorption and a higher endogenous cholesterol 
synthesis. These metabolic characteristics have also been observed 
in patients with type 2 diabetes, the metabolic syndrome, steatosis or 
cholestasis. The number of intervention studies evaluating the effect of 
weight-loss on these metabolic characteristics is however limited, while the 
role of the different fat compartments has not been studied into detail. In 
a randomised trial, abdominally obese men (N=54) followed a 6-week very 
low caloric (VLCD) diet, followed by a 2-week of weight maintenance period. 
Non-cholesterol sterols were measured at baseline and after 8 weeks, and 
compared to levels in lean participants (N=25). After weight loss, total 
cholesterol (TC)-standardized cholestanol levels increased by 0.18 µmol/
mmol (p <0.001), while those of campesterol and lathosterol decreased by 
0.25 µmol/mmol (p <0.05) and 0.39 µmol/mmol (p <0.001), respectively. 
Moreover, after weight-loss, TC-standardized lathosterol and cholestanol 
levels were comparable to those of lean men. Increases in TC-standardized 
cholestanol after weight loss were significantly associated with changes 
in waist circumference (p <0.01), weight (p <0.001), BMI (p <0.001) and 
visceral fat (p <0.01), but not with subcutaneous and intrahepatic lipid. In 
addition, cross-sectional analysis showed that visceral fat fully mediated 
the association between BMI and TC-standardized cholestanol levels. 
Intrahepatic lipid content was a partial mediator for the association between 
BMI and TC-standardized lathosterol levels. In conclusion, diet-induced 
weight loss decreased cholesterol synthesis and increased cholesterol 
absorption. The increase in TC-standardized cholestanol levels was not only 
related to weight loss, but also to a decrease in visceral fat volume. Whether 
these metabolic changes ameliorate other metabolic risk factors needs 
further study.

Keywords
Diet-induced weight loss, cholesterol absorption, cholesterol synthesis, 
non-cholesterol sterols, visceral fat, subcutaneous fat, intrahepatic lipid, 
cholesterol precursors, plant sterols
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1. 		  Introduction

Obesity and its associated comorbidities are a major health problem worldwide. An 
increased visceral fat content, a characteristic of people with abdominal obesity, is 
clinically the most important form of obesity [1]. Abdominal obesity is strongly associated 
with insulin resistance, dyslipidaemia and hypertension [2], which all contribute to an 
increased cardiovascular disease risk [1,3]. Recently, we have suggested that overweight 
and obesity are associated with a lower intestinal cholesterol absorption and a higher 
endogenous cholesterol synthesis [4]. These metabolic characteristics have also 
been observed in patients with type 2 diabetes, the metabolic syndrome, steatosis or 
cholestasis [4]. However, these reported cross-sectional associations do not necessarily 
imply that weight loss will lead to an increase in cholesterol absorption and a decrease 
in cholesterol synthesis. To assess whether there is a causal association between weight 
loss with cholesterol absorption and synthesis, well-controlled intervention studies are 
needed.

To evaluate changes in cholesterol absorption and synthesis in humans, serum non-
cholesterol sterols are frequently used as markers [5]. The cholesterol precursors 
desmosterol and lathosterol reflect endogenous cholesterol synthesis, while the non-
cholesterol sterols sitosterol, campesterol, and cholestanol reflect fractional intestinal 
cholesterol absorption [6]. Using these markers, earlier intervention studies in obese 
individuals with type 2 diabetes [7,8] or the metabolic syndrome [9-11] have indeed 
suggested that diet-induced weight loss increased cholesterol absorption and decreased 
cholesterol synthesis. However, relations with fat distribution or the different fat 
compartments, which behave metabolically different [12-14], were not studied.

So far, studies evaluating the effects of diet-induced weight loss on cholesterol metabolism 
in apparently healthy individuals with abdominal obesity are limited. In addition, in most 
studies that did evaluate these effects, a no-weight loss control group was not included [7-
9,11]. Furthermore, results have not been compared to those of normal-weight volunteers 
as a reference population in all previous studies. Finally, in some studies body weight had 
not reached a new steady state and participants were still in negative energy balance 
when serum non-cholesterol sterol concentrations were analyzed after weight-loss [8]. 
Therefore, the aim of this study was to examine the effect of a 6-week diet induced weight 
loss program, followed by a 2-week weight stable period, on markers of cholesterol 
absorption and synthesis in apparently healthy individuals with abdominal obesity. 
Results before and after the weight loss in the new steady energy balance were compared 
to those of normal-weight men. In addition, we examined the relations between changes 
in markers for cholesterol absorption and synthesis with changes in fat distribution and 
different fat compartments (visceral fat, subcutaneous fat, and intrahepatic lipid) to assess 
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whether changes in aforementioned compartments play a role in cholesterol metabolism 
characteristics after weight loss. Finally, we used cross-sectional mediation analysis to 
examine the mediating role of each fat compartments on the relationship between body 
mass index (BMI) and markers for cholesterol absorption and synthesis.

2. 		  Materials and Methods

2.1.	 Participants and study design
Details of this study have been published before [15]. Briefly, Caucasian apparently healthy 
male subjects, aged between 18-56 years, were eligible to participate when they met the 
following inclusion criteria: stable body weight (± 3 kg in the last 3 months); no diabetes; 
no active cardiovascular diseases; no inflammatory diseases; no use of antihypertensive 
medication; no drug or alcohol abuse; no use of medication known to affect lipid or 
glucose metabolism and no participation in another biomedical trial in the previous 30 
days. Both normal-weight men and abdominally obese men participated in this study. 
Normal-weight subjects had a waist circumference below 94 cm, while this was between 
102 and 110 cm in the abdominal obese group. Upon inclusion, the abdominally obese 
men were randomized to the diet-induced weight loss group or the no-weight loss control 
group as described previously [15]. The participants in the weight loss group consumed, 
under strict guidance, a very-low caloric diet (VLCD; Modifast; Nutrition et Santé Benelux, 
Breda, The Netherlands) for 4 to 5 weeks. The aim was to achieve a waist circumference 
below 102 cm, which is the cut-off value used for the diagnosis of the metabolic syndrome 
[16]. Daily caloric intake of the VLCD was 2.1 MJ (500 kcal) and the content of minerals and 
vitamins met the Dutch dietary guidelines. Participants in the weight loss group consumed 
daily three VLCD formulas that had to be dissolved in water. Hereafter, in weeks 5 and 6, 
participants consumed daily three meals of a mixed solid caloric-restricted diet providing 
4.2 MJ/day (1000 kcal) for one to two weeks. The composition of this diet again met the 
Dutch dietary guidelines. In week 7 and 8, weight maintenance was achieved by providing 
weekly menus which were adjusted to individual energy requirements. Men allocated 
to the no-weight loss group were asked to maintain their habitual diet, physical activity 
level and alcohol consumption throughout the entire study duration. A total of 79 men 
were included, 25 men had a normal weight (waist circumference <94 cm) and 54 men 
were abdominally obese (waist circumference 102-110 cm). One man dropped out before 
randomization and thus, 53 of the abdominally obese men were assigned to the weight 
loss group (N=26) or no-weight loss control group (N=27). Written informed consent was 
obtained from all participants before start of the study. The study protocol was approved 
by the Medical Ethical Committee of Maastricht University Medical Center (METC 12-30-
40), and registered at ClinicalTrials.gov (NCT01675401).
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2.2.	 Anthropometrics, fat distribution and compartments 
Information about overall and abdominal obesity was obtained by measurements of 
weight, body mass index, waist circumference, hip circumference, and waist to hip 
ratio as previously described [15]. The volume of the visceral fat, and subcutaneous fat 
compartments as well as the intrahepatic lipid content were measured by magnetic 
resonance imaging (MRI) [17].

2.3.	 Blood sampling
Venous blood samples were drawn after an overnight fast at baseline and in week 8. 
Heparin vacutainer tubes were centrifuged at 1300x g for 15 min at 4 ºC to collect plasma 
samples. Serum tubes were centrifuged at 1300x g for 15 min at 21 ºC to collect serum 
samples. Aliquots were stored at -80 ºC until analyzed at the end of the study. 

2.4.	 Serum lipid analysis
Serum total cholesterol (TC) (CHOD-PAP method; Roche Diagnostic, Mannheim, Germany), 
high-density lipoprotein cholesterol (HDL-C) (CHOD-PAP method; Roche Diagnostic, 
Mannheim, Germany), and triglyceride (TG) concentrations – corrected for glycerol levels 
– were analyzed enzymatically (GPO-Tinder; Sigma-Aldrich Corp., St. Louis, MO, USA). 
Serum low-density lipoprotein cholesterol (LDL-C) concentrations were calculated using 
the Friedewald equation [18].

2.5.	 Non-cholesterol sterol analysis
Sterols were measured by gas-chromatography equipped with a flame ionization detector 
(GC-FID) (Hewlett Packard 6890 plus), and with a capillary column (DB-XLB 30 m x 0.25 mm 
i.d. x0.25 mm; Agilent Technologies, Amstelveen, Netherlands). Extraction of cholesterol 
and non-cholesterol sterols was performed based on Mackay et al.[19]. Briefly, 100ml 
plasma sample was saponified with 1ml of 90% ethanolic sodium hydroxide for 1hr at 60 
ºC. 5a-cholestane and epicoprostanol were used as internal standards. After two rounds 
of cyclohexane extraction, samples were derivatized with 30ml of TMS reagent [pyridine, 
hexamethyldisilazane and trimethylchlorosilane (9:3:1, v/v/v)]. Samples were injected 
into GC-FID, cholesterol and non-cholesterol sterol peaks were integrated (OpenLab CDS 
ChemStation Edition; Agilent Technologies, Santa Clara, USA), and their concentrations 
were calculated relative to the internal standard 5a-cholestane. Non-cholesterol sterol 
concentrations were standardized for cholesterol concentrations, as determined within 
the same GC run and expressed as mmol/mmol cholesterol.

2.6. 	 Statistics analyses
Data are presented as means ± standard deviations (SD) unless indicated otherwise. 
Normality of the data was assessed using Kolmogorov-Smirnov test. The differences at 
baseline between normal weight and abdominally obese men were compared with an 
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independent t-test. A one-way ANCOVA using baseline concentrations as a covariate 
was used to examine differences in changes between the diet-induced weight loss and 
no-weight loss control treatments. An independent t-test was also used to compare 
differences between the normal weight men and the abdominally obese men after weight 
loss. Linear regression analysis was used to examine cross-sectional relations between 
cholesterol absorption or synthesis markers with anthropometric measures at baseline 
and with changes after weight loss. Cross-sectionally, we examined whether relationships 
between BMI (independent variable) with cholesterol absorption or synthesis markers 
(dependent variables) was mediated by visceral fat, subcutaneous fat or intrahepatic 
lipids (potential mediators). For this, the PROGRESS plug-in for SPSS version 4.0 (A.F. 
Hayes, Ohio State University, Columbus, Ohio, USA) was used (model 4). A p-value < 0.05 
was considered statistically significant. All data were analyzed using SPSS versions 25.0 
and 27.0 for Mac (SPSS Inc., Chicago, IL, USA).

3. 		  Results

3.1. 	 Clinical characteristics of study participants
A full consort flow diagram is shown in Figure S1. Plasma samples of 25 normal 
weight and 53 abdominally obese men were used for measurements at baseline. One 
participant in the weight loss group was excluded due to study protocol violations and 
three participants dropped out for reasons as indicated before [15]. In the end, 23 men 
in the diet-induced weight loss group and 26 men in the no-weight loss group completed 
the study. Characteristics of all participants at baseline have been described previously 
[15]. Briefly, as shown in Table 1, the median age was comparable between normal 
weight and abdominally obese men. As expected, BMI, waist circumference, waist to hip 
ratio, subcutaneous fat, visceral fat, and intrahepatic lipid contents were higher in the 
abdominally obese men as compared to those with normal weight. At baseline, serum 
LDL-C concentrations and plasma TC-standardized levels of the cholesterol synthesis 
marker lathosterol were higher in the abdominally obese men as compared to normal 
weight men. On the other hand, TC-standardized levels of all three cholesterol absorption 
markers campesterol, sitosterol and cholestanol were lower in the abdominally obese 
men (all p <0.05).

3.2. 	 Effect of weight loss
In the abdominally obese participants allocated to the diet-induced weight loss 
group, mean body weight decreased by 10.3 kg (95% CI: -11.4, -9.2 kg; p <0.001), waist 
circumference by 11.0 cm (-9.9, -12.1 cm; p <0.001), subcutaneous fat by 0.81 L (-0.93, -0.69 
L; p <0.001), visceral fat by 0.85 L (-1.0, -0.67 L; p <0.001), and intrahepatic lipid content by 
-5.80% (-6.58, -5.02%; p <0.001), compared with the no-weight loss control group.
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Serum LDL-C and triglycerides concentrations were significantly reduced (all p <0.001) in 
abdominally obese men after 8 weeks of diet-induced weight loss as compared with the 
no-weight loss control treatment group as shown in Table 1. HDL concentrations did not 
differ between two treatment groups after 8 weeks. Compared with the normal-weight 
group, abdominally obese men had comparable values for serum LDL-C and triglycerides 
and HDL concentrations, at the end of the dietary weight loss period. 

TC-standardized plasma campesterol levels were significantly reduced after weight loss 
(-0.25 µmol/mmol cholesterol (95% CI: -0.43, -0.07 µmol/mmol cholesterol; p <0.05)), 
while TC-standardized sitosterol levels remained unchanged. In contrast to campesterol, 
TC-standardized plasma cholestanol levels were significantly increased by 0.18 µmol/
mmol cholesterol (95% CI: 0.19, 0.25 µmol/mmol cholesterol; p <0.001). After 8-weeks, TC-
standardized campesterol and sitosterol levels remained lower in abdominally obese that 
lost weight as compared to normal weight subjects, (p <0.001 and p <0.05, respectively), 
while TC-standardized cholestanol levels were comparable between normal weight and 
obese participants after attaining weight loss. Diet-induced weight loss significantly 
reduced TC-standardized lathosterol levels (-0.39 µmol/mmol cholesterol (95% CI: -0.55, 
-0.24 µmol/mmol cholesterol; p <0.001)). After weight loss, TC-standardized lathosterol 
levels were comparable between the normal-weight and obese participants.

3.3.	 Associations between anthropometrics, fat distribution, 
		  and fat compartments with cholesterol absorption and 
		  synthesis markers
Cross-sectional analysis including abdominally obese and normal weight men at 
baseline showed significant relationships between markers for cholesterol absorption 
and synthesis with all anthropometric markers, fat distribution and fat compartments 
(weight, body mass index, waist circumference, hip circumference, waist to hip ratio, 
visceral fat, subcutaneous fat as-and intrahepatic lipid content; all p <0.05) (Table S1). 
The relation between changes in markers for cholesterol absorption and synthesis with 
changes in these variables is shown in Table 2. Changes in TC-standardized cholestanol 
levels after diet-induced weight loss were significantly associated with changes in waist 
circumference (p <0.01), weight (p <0.001), BMI (p <0.001) and visceral fat (p <0.01). 
Changes in TC-standardized sitosterol levels were only significantly related to changes in 
body weight (p <0.05). Changes in TC-standardized campesterol and lathosterol levels with 
changes in anthropometric measures or intrahepatic lipid were not significantly related.
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The effect of BMI on TC-standardized cholestanol levels was fully mediated by visceral 
fat (percentage of mediated effect: -52.9%; bootstrapped 95% CI: -74.0% to -5.5%) and 
the direct effect of BMI on TC-standardized cholestanol levels was no longer significant 
(p >0.05) (Figure 1). In addition, effect of BMI on TC-standardized lathosterol levels was 
partially mediated by intrahepatic lipid content (34.9%; bootstrapped 95% CI: 10.0% to 
44.1%) and BMI had still a significant effect on TC-standardized lathosterol levels (p <0.05). 
Subcutaneous fat neither mediated fully nor partially the associations between BMI and 
markers of cholesterol absorption and synthesis.

Chapter 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 1 
 
 
 
 
  

Cholestanol 

VF 

BMI 

Cholestanol BMI 

52.9% 
-0.017 (-0.037 to -0.001) 

47.1% 
-0.016 (-0.038 to 0.004) 

100% 
-0.034 (-0.050 to -0.018) 

A) 

Lathosterol 

IHL* 
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Lathosterol BMI 

34.9% 
0.015 (0.001 to 0.029) 

65.1% 
0.028 (0.001 to 0.055) 

         100% 
0.043 (0.019 to 0.067) 

B) 

Figure 1. Mediation models of cross-sectional analyses at baseline (n=73) for effects 
of each mediator on the relationships between BMI (kg/m2) and markers of cholesterol 
absorption (A) and synthesis (B), expressed in mmol/mmol cholesterol. Data is presented 
as B (bootstrapped 95% CI). Bold figures indicated for significant effects. VT=visceral fat; 
IHL=intrahepatic lipid content. *Log transformed data.
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4. 		  Discussion

Diet-induced weight loss reduced levels of TC-standardized campesterol and 
lathosterol and increased those of TC-standardized cholestanol. After weight loss, TC-
standardized lathosterol and cholestanol levels of the (previously) abdominally obese 
men were comparable to those of normal-weight men. Interestingly, increases in TC-
standardized cholestanol levels after weight loss were associated with decreases in waist 
circumference, BMI, body weight, hip circumference and visceral fat but not intrahepatic 
fat and subcutaneous fat volume. Cross-sectionally, visceral fat was a full mediator for 
the association between BMI with TC-standardized cholestanol levels, while intrahepatic 
lipid content was a partial mediator for the association between BMI and TC-standardized 
lathosterol levels.

Our finding of a reduction in endogenous cholesterol synthesis after weight loss (10.3 kg) is 
in line with earlier studies. A decrease in cholesterol synthesis after weight loss of 6 kg was 
also observed in a study with apparently healthy obese men, who consumed a hypocaloric 
diet for 14 weeks followed by a 2 weeks isocaloric diet period [20]. In three studies in obese 
subjects with the metabolic syndrome, cholesterol synthesis also decreased after dietary 
weight loss of 13 kg, 6 kg, 10 kg, respectively [9-11]. Simonen et al., conducted two weight 
loss studies in type 2 diabetic obese patients. Lathosterol levels tended to decrease after 
a diet-induced weight loss of 15 kg in 3 months [8] and a weight loss of 6 kg resulted in a 
significant decrease in lathosterol levels after a comparable period immediately followed 
by a weight stable period up to 2 years [7]. 

For cholesterol absorption markers, we observed that after weight loss TC-standardized 
cholestanol levels increased, TC-standardized campesterol levels decreased and TC-
standardized sitosterol levels did not change. The question is how these apparent 
discrepancies for the three different non-cholesterol sterol markers reflecting intestinal 
cholesterol absorption can be explained. The major diet-derived plant sterols are 
campesterol and sitosterol [21]. As the diet of the participants in the weight-loss program 
was different before and after the intervention period, plasma plant sterol levels may also 
have changed due to different dietary habits and not only due to changes in intestinal 
cholesterol absorption. Therefore, it can be debated whether TC-standardized plasma 
campesterol and sitosterol levels truly reflect intestinal cholesterol absorption when 
major dietary changes are evident. In this particular situation, TC-standardized plasma 
cholestanol levels may be a better marker for intestinal cholesterol absorption, as 
cholestanol levels in the diet are very low [22]. We therefore conclude – based on the 
increase in TC-standardized cholestanol levels – that diet-induced weight loss increased 
intestinal cholesterol absorption. This conclusion is in line with the study by Simonen 
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et al. [8] that measured cholestanol concentrations after weight loss in type 2 diabetic 
subjects. 

So far, only a few studies have reported effects of diet-induced weight loss on TC-
standardized campesterol levels and findings are inconsistent. In two studies with type 
2 diabetic patients, a decrease of about 6 kg induced by 3 months of very-low energy 
diet or low-energy diet increased TC-standardized campesterol levels [7], while a trend 
for a decrease in these levels was found after a reduction of 15 kg induced by very-low 
energy diet virtually free of cholesterol, cholestanol and plant sterols for 3 months 
[8]. In a third study, weight loss of nearly 10 kg induced by 20 weeks of free-living diet 
with a 500-kcal deficiency in daily energy intake, followed by 5 weeks of Mediterranean 
diet under isoenergetic, weight stabilizing period tended to increase total plant sterols 
levels (campesterol + sitosterol) in obese men with metabolic syndrome compared 
with a Mediterranean diet in absence of weight reduction [11]. Chan et al. found 
that campesterol levels were decreased in obese men with insulin resistance after 
consumption of hypocaloric diet for 16 weeks followed by a 6-week weight maintaining 
period [9]. Taken together, studies on campesterol levels after diet-induced weight loss 
are conflicting. As discussed above, changes in TC-standardized campesterol levels may 
have been confounded by changes in dietary composition and therefore not truly reflect 
changes in intestinal cholesterol absorption. Information about dietary intake of plant 
sterols was only reported in two studies; one reported the total plant sterols content in the 
Mediterranean diet was higher than North American control diet [11] while the other study 
used a diet formula free of cholesterol, cholestanol and plant sterols [8]. The total plant 
sterol level tended to increase in the former study, while a trend of decreased campesterol 
and sitosterol levels was demonstrated in the latter study. These observations suggest 
that circulating sitosterol and campesterol concentrations reflect dietary intake and – in 
contrast to cholestanol levels – are not valid markers for intestinal cholesterol absorption 
during weight loss programs.

To the best of our knowledge, this is the first study in apparently healthy abdominally 
obese men that examined relationships between changes in cholesterol absorption and 
synthesis with changes in anthropometric measures, fat distribution as well as the size of 
different fat compartments after diet-induced weight loss. The relation between changes 
in TC-standardized cholestanol levels with changes in most anthropometric parameters 
were consistent, i.e. improvements were seen with increased cholesterol absorption. 
However, for the different fat compartments, changes in cholestanol were related with 
changes in visceral fat volume, but not with changes in subcutaneous and intrahepatic 
lipids. Visceral fat is a metabolically active fat depot, and is stronger associated with CVD 
risk than subcutaneous fat and intrahepatic lipids [12,23,24]. In addition, the amount 
of visceral fat is positively associated with cholesterol synthesis in obese subjects 
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[25,26], which has been explained by an increased flux of fatty acids from the visceral fat 
depot via the portal vein to the liver, thereby stimulating hepatic cholesterol synthesis. 
However, this current study did not find an association between cholesterol synthesis and 
intrahepatic fat. In the present study, we demonstrated a positive association between 
visceral fat and TC-standardized lathosterol levels but we could not find an association 
between the changes in visceral fat and cholesterol synthesis. This finding agrees with 
another controlled dietary intervention study in 26 obese men, where also no association 
was found between changes in visceral fat and cholesterol synthesis [20].

To examine the associations between BMI and markers of cholesterol absorption and 
synthesis in more detail, we used mediation analysis to investigate cross-sectionally the 
impact of several potential mediators (visceral fat, subcutaneous fat or intrahepatic lipid) 
on the direct association between BMI with cholesterol absorption and synthesis markers. 
Apparently, visceral fat mediated the link between BMI and cholesterol absorption marker 
cholestanol, while intrahepatic lipid mediated the link between BMI and cholesterol 
synthesis marker lathosterol. Due to the altered fatty acid flux from visceral fat to the liver, 
it can be speculated that there is a link between visceral fat volume with endogenous 
cholesterol synthesis. However, our findings showed a relation between visceral fat 
and cholesterol absorption, suggesting that fatty acid fluxes might influence intestinal 
cholesterol absorption. Although we found significant roles for some fat compartments 
on the associations between BMI and markers of cholesterol absorption and synthesis 
in the cross-sectional model, this does not eliminate any other mediators related to 
determinants or metabolic effects of these fat compartments.

Cholesterol synthesis and absorption clearly show a reciprocal pattern [27-29], which 
was also evident in the current study as intestinal cholesterol absorption increased and 
endogenous cholesterol synthesis decreased after weight loss. An important question 
arises whether changes in cholesterol absorption and synthesis after weight loss may 
reduce the risk for metabolic diseases. Circulating concentrations of desmosterol, a 
surrogate marker for cholesterol synthesis involved in the Bloch pathway, were associated 
with the development of nonalcoholic steatohepatitis (NASH) [30]. These findings 
were confirmed by Plat et al. describing increased serum desmosterol and lathosterol 
concentrations in patients with NASH [31]. Moreover, a plant sterol and stanol intervention 
in rodents showed a reduction in hepatic inflammation, which could be linked to changes 
in cholesterol synthesis and absorption [31]. In the current study, decreased cholesterol 
absorption and increased cholesterol synthesis in apparently healthy obese men (without 
diabetes or the metabolic syndrome) were reversed after diet-induced weight loss 
intervention. Whether this also suggests a lower risk of developing type 2 diabetes and 
metabolic syndrome after weight loss cannot be deduced from this data but definitely 
deserves further attention.
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5. 		  Conclusions

In summary, a 6-week diet-induced weight loss period followed by a 2-week weight stable 
period increases cholesterol absorption and lowers cholesterol synthesis and resulted in 
a normalization of cholesterol metabolism characteristics in abdominally obese men as 
compared to normal-weight men. Moreover, we also showed that changes in cholestanol 
levels were related not only to weight loss, but also to a decrease in visceral fat volume. 
Furthermore, mediation analysis results suggest that visceral fat and intrahepatic content 
play a role on the relationships between BMI and cholesterol absorption and synthesis. 
Whether this reflects a possible relation with the amelioration of metabolic risk factors 
needs further study.
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Background
Inflammation is associated with changes in lipid and lipoprotein 
concentrations and cholesterol efflux capacity (CEC). Whether changes in 
lipids and lipoproteins are related to changes in cholesterol absorption, 
synthesis and bile acid synthesis is unknown. 

Objective
To examine the effects of acute LPS-induced transient systemic inflammation 
on lipid and lipoprotein concentrations, CEC and markers of cholesterol 
metabolism. In addition, we evaluated whether markers for cholesterol 
metabolism at baseline predict the intensity of the LPS-induced transient 
inflammatory response. 

Methods
Eight healthy young subjects received LPS and blood was sampled over the 
course of 24 hours following LPS infusion. Besides lipids, lipoproteins and 
CEC, markers for cholesterol absorption and synthesis, bile acid synthesis 
as well as inflammatory responses were measured. 

Results
Compared to baseline, serum total cholesterol (TC), low-density lipoprotein 
cholesterol (LDL-C), and CEC decreased, while triglycerides increased 24 
hours following LPS infusion. TC-standardized levels of cholesterol synthesis 
markers (lathosterol, lanosterol and desmosterol) and a bile acid synthesis 
marker (7a-OH-cholesterol) also decreased, with no change in cholesterol 
absorption markers (campesterol, sitosterol and cholestanol). Baseline TC-
standardized levels of desmosterol and 7a-OH-cholesterol were positively 
correlated with concentrations of various inflammatory markers. Changes 
in TC-standardized desmosterol and 7a-OH-cholesterol were negatively 
correlated with concentrations of inflammatory markers. 

Conclusion
LPS infusion reduced endogenous cholesterol synthesis and bile acid 
synthesis in healthy young men. The decrease in cholesterol synthesis 
may explain in particular the observed reduction in serum TC and LDL-C 
concentrations. The relation between desmosterol and 7a-OH-cholesterol 
concentrations at baseline with the intensity of an inflammatory response 
after LPS exposure warrants further study. 
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Introduction

Cardiovascular disease (CVD) is the leading cause of mortality worldwide [1], of which 
atherosclerosis is one of the underlying pathogenic processes [2]. Lipid abnormalities 
and inflammation are the main drivers of atherosclerosis [3], and evidence highlighting 
the importance of inflammation in initiation and progression of atherosclerosis is 
expanding rapidly [4]. For example, lowering inflammation by targeting interleukin-
1beta (IL-1b) reduced the occurrence of CVD events, even when lipid profiles were not 
affected [5]. In addition to direct effects of inflammation on the vasculature [6], there are 
also clear indications that inflammation may affect serum total cholesterol (TC), high-
density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C) 
and triglyceride (TG) concentrations [7,8]. Moreover, not only circulating levels but 
also alterations in HDL composition, size and functionality have been observed during 
inflammation [9-11], but studies are not conclusive [12]. Although these associations 
between inflammation and circulating lipoproteins are nowadays acknowledged, it is 
unclear whether changes in serum lipid and lipoprotein concentrations, and decreases 
in HDL functionality during inflammation are related to changes in intestinal cholesterol 
absorption, endogenous cholesterol synthesis and/or bile acid synthesis, which are main 
processes regulating cholesterol homeostasis. However, the etiology of inflammatory 
diseases is very different, which makes it difficult to compare studies. Therefore, 
infusion of lipopolysaccharide (LPS), a toxin derived from Gram negative bacteria, has 
been proposed as a controlled model of a transient systemic inflammatory response 
[13]. Indeed, a clear inflammatory response and endothelial cell activation upon LPS 
infusion have frequently been observed [14,15]. Others have shown changes in serum 
lipid and lipoproteins concentrations such as reductions in TC, and increases in TG after 
LPS administration in humans [7,16]. In addition, inflammation was associated with 
alterations in HDL composition and size and with a decreased functionality following 
24 hours LPS infusion [17], while effects of LPS-induced inflammation on key processes 
regulating cholesterol homeostasis are unknown. 

Analyzing intestinal cholesterol absorption, endogenous cholesterol synthesis and bile 
acid synthesis usually requires laborious stable isotope tracer methodology [18-20].  
However, serum non-cholesterol sterols are frequently used as markers for evaluating 
changes in cholesterol metabolism [21]. The cholesterol precursors desmosterol 
and lathosterol reflect endogenous cholesterol synthesis, while the non-cholesterol 
sterols sitosterol, campesterol, and cholestanol reflect fractional intestinal cholesterol 
absorption [22]. Finally, 7a-OH-cholesterol and 27-OH-cholesterol can be used as markers 
for bile acid formation [23]. Interestingly, some of these non-cholesterol sterols might 
also affect inflammatory responses, i.e., for the cholesterol precursor desmosterol as well 
as for several oxysterols, anti-inflammatory effects have been described via activating 
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liver X receptors (LXR) [24]. Therefore, we decided to evaluate the effects of acute LPS-
induced transient systemic inflammation on serum lipid and lipoprotein concentrations, 
HDL functionality, and markers reflecting cholesterol metabolism (absorption, synthesis, 
and bile acid formation). In addition, it was examined whether baseline characteristics 
of these markers were able to predict the LPS-induced transient inflammatory response. 

Materials and methods

Subjects and study design
The study had a randomized, placebo-controlled, single-blind, parallel design and was 
carried out at the Center of Experimental & Molecular Medicine, Academic Medical Center, 
University of Amsterdam, The Netherlands. Details of this study have been described 
elsewhere [14]. In brief, to investigate the use of mesenchymal stem cells (MSCs) in 
sepsis, the response to intravenous LPS infusion was investigated in 32 healthy men that 
were divided over four treatment arms: infusion of placebo (Ringer’s lactate solution) or 
allogeneic adipose MSCs intravenously at three doses. Next, all 32 participants received 
over a one-minute period one single dose of LPS intravenously (2 ng/kg from Escherichia 
coli, U.S. standard reference endotoxin; kindly provided by Anthony Suffredini, National 
Institute of Health, Bethesda, MD) one hour after placebo or MSC infusion. For the present 
paper, only the samples of the subjects from the placebo arm (n=8) before and 24h after 
LPS infusion have been included. All participants were apparently healthy young men and 
had a normal medical history, physical examination, haematological and biochemical 
screening values, and electrocardiograms [14]. The study was approved by the Dutch 
Central Committee on Research involving Human Subjects (CCMO) and the Medical Ethical 
Committee of the Academic Medical Center (AMC), Amsterdam (the Netherlands), and 
registered at ClinicalTrials.gov as NCT02328612. Written informed consent was obtained 
from all participants before start of the study.

Blood sampling
Blood samples were collected in EDTA tubes at baseline (T0), as well as 0.5, 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10 and 24 hours after LPS infusion. Plasma samples were obtained by centrifugation 
at 1,750 g for 10 min at 4 ºC and stored in small aliquots at – 80 ºC until use.

Biochemical analysis
In the samples collected at baseline and after 24 hours, plasma TC (CHOD-PAP method; 
Roche Diagnostic, Mannheim, Germany), HDL-C (CHOD-PAP method; Roche Diagnostic, 
Mannheim, Germany), and TG concentrations were analyzed enzymatically (GPO-Tinder; 
Sigma-Aldrich Corp., St. Louis, MO, USA). In these samples, plasma LDL-C concentrations 
were calculated using the Friedewald equation [25]. HDL functionality, defined as 
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the capacity of radioactive cholesterol efflux from cultured J774 macrophages using 
liquid scintillation counting was determined as described elsewhere [26]. Markers for 
inflammation were analyzed in plasma samples collected at all time points as described 
[14].

Non-cholesterol sterol and oxysterol concentrations 
In the samples collected at baseline and after 24 hours, plasma non-cholesterol sterol 
and oxysterol concentrations were analyzed by gas-liquid chromatography-mass 
spectroscopy (GC-MS) as described before [21,27]. Concentrations of non-cholesterol 
sterols and oxysterols were standardized for TC concentrations and expressed as mmol/
mmol and nmol/mmol cholesterol, respectively. The measured non-cholesterol sterols 
were campesterol, sitosterol, cholestanol, lathosterol, lanosterol and desmosterol. TC-
standardized sitosterol, campesterol and cholestanol values are considered as markers 
for fractional intestinal cholesterol absorption and TC-standardized lathosterol and 
desmosterol values as markers for endogenous cholesterol synthesis. The measured 
oxysterols were 24-OH-, 27-OH-, and 7a-OH-cholesterol. TC-standardized 7a-OH- 
cholesterol and 27-OH-cholesterol values are considered as markers for bile acid 
formation [23].

Statistical analyses
Data are presented as means ± SD unless otherwise indicated. Normality of the data was 
assessed using the Kolmogorov-Smirnov test. In case of not normally distributed data, 
the median and ranges are presented. A paired two-tailed Student’s T-Test was used to 
examine differences between lipid and lipoprotein concentrations, HDL functionality, 
non-cholesterol sterols, oxysterol and cytokine concentrations at baseline and 24 hours 
after LPS infusion. To evaluate the overall inflammatory responses, the incremental area 
under the curves (iAUC) for 24 hours after LPS infusion were analyzed using GraphPad 
Prism version 9.00 for Windows (GraphPad Software, San Diego, CA). Maximal changes 
(iMAX) for a parameter were calculated by subtracting baseline (T0) concentrations from 
its maximal concentration. The associations between baseline concentrations as well as 
changes in non-cholesterol sterol and oxysterol concentrations with iMAX or iAUC of the 
cytokines were statistically evaluated by calculating Pearson correlation coefficients. A 
p-value <0.05 was considered to be statistically significant. All statistical analyses were 
performed using SPSS 27.0 for Windows (SPSS Inc., Chicago, IL, USA).
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Results

Lipids and lipoproteins
Eight healthy Caucasian men with median age of 23 years (range: 19 – 25) and a body 
mass index of 24 kg/m2 (22 – 26) were included in the placebo arm. Plasma TC and LDL-C 
concentrations were significantly decreased 24 hours after LPS infusion ((-0.21 mmol/L; 
95% CI: -0.36, -0.05; p <0.05), and (-0.49 mmol/L; 95% CI: -0.72, -0.26; p <0.01), respectively) 
compared with baseline (Figure 1). However, plasma TG concentrations were significantly 
increased by 0.34 mmol/L (95% CI: 0.07, 0.61; p <0.05) 24 hours following LPS exposure 
compared with baseline. There was no change in plasma HDL-C concentrations 24 hours 
after LPS infusion. However, despite unchanged HDL-C concentrations, cholesterol 
efflux capacity as a measure of HDL functionality, was decreased 24 hours following LPS 
compared with baseline (-8.2%; 95% CI: -15.25, -1.26; p <0.05) (Figure 2). 
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Figure 1. Fasting plasma lipid and lipoprotein concentrations at baseline (white bars) 
and 24 hours following LPS infusion (grey bars) (n=8).  Data are presented as mean ± 
SEM. Significantly different from baseline: *p <0.05; **p <0.01. TC: total cholesterol; TG: 
triglyceride; HDL-C: high-density lipoprotein-cholesterol; LDL-C: low-density lipoprotein-
cholesterol.

Non-cholesterol sterols and oxysterols
Plasma cholesterol-standardized concentrations of non-cholesterol sterols at baseline 
and 24 hours after LPS infusion are shown in Figure 3. Values for the intestinal cholesterol 
absorption markers, TC-standardized levels of campesterol, sitosterol, and cholestanol 
were comparable at baseline and 24 hours after LPS exposure (Figure 3A). However, 
TC-standardized levels of the endogenous cholesterol synthesis markers lathosterol, 
lanosterol and desmosterol were all significantly lower at 24 hours after LPS infusion 
compared with baseline (Figure 3B). For lathosterol, levels were -0.21 mmol/mmol (95% 
CI: -0.36, -0.07; p <0.01) lower 24 hours after LPS infusion compared with baseline, for 
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Figure 2. Percentage of cholesterol capacity efflux at baseline (white bar) and 24 hours 
following LPS infusion (grey bar) (n=8). Data are presented as mean ± SEM. Significantly 
different from baseline (p <0.05). Values were expressed relative to those of a serum pool 
of healthy volunteers, which was set at 100%.
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Figure 3. Cholesterol-standardized levels of cholesterol absorption markers (panel A) 
and cholesterol synthesis markers (panel B) at baseline (white bars) and 24 hours after 
LPS infusion (grey bars) (n=8). Data are presented as mean ± SEM. Significantly different 
compared to baseline: *p <0.05; **p <0.01.
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lanosterol -0.23 mmol/mmol (95% CI: -0.05, 0.00; p <0.05) and for desmosterol -0.12 mmol/
mmol (95% CI: -0.20, -0.03; p <0.05). 

As shown in Figure 4, TC-standardized levels of oxysterols were comparable at baseline 
and 24 hours after LPS infusion. For 7a-OH-cholesterol, there was a borderline significant 
decrease of -8.07 nmol/mmol (95% CI: -16.14, 0.01; p =0.050) 24 hours after LPS infusion 
compared with baseline values. Absolute concentrations of non-cholesterol sterols 
and oxysterols are shown in Supplemental table 1. Results were comparable to those 
observed for cholesterol-standardized levels.
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Figure 4. Values at baseline (white bars) and 24 hours after LPS infusion (grey bars) for 
cholesterol-standardized oxysterols (n=8). Data are presented as mean ± SEM. #p =0.050, 
trend compared to baseline.

Inflammatory responses
Plasma concentrations of a panel inflammatory markers at baseline and 24 hours after LPS 
exposure, as well as the changes are shown in Table 1. Concentrations of the acute phase 
proteins albumin, C-reactive protein (CRP) and serum amyloid A (SAA) increased 24 hours 
following LPS infusion compared with baseline (all p <0.05). For the proinflammatory 
cytokines, only tumor necrosis factor (TNFa) concentrations increased 24 hours after LPS 
infusion, whereas IL-8 and IL12p40 concentrations remained unchanged. In addition, also 
concentrations of the anti-inflammatory cytokine IL-10 remained unchanged 24 hours 
after LPS infusion. Myeloperoxidase (MPO) concentrations, an enzyme released upon 
neutrophil activation, were also increased in response to LPS (p <0.001).
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Correlations
We also questioned whether parameters related to cholesterol metabolism at baseline 
were predictive for the intensity of the LPS induced systemic inflammatory response. As 
shown in Table 2, positive correlations were found between baseline TC-standardized 
desmosterol levels and CRP concentrations at 24 hours (r=0.849; p <0.001) as well as 
with changes in CRP concentrations (r=0.829, p <0.05), and iMAX TNFa concentrations 
(r=0.917, p <0.05). Moreover, also positive correlations were found between baseline 
TC-standardized 7a-OH-cholesterol levels and iMAX IL-6 (r=0.763, p <0.05), iMAX IL-8 
(r=0.766, p <0.05), iMAX TNFa (r=0.814, p <0.05) concentrations, and iAUC IL-6 (r=0.869, p 
<0.01). Furthermore, positive correlations were found between baseline TC-standardized 
27-OH-cholesterol levels with 24 hours IL-8 concentrations (r=0.771, p <0.05) and iAUC 
TNFa (r=0.765, p <0.05). Finally, positive correlations were found between baseline TC-
standardized cholestanol levels with iMAX MPO (r=0.758, p <0.05). 

For changes, we found that changes in TC-standardized desmosterol and TC-standardized 
7a-OH-cholesterol were both negatively correlated with iMAX IL-8 (r=-0.761; p <0.05, and 
r=-0.856, p <0.01, respectively). Moreover, there were also negative correlations between 
changes in TC-standardized 7a-OH-cholesterol and iMAX IL-6 (r=-0.751; p <0.05), iMAX 
TNFa (r=-0.821, p <0.05) and iAUC IL-6 (r=-904, p <0.01).
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Table 1. Plasma concentrations for inflammatory markers before and after 24 hours 
following LPS infusion in all participants (n=8).

Mean ± SD p-value

Albumin
(g/L)

baseline 38.43 ± 1.60

24hrs 40.59 ± 2.32 0.033
change 2.16 ± 2.31

CRP
(mg/L)

baseline 3.01 ± 4.42
24hrs 24.50 ± 6.83 <0.001

change 21.49 ± 2.21

TNFa
(pg/mL)

baseline 3.02 ± 1.30
24hrs 3.76 ± 1.37 0.002

change 0.74 ± 0.45

IL-8
(pg/mL)

baseline 0.32 ± 0.22

24hrs 0.60 ± 0.46 0.110

change 0.29 ± 0.45

IL-10
(pg/mL)

baseline 0.19 ± 0.09
24hrs 0.23 ± 0.13 0.457

change 0.04 ± 0.15

IL12p40
(pg/mL)

baseline 1.86 ± 1.13
24hrs 2.25 ± 2.12 0.355

change 0.39 ± 1.12

SAA
(mg/L)

baseline 5.40 ± 1.89

24hrs 6.64 ± 1.95 0.017
change 1.24 ± 1.13

MPO
(ng/mL)

baseline 2.96± 1.05

24hrs 5.70 ± 1.56 <0.001
change 2.73 ± 1.33

CRP: C-reactive protein; TNFa: tumor necrosis factor; IL-8: interleukin 8; IL-10: interleukin 10; 
IL12p40: interleukin 12p40; SAA: serum amyloid A; MPO: myeloperoxidase. 
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Table 2. Correlations between plasma non-cholesterol sterols, oxysterols and 
inflammation responses‡.

Variable Variable Correlation p-value
Baseline desmosterol 24hrs CRP 0.849 0.008
Baseline desmosterol ∆CRP 0.829 0.011
Baseline 27-OH-cholesterol 24hrs IL8 0.771 0.025
Baseline cholestanol iMAX MPO 0.758 0.029
Baseline desmosterol iMAX TNFa 0.917 0.010
Baseline 7a-OH-cholesterol iMAX IL-8 0.766 0.027
Baseline 7a-OH-cholesterol iMAX IL-6 0.763 0.028
Baseline 7a-OH-cholesterol iMAX TNFa 0.814 0.049
∆desmosterol iMAX IL-8 -0.761 0.028
∆7a-OH-cholesterol iMAX IL-8 -0.856 0.007
∆7a-OH-cholesterol iMAX IL-6 -0.751 0.032
∆7a-OH-cholesterol iMAX TNFa -0.821 0.045
Baseline 27-OH-cholesterol iAUC-TNFa 0.765 0.027
Baseline 7a-OH-cholesterol iAUC-IL6 0.869 0.005
∆7a-OH-cholesterol iAUC-IL6 -0.904 0.002
‡ Only significant Pearson coefficients are reported. 
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Discussion

This study demonstrates that in healthy young male subjects, a transient LPS induced 
inflammatory response lowers serum TC and LDL-C concentrations as well as HDL 
functionality measured as cholesterol efflux capacity, while plasma TG concentrations 
increased. Moreover, endogenous cholesterol synthesis as well as bile acid production 
were reduced, while intestinal cholesterol absorption did not change. Finally, we found 
positive correlations between baseline TC-standardized desmosterol and 7a-OH-
cholesterol levels with various markers for the inflammatory response and negative 
correlations between changes in TC-standardized desmosterol and 7a-OH-cholesterol 
and markers for the inflammatory response. This suggests that an acute LPS-induced 
transient inflammatory response affects cholesterol metabolism.

Several in vitro, animal and human studies already reported possible effects of 
inflammation on serum lipid and lipoprotein profiles, as well as on composition, structure 
and functionality of HDL particles. Our results on TC and LDL-C concentrations, and 
on TG and HDL-C concentrations are largely in line with earlier studies. Already in the 
nineties, two studies in rodents observed induction of hypertriglyceridemia upon LPS, 
TNF or IL-1b exposure [28, 29]. In humans, Hudgins et al. demonstrated reductions in 
serum TC and LDL-C with no effect on HDL-C concentrations in six normal volunteers who 
were provided with a small dose of endotoxin versus saline [16]. Also, another study in 
healthy volunteers including 10 males and 10 females reported no change in serum HDL-C 
concentrations after LPS infusion [30]. In a more recent study, Zimmetti et al. compared 
59 subjects with infections, carcinomas or autoimmune diseases to 39 controls without 
infections. Although this study also reported lower serum TC and LDL-C concentrations in 
patients with inflammation as compared to controls, serum TG and HDL-C concentrations 
were lower [12]. It should however be realized that this was a very heterogenous patient 
population which could explain the observed differences as compared to our and other 
studies. During inflammation, the effects on lipoprotein metabolism are not limited to 
changes in circulating concentrations, but also in HDL particles in size, structure and 
functionality, at least in rodents [8]. In general, inflammation in humans seems associated 
with increases in the HDL component SAA [10, 11, 30], which is consistent with our 
observation. Unfortunately, we did not analyze HDL size, but did evaluate changes in CEC 
which is one of the postulated protective functions of HDL and negatively related with CVD 
development [31]. The decrease in CEC after LPS exposure was in line with other studies 
in humans upon LPS exposure [17, 30, 32] and in patients with inflammatory diseases 
[33-36]. 

The question is how these changes in serum lipid and lipoprotein concentrations can be 
explained. To the best of our knowledge, this is the first study that examined the effects 
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of a transient LPS-induced inflammation on plasma markers for intestinal cholesterol 
absorption, endogenous cholesterol synthesis and bile acid formation. In one cross-
sectional study, no differences in plasma non-cholesterol sterols between subjects with 
infections, oncologic causes carcinomas or autoimmune diseases and controls were 
reported [12]. However, as already mentioned, the patient population in that study was 
highly variable which might have influenced the results. In contrast, we showed that 
cholesterol synthesis was significantly reduced following LPS infusion, while cholesterol 
absorption remained unchanged. Our data for cholesterol synthesis is in line with studies 
in human cell lines, but not in animals. For example, adding IL-1 to HepG2 cells inhibited 
cholesterol synthesis [37]. However, administrating the inflammatory cytokines TNFa, 
TNFb and interferon gamma to mice stimulated hepatic cholesterol synthesis [38-40]. 
This latter finding was in line with a recent study by Liebergall et al., who reported that 
proinflammatory stimuli upregulated in macrophages from mice all enzymes involved in 
cholesterol synthesis, except 24-dehydrocholesterol reductase (DHCR24) [41]. We cannot 
explain the discrepancy in findings in animals as compared to the in vitro human cell 
data. Of course, results from animal studies cannot always be extrapolated to humans. 
Alternatively, it could relate that the way of inducing inflammation was different in all 
three settings. 

With respect to the bile acid formation, the LPS induced inflammatory response resulted in 
decreased bile acid formation, as suggested by a reduction in plasma 7a-OH-cholesterol, 
which is a precursor in the classic pathway of bile acid synthesis. The 7a-hydroxylase, a 
rate limiting enzyme in the classical pathway of bile acid synthesis, converts cholesterol to 
7a-OH-cholesterol and in series of steps by different enzymes ultimately to bile acids [42]. 
Two earlier studies in rodents already examined the effects of inflammation on mRNA and 
protein levels of 7a-hydroxylase after LPS infusion. One study infused Syrian hamsters 
with LPS, TNFa or IL-1, while the other study infused rats and mice with LPS. The study 
in hamsters reported a reduction in the mRNA levels of 7a-hydroxylase [43], whereas the 
study in rats and mice reported a decrease in the protein levels of 7a-hydroxylase [44]. 
Both findings are in line with the reduction in 7a-OH-cholesterol that we observed in 
humans. 

Besides the effects of inflammation on circulating non-cholesterol sterols and oxysterols, 
it is interesting to note that these sterols also influence inflammation. For example, 
desmosterol and oxysterols such as 24S, 25 and 27-OH-cholesterol have anti-inflammatory 
properties via activating LXR [45-48]. Interestingly, these receptors are also known to 
mediate CEC in vivo and in vitro and the possible mechanism involves the activity of 
ABCA1 and ABCG1[49, 50]. In fact, desmosterol has shown to be the dominant LXR ligand 
in human atherosclerotic plaques and macrophage foam cells of murine [24], suggesting 
a reduction in desmosterol is linked with lower activation for LXR. This might explain the 
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reduction in CEC we observed here after LPS exposure. In a functional way, the reduction 
in HDL functionality may result in cellular cholesterol accumulation, which may enhance 
the inflammatory response to remove the infectious agents from host [51]. 

Finally, we found unexpected positive associations between baseline TC-standardized 
desmosterol and 7a-OH-cholesterol levels with the intensity of the inflammatory 
response. This suggests that higher desmosterol concentrations translate into higher 
inflammatory responses, which is in contrast with results from a recent study [52]. In that 
study, depletion of desmosterol by overexpressing DHCR24 in macrophage foam cells was 
associated with the activation of inflammatory responses. Moreover, Spann et al. found 
that activation of macrophage foam cells in the peritoneal cavities of mice was associated 
with suppression of hemostatic and anti-inflammatory properties of desmosterol [24]. We 
can only speculate that these associations are different between animals versus humans, 
which requires further study.

The present study has some limitations. First, the sample size for this study is small and 
information about dietary intake is lacking. Second, due to limited sample availability, 
data for non-cholesterol sterols could only be retrieved at baseline and 24 hours after LPS 
infusion and not in the samples at the timepoints in between as reported for inflammatory 
responses. The strength is that a transient LPS model was used in this study, which is 
a highly controlled and reproducible model for studying the effects of a systematic 
inflammatory responses.

Conclusions

To conclude, we here demonstrated that an LPS induced transient inflammation reduced 
endogenous cholesterol synthesis and bile acid formation in healthy young men. We 
speculate that mainly the reduction in cholesterol synthesis explains the observed 
reduction in serum TC and LDL-C concentrations. Furthermore, understanding the relation 
between circulating desmosterol and 7a-OH-cholesterol concentrations at baseline with 
the intensity of an inflammatory response after LPS exposure warrants further study. 
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Supplementary Materials

Supplemental table 1. Absolute values of non-cholesterol sterol and oxysterols at 
baseline and 24 hours after LPS infusion (n=8).  

Variable Baseline 24 hours p-value
Cholestanol# 5.72 ± 1.16 5.54 ± 1.03 0.631
Lathosterol# 3.64 ± 1.52 2.67 ± 1.21 0.004
Campesterol# 9.23 ± 3.66 8.74 ± 3.11 0.350
Sitosterol# 4.68 ± 1.82 4.49 ± 1.73 0.294
Lanosterol# 0.32 ± 0.09 0.23 ± 0.07 0.021
Desmosterol# 4.03 ± 0.93 3.38 ± 1.02 0.003
24-OH-cholesterol* 139.24 ± 33.27 142.13 ± 46.67 0.839
27-OH-cholesterol* 307.18 ± 61.42 296.96 ± 61.02 0.421
7a-OH-cholesterol* 117.44 ± 36.43 81.41 ± 13.31 0.022
Data are presented as means ± SD. Values are in #mmol/L or *nmol/L. Significant differences between 
baseline and 24 hours samples (paired two-tailed Student’s T-Test) are depicted in bold.
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Background
The effect of the different content of phytosterols in lipid emulsions (LEs) 
used in the parenteral nutrition (PN) regimen of adult home PN (HPN) 
patients is not clear. 

Methods
Plasma sterol and cytokine concentrations, fatty acid composition, and liver 
function markers and triglycerides were measured in 58 adult HPN patients 
receiving one of three different LEs (soybean oil based: Intralipid; olive oil 
based: ClinOleic; containing fish oil: SMOFLipid). 

Results
Patients receiving Intralipid had higher plasma campesterol and 
stigmasterol concentrations than those receiving ClinOleic or SMOFLipid. 
Plasma sterol concentrations were not different between patients receiving 
ClinOleic and SMOFLipid. Differences in plasma fatty acids reflected the 
fatty acid composition of the LEs. Markers of liver function did not differ 
among the three groups. Blood triglycerides were higher with ClinOleic than 
with Intralipid or SMOFLipid. Over half of patients in the SMOFLipid group 
had values for all plasma liver function markers and triglycerides in the 
normal range compared to one-third in the Intralipid group and one quarter 
in the ClinOleic group. Total bilirubin, ALT, AST and GGT each correlated 
positively with the concentrations of two, one, one and three plasma sterols, 
respectively.

Conclusions
Liver function markers correlate with plasma plant sterol concentrations 
in adult HPN patients. Adult HPN patients receiving SMOFLipid are more 
likely to have liver function markers and triglycerides within the normal 
range than those receiving ClinOleic or Intralipid. The omega-3 fatty acids 
in SMOFLipid may act to mitigate the adverse effects of plant sterols on liver 
function.  
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Clinical Relevancy Statement
The choice of lipid emulsions (LEs) used in parenteral nutrition is based mainly on the 
fatty acids composition, However, there are other components of LEs that influence 
clinical outcome of the PN patients. The level of phytosterols is closely associated with 
the base on which the lipid emulsion was produced. Their effect, which is still subject to 
many studies, proves to be detrimental. 

In our pilot study we show that the adverse effects of phytosterols delivered to patients in 
parenteral mixtures was mitigated by long chain omega-3 fatty acids. 
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Introduction

In parenteral nutrition (PN), lipid emulsions (LEs) are an important source of energy and 
the only source of essential fatty acids [1]. Depending on the oil from which they are 
produced, LEs differ in the amount and type of fatty acids [2]. The latter have a direct impact 
on metabolism, immune and inflammatory processes, and cell function [3]. Most of the 
LEs that are used in PN contain one or more vegetable oils. These oils contain plant sterols 
(phytosterols) [4,5]. Home parenteral nutrition (HPN) is an established therapy that aims 
to provide adequate amounts of all nutrients and water in order to prevent malnutrition 
in patients requiring long-term PN due to prolonged gastrointestinal tract failure [1,6,7]. 
One of the complications of the long-term PN is liver damage [8]. Its etiology, which is 
believed to be multifactorial, is not yet fully understood [8]. However, the literature 
suggests that there may be two important LE-related factors: the presence of phytosterols 
which have a detrimental effect and the presence of different fatty acids, with a view that 
omega-6 fatty acids are detrimental and omega-3 fatty acids are protective [9,10,11,12]. 
Fish oil is a source of the bioactive omega-3 fatty acids eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) [13]. In the pediatric population, unlike adults, many studies 
describe the prevention or even the reversal of liver damage by using fish oil-based LEs 
[14,15,16,17]. 

Different LEs may be used as part of the nutrition support of adult HPN patients. As 
mentioned above, these LEs differ in content and composition of sterols, including plant 
sterols, and in composition of fatty acids. These differences between LEs might affect 
inflammation, lipid metabolism and liver function. The aim of this study was to compare 
plasma sterol concentrations in adult HPN patients receiving one of three different LEs 
(soybean oil based: Intralipid; olive oil based: ClinOleic; containing fish oil: SMOFLipid) 
and their relationship with markers of liver function.  

Material and methods

Study design and patients
This was a cross-sectional comparative study with 3 groups of patients from two Polish 
parenteral nutrition centres (Department of Clinical Nutrition and Surgery, Orlowski 
Hospital in Warsaw and Center of Clinical Nutrition, Pirogov Hospital in Lodz). The study 
protocol was approved by the Bioethical Committee of Warsaw Medical University. 58 
stable patients with intestinal failure supported by HPN (33 women and 25 men; mean 
age 58 years) were recruited. Patient inclusion criteria were: age > 18 years; being part 
of the hospital’s HPN programme; duration of HPN for a minimum of 2 years prior to the 
study on the same lipid emulsion; PN provided as 7 infusions per week; oral feeding and 
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drug therapy unchanged during the 2 months prior to inclusion in study, clinical stability. 
Exclusion criteria were: active infection; liver or renal failure or both; pregnancy. The 
etiology of intestinal failure included: mesenteric ischemia (n = 11; 19%), Crohn’s Disease 
(n = 10; 17%), obstruction (n = 6; 10%), malabsorption syndrome (n = 5; 9%), surgical 
complications (n = 12; 21%), radiation enteropathy (n = 8; 14%), adhesion ileus (n = 6; 
10%). The clinical heterogeneity of the patients studied reflects the clinical reality of 
patients for whom HPN is indicated. Each patient was prescribed indexed amounts of 
energy, macronutrients, fluids, and electrolytes in relation to their weight, biochemical 
results and standard recommendations. Except for the type of lipid, each patient was 
prescribed the same type of macronutrients (glucose and amino acid mix (Aminomel)) 
and micronutrients (vitamins and trace elements). Patients typically received approx. 20 
g of lipid emulsion daily. PN was administered by central catheter (Broviac) over 16-18 
hours per 24 hours. Patients were receiving ClinOleic (80:20 olive oil:soybean oil; Baxter 
Healthcare, Maurepas, France), SMOFLipid (30:30:25:15 soybean oil:medium chain 
triglycerides:olive oil:fish oil; Fresenius-Kabi, Bad-Homburg, Germany) or Intralipid 
(soybean oil; Fresenius-Kabi, Bad Homberg, Germany) as part of their routine nutrition 
support. The characteristics of the three groups are summarized in table 1. 

Blood processing and overview of analyses performed
Blood was collected into disodium-EDTA as anti-coagulant, 2-3 hours after completing 
infusion of PN (lasting for 16-hours). An aliquot was used for routine biochemical analyses. 
The following were measured: total bilirubin, alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), gamma-glutamyltranspeptidase (GGT), and total triglycerides. 
An aliquot of blood was immediately centrifuged and plasma was isolated; this was stored 
at -80°C until analysis. The following were measured in plasma: cholesterol, cholestanol, 
lathosterol, campesterol, stigmasterol, sitosterol, cytokines including interleukin (IL)-
6, IL-8, IL-10, tumour necrosis factor (TNF)-α and interferon (IFN)-g and fatty acids. The 
concentrations of cholesterol, cholestanol, lathosterol, campesterol, stigmasterol and 
sitosterol were also measured in original bottles of ClinOleic, SMOFLipid and Intralipid.

Measurement of fatty acids in plasma 
Lipid was extracted from plasma using 5 ml of chloroform:methanol (2:1; vol/vol) 
containing 0.2 M butylated hydroxytoluene as antioxidant. Sodium chloride (1 M; 1 mL) 
was added and the sample vortexed and then centrifuged. The lower solvent phase 
containing the lipid was aspirated and evaporated to dryness under nitrogen at 40°C. 
Fatty acids were removed from complex lipids and simultaneously derivatized to methyl 
esters by incubation with 1 mL 2% H2SO4 (vol/vol) in methanol for a minimum of 2 hours 
at 50oC to form fatty acid methyl esters. The samples were then neutralized and fatty acid 
methyl esters transferred into hexane for analysis by gas chromatography. Fatty acid 
methyl esters were separated on a BPX-70 fused silica capillary column (30 m x 0.2 mm 
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x 0.25 µm, manufactured by SGE) in a HP6890 gas chromatograph fitted with a flame 
ionization detector. Gas chromatography run conditions were as described elsewhere 
[18]. A Supelco® 37 Component FAME Mix was used as a calibration reference standard 
(Sigma-Aldrich, Irvine, UK). FAME peaks were identified and integrated using Chem Station 
software (Agilent) and fatty acid data are expressed as % of total fatty acids present. 

Measurement of plasma cytokine concentrations
The concentrations of TNF-a, IL-1b, IL-6, IL-8, IL-10 and IFN-g were measured in plasma 
using a high sensitivity Bio-Techne multiplex immunoassay (R&D Systems, Abingdon, 
UK). Reagents were brought to room temperature before use and dilutions were prepared 
immediately before use according to the manufacturer’s instructions. Samples were read 
using a Bio-Rad-plex Luminex Analyzer. Data are expressed as pg/mL plasma. 

Measurement of sterol concentrations
5a-cholestane and epicoprostanol were added to plasma (or lipid emulsion) samples as 
internal standards, and these samples plus standards were saponified with 90% ethanolic 
sodium hydroxide for 1 hr at 60ºC. After two rounds of cyclohexane extraction, samples were 
derivatized with TMS reagent (pyridine, hexamethyldisilazane and trimethylchlorosilane 
(9:3:1, vol/vol/vol)). Derivatized sterols were separated on a DB-XLB capillary column (30 
m x 0.25 mm a 0.25 µm; Agilent Technologies, Amstelveen, Netherlands) in an HP6890 
plus gas chromatograph fitted with a flame ionization detector. Gas chromatography run 
conditions were as described elsewhere [19]. Peaks were identified and integrated using 
Open Lab CDS Chem Station software (Agilent) and sterol concentrations were calculated 
relative to the internal standard 5a-cholestane concentration. 

Table 1. Characteristics of the patients according to lipid emulsion received.

ClinOleic SMOFLipid Intralipid
Number of patients 21 17 20
Age range, years (mean) 19-91 (60.3) 27-84 (54.5) 25-89 (59.0)
Male 8 7 10
Female 13 10 10
Etiology of intestinal failure (n):
Bowel obstruction
Mesenteric ischemia
Surgical complications
Crohn’s Disease
Adhesion ileus
Radiation entheropathy
Malabsorption

2
5
3
3
3
4
1

2
3
4
3
1
2
2

2
3
5
4
2
2
2
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Statistical analysis
Data were checked for normality using the Kolmogorov-Smirnov test. Much of the data 
were skewed and therefore all data are expressed as median and interquartile range. 
Comparisons were made across treatment groups using the Kruskal Wallis test. Where 
the Kruskal Wallis test was significant, pairwise comparisons between groups were 
conducted and P values were Bonferroni adjusted for multiple comparisons. Correlations 
were investigated as Spearman rank correlations and are reported as Spearman’s r. 
Percentages were compared between groups using the Chi-squared test. Statistical 
analyses were performed using SPSS version 21. In all cases a value for P < 0.05 was taken 
to indicate a statistically significant difference.

Results

Sterol and stanol concentrations in the lipid emulsions and in plasma
The sterol concentrations in the three lipid emulsions are shown in Table 2. The emulsions 
differed in total sterol (the sum of cholesterol, cholestanol, lathosterol, campesterol, 
stigmasterol and sitosterol) content (ClinOleic 27.65 mg/dL, Intralipid 68.34 mg/dL; 
SMOFLipid 61.21 mg/dL); thus patients in the ClinOleic group received less total sterols 
than those in the other two groups. Plant sterols (i.e. excluding cholesterol, cholestanol 
and lathosterol) were higher in Intralipid (40.22 mg/dL) than in ClinOleic (22.14 mg/
dL) and SMOFLipid (18.63 mg/dL); thus patients in the ClinOleic and SMOFLipid groups 
received similar amounts of phytosterols and these were less than received by patients in 
the Intralipid group. Furthermore, the content of the different sterols differed across the 
emulsions. The most common sterol in ClinOleic was sitosterol followed by cholesterol. 
In Intralipid the most common sterols were cholesterol followed by sitosterol; there 
were also significant concentrations of stigmasterol and campesterol in Intralipid. In 
SMOFLipid, cholesterol was the most common sterol present and there was also a high 
content of sitosterol.

Table 2. Sterol and stanol concentrations (mg/dL) in the three lipid emulsions.

Sterol or stanol ClinOleic Intralipid SMOFLipid
Cholesterol 5.37 + 0.67 27.65 + 1.14 42.00 + 1.88
Cholestanol 0.06 + 0.02 0.22 + 0.01 0.35 + 0.02
Lathosterol 0.08 + 0.02 0.25 + 0.01 0.23 + 0.01
Campesterol 1.88 + 0.22 7.05 + 0.33 2.89 + 0.10
Sitosterol 18.31 + 2.16 24.08 + 0.76 12.46 + 0.25
Campestanol 0.06 + 0.01 0.16 + 0.02 0.07 + 0.01
Stigmasterol 1.12 + 0.15 7.44 + 0.30 2.67 + 0.07
Sitostanol 0.77 + 0.09 1.49 + 0.03 0.54 + 0.04

Data are mean + SD from three replicates.
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Table 3 shows the sterol concentrations in the plasma of patients receiving the different 
lipid emulsions. Cholesterol concentrations were much higher than the concentrations 
of other sterols measured (Table 3). Cholestanol and lathosterol are markers of 
cholesterol absorption and endogenous cholesterol synthesis, respectively. Campesterol, 
stigmasterol and sitosterol are plant sterols. Patients in the Intralipid group had higher 
plasma concentrations of campesterol and stigmasterol than those in the ClinOleic and 
SMOFLipid groups (Table 3); this is consistent with Intralipid containing higher amounts 
of these two phytosterols (Table 2). Furthermore, patients in the Intralipid group tended 
to have had higher plasma concentrations of sitosterol than those in the ClinOleic and 
SMOFLipid groups (Table 3). Plasma sterol concentrations were not different between the 
ClinOleic and SMOFLipid groups; this is consistent with the similar phytosterol content 
and composition of these two LEs. 

Table 3. Plasma sterol concentrations in patients according to the lipid emulsion being 
received. Data are median (interquartile range). Median values across a row not sharing 
superscript letters are significantly different after adjustment for multiple comparisons.

Sterol ClinOleic Intralipid SMOFLipid
Cholesterol (mmol/L) 3.40

(2.65, 3.95)
2.94

(2.59, 3.33)
2.89

(2.36, 3.88)
Cholestanol (µmol/L) 5.45

(4.63, 6.51)
6.14

(4.87, 8.80)
6.44

(5.5, 8.22)
Lathosterol (µmol/L) 10.85

(7.51, 16.28)
11.64

(3.69, 14.81)
12.39

(6.59, 19.94)
Campesterol (µmol/L) 4.95a

(3.19, 6.80)
15.17b

(9.99, 17.94)
7.13a

(6.33, 9.68)
Sitosterol (µmol/L) 23.18

(13.5, 48.6)
34.2

(19.0, 42.2)
21.8

(15.0, 27.6)
Stigmasterol (µmol/L) 0.52a

(0.31, 0.87)
3.55b

(2.13, 4.40)
1.58a

(1.09, 1.76)

Plasma fatty acids
Being based solely on soybean oil, Intralipid is rich in linoleic acid (18:2n-6) which 
comprises about 53% of fatty acids present. Intralipid also contains about 8% α-linolenic 
acid (18:3n-3). ClinOleic is rich in oleic acid (18:1n-9) and contains about 19% linoleic acid 
and about 2% α-linoleic acid. SMOFLipid also contains about 19% linoleic acid and 2% 
α-linolenic acid, but it also contains EPA (about 3%) and DHA (about 2%). Table 4 shows 
the plasma fatty acid composition according to lipid emulsion received. There were a 
number of significant differences between the groups. Plasma oleic acid was higher in the 
ClinOleic group than in the other two groups and was lower in the Intralipid group than 
the other two groups. Plasma linoleic and α-linolenic acids were higher in the Intralipid 
group than in the other two groups. Plasma arachidonic acid was lower in the SMOFLipid 
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group than in the ClinOleic and Intralipid groups. Plasma EPA and DHA were both higher 
in the SMOFLipid group than in the other two groups. In general, these findings reflect the 
fatty acid composition of the emulsions themselves.

Table 4. Plasma fatty acid composition (% of total fatty acids) in patients receiving 
different lipid emulsions. Data are median (interquartile range). Median values across a 
row not sharing superscript letters are significantly different after adjustment for multiple 
comparisons.

Fatty acid ClinOleic Intralipid SMOFLipid
Myristic (14:0) 1.04 (0.84, 1.32) 1.12 (0.92, 1.42) 1.13 (1.02, 1.40)
Palmitic (16:0) 25.97 (24.46, 27.35) 24.66 (23.85, 25.63) 25.31 (24.38, 28.73)
Palmitoleic (16:1n-7) 4.27 (2.27, 5.11) 3.79 (2.90, 4.23) 3.74 (3.03, 4.61)
Stearic (18:0) 7.34 (6.84, 8.08) 7.96 (6.88, 9.24) 7.67 (6.91, 8.80)
Oleic (18:1n-9) 31.34a (27.64, 33.38) 21.78b (20.8, 23.51) 25.27c (23.84, 29.7)
Vaccenic (18:1n-7) 2.55a (2.13, 2.80) 2.15b (1.96, 2.28) 2.46ab (1.90, 2.67)
Linoleic (18:2n-6) 14.25a (12.01, 19.00) 22.67b (21.21, 26.08) 16.06a (12.99, 19.87)
α-Linolenic (18:3n-3) 0.42a (0.35, 0.50) 0.91b (0.73, 1.10) 0.60a (0.48, 0.71)
Dihomo-g-linolenic 
(20:3n-6)

1.69 (1.37, 2.03) 1.86 (1.51, 2.16) 1.51 (1.17, 1.86)

Arachidonic (20:4n-6) 6.86a (6.07, 8.33) 7.03a (5.85, 7.68) 5.77b (5.13, 6.18)
Eicosapentaenoic 
(20:5n-3)

0.65a (0.45, 0.75) 0.95b (0.69, 1.22) 2.21c (1.62, 2.41)

Docosapentaenoic 
(22:5n-3)

0.54a (0.45, 0.64) 0.55a (0.45, 0.64) 0.88b (0.69, 1.21)

Docosahexaenoic 
(22:6n-3)

1.61a (1.20, 2.11) 1.78a (1.41, 2.42) 3.52b (3.04, 4.18)

Plasma liver function markers and triglycerides
Table 5 shows the plasma liver function markers and triglycerides in the three groups. 
Liver function markers did not differ among groups. Triglycerides were higher in the 
ClinOleic group than in the other two groups. 

The % of patients with values for liver function markers and plasma triglycerides above 
the normal range is shown in Table 6, while Table 7 shows the % of patients in each group 
with all values within the normal range. The % of patients with elevated ALT was highest 
in the ClinOleic and SMOFLipid groups, while the % with elevated AST was highest in the 
ClinOleic and Intralipid groups. The % of patients with elevated GGT was highest in the 
Intralipid group. The % of patients with elevated triglycerides was significantly higher in 
the ClinOleic group than in the other two groups. Over half of patients in the SMOFLipid 
group had values for all plasma liver function markers and triglycerides in the normal 
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range compared to one-third in the Intralipid group and one quarter in the ClinOleic group 
(Table 7).

Table 5. Plasma liver function markers and triglycerides in patients receiving different lipid 
emulsions. Data are median (interquartile range). Median values across a row not sharing 
superscript letters are significantly different after adjustment for multiple comparisons. 
Reference values are: total bilirubin: 0.2-1.3 mg/dL; ALT: 14-59 U/L; AST: 14-36 U/L; GGT:12-
43 U/L; triglycerides < 150 mg/dL.

Marker ClinOleic Intralipid SMOFLipid
Total bilirubin (mg/dL) 0.6 (0.4, 0.8) 0.6 (0.4, 0.9) 0.4 (0.3, 0.7)
ALT (U/L) 46 (27, 61) 36 (29, 59) 34 (26, 60)
AST (U/L) 28 (21, 43) 26 (21, 36) 25 (18, 32)
GGT (U/L) 50 (25, 101) 80 (35, 150) 61 (38, 75)
Triglycerides (mg/dL) 178a (114, 236) 94b (83, 146) 111b (70, 148)

Table 6. Percentage of patients in each group with plasma liver function markers and 
triglycerides above the normal range. Values across a row not sharing superscript letters 
are significantly different.

Marker ClinOleic
(% of patients)

Intralipid
(% of patients)

SMOFLipid
(% of patients)

Total bilirubin (mg/dL) 9.5 10.0 5.8
ALT (U/L) 28.6 15.0 29.4
AST (U/L) 23.8 25.0 11.8
GGT (U/L) 29.0 55.0 23.5
Triglycerides (mg/dL) 52.4a 15.0b 11.8b

Table 7. Percentage of patients in each group with all values for plasma liver function 
markers and triglycerides within the normal range.

Lipid emulsion % of patients with ALL values within the normal range
ClinOleic 24
Intralipid 35
SMOFLipid 53
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Plasma markers of inflammation
Table 8 shows the plasma markers of inflammation in the three groups. CRP was lower 
in the ClinOleic group than in the other two groups, while IL-8 was higher in the ClinOleic 
than the Intralipid group.

Table 8. Plasma inflammatory markers in patients receiving different lipid emulsions. 
Data are median (interquartile range). Median values across a row not sharing superscript 
letters are significantly different after adjustment for multiple comparisons.

Marker ClinOleic Intralipid SMOFLipid
CRP (mg/dL) 4.10a (0.60, 5.95) 6.36b (5.57, 10.00) 5.49b (5.01, 10.09)
IL-1b (pg/mL) 1.00 (0.54, 1.39) 0.96 (0.63, 1.39) 0.80 (0.43, 1.51)
IL-6 (pg/mL) 5.07 (1.94, 5.80) 2.99 (2.36, 4.93) 3.09 (2.16, 5.12)
IL-8 (pg/mL) 36.4a (10.2, 34.8) 9.6b (4.6, 12.3) 10.6ab (5.3, 26.8)
IL-10 (pg/mL) 1.92 (0.88, 1.86) 1.90 (1.02, 2.70) 1.85 (1.32, 2.36)
IFN-g (pg/mL) 2.59 (0.13, 3.88) 1.26 (0.66, 6.00) 1.12 (0.32, 2.23)
TNF-a (pg/mL) 19.6 (16.3, 21.9) 14.6 (12.5, 20.3) 16.0 (13.7, 18.9)

Correlations between liver function markers and plasma sterols and 
stanols
Using data from all patients irrespective of the type of LE they were receiving, bilirubin 
was positively correlated with plasma stigmasterol and sitosterol (r = 0.264, P = 0.032 
and r = 0.290, P = 0.020, respectively) with a trend to a positive correlation with plasma 
campesterol (r = 0.236, P = 0.061). ALT and AST were both positively correlated with plasma 
sitosterol (r = 0.356, P = 0.004 and r = 0.412, P = 0.001, respectively). There was also a trend 
towards a positive correlation between AST and plasma stigmasterol (r = 0.233, P = 0.064). 
GGT was positively correlated with plasma cholestanol (r = 0.325, P = 0.009), campesterol 
(r = 0.42, P = 0.001) and sitosterol (r = 0.502, P < 0.001). 

When correlations between liver function markers and plasma sterols were investigated 
within each LE group, there were no significant correlations in either the Intralipid or 
SMOFLipid groups. However, in the ClinOleic group, bilirubin, ALT, AST and GGT were all 
positively correlated with plasma stigmasterol and sitosterol, while ALT and GGT were 
positively correlated with campesterol. 



134   |   Chapter 6

Discussion

The main findings of our study suggest that provision of bioactive omega-3 
polyunsaturated fatty acids (EPA and DHA) might attenuate the deleterious effects on 
liver health of phytosterols present in plant-based LEs used in patients on long-term PN. 
Patients in the ClinOleic and SMOFLipid groups received similar amounts of the different 
phytosterols and had plasma sterol concentrations that did not differ, yet in the ClinOleic 
group only 24% of patients had values for all liver function markers and triglycerides in 
the normal range compared with 53% in the SMOFLipid group. In the ClinOleic group 
there were significant correlations between plasma phytosterol concentrations and all of 
the liver function markers; these correlations were not seen in patients in the SMOFLipid 
group. This suggests that the adverse relation between phytosterols and liver function 
is attenuated by SMOFLipid. It is important to note that there were also no significant 
correlations between plasma phytosterols and liver function markers in the Intralipid 
group, despite Intralipid containing more phytosterols than the other LEs and despite 
patients receiving Intralipid having the highest plasma phytosterol concentrations.

Several studies have shown the reversal of cholestasis in infants receiving PN either by 
decreasing the dose of soybean oil based LEs [20,21] or by administration of pure fish 
oil based LEs or mixture of different lipids that included fish oil [22]. The mechanisms 
of liver injury during long-term PN that are currently receiving the most attention 
include the deleterious effect of plant sterols present in plant-based LEs and the pro-
inflammatory effect of omega-6 polyunsaturated fatty acids. The concentrations of 
cholesterol, campesterol, stigmasterol and sitosterol we report for Intralipid and ClinOleic 
are consistent with the concentrations reported by Forcielli et al. [5] while the total 
concentrations of phytosterols we report for Intralipid (22.2 vs 20.8 mg/dL) and ClinOleic 
(40.2 vs 42.2 mg/dL) are consistent with the report of Llop Talaverón et al. [6] but our 
value for SMOFLipid is higher than theirs (18.6 vs 12.4 mg/dL). However, Llop Talaverón et 
al. [6] do report different total phytosterol concentrations in different batches of all three 
of these LEs. Nevertheless, in the present study we confirmed the higher concentration 
of phytosterols in 100 % soybean based Intralipid than in ClinOleic and SMOFLipid, as 
described by Llop Talaverón et al. [6]. ClinOleic had a similar phytosterol content as 
SMOFLipid but a much lower total sterol content, because of the differing cholesterol 
content. The plasma concentrations of phytosterols reflected the phytosterol content 
of the LEs, as might be expected: plasma campesterol and stigmasterol were higher in 
patients receiving Intralipid. In a study with mouse hepatocytes, out of three phytosterols 
tested (stigmasterol, campesterol and sitosterol), stigmasterol proved to have the 
greatest potential in promoting cholestasis through antagonism of multipurpose fanesoid 
X receptor (FXR) function and reduction in canalicular bile acid transporters (ABCB11) 
expression [23]. Increased serum stigmasterol was correlated with liver inflammation and 
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cholestasis in children receiving PN [24]. In the present study, sitosterol was positively 
correlated with plasma levels of bilirubin, ALT, AST and GGT. Bilirubin was also positively 
correlated with stigmasterol with a trend to positive correlation with plasma campesterol. 
GGT was positively correlated to cholestanol and campesterol. These correlations were 
seen only in patients receiving ClinOleic. This suggests that the fatty acid composition 
of LEs influences the effects of phytosterols on liver function. This might relate to the 
differential effects of fatty acids on inflammation.

Proinflammatory cytokines lead to suppression of nuclear receptor-mediated gene 
expression in liver, including FXR-dependent pathways which as a consequence lead to 
cholestasis [25,26,27]. In the current study a significantly higher plasma concentration 
of IL-8 was observed in the ClinOleic group in comparison to the other two groups. The 
mechanism behind this is not clear. However, IL-8 production has been shown to be 
enhanced by omega-6 fatty acids and by arachidonic acid metabolites [28,29]. Intralipid 
contains more omega-6 fatty acids (as linoleic acid) than ClinOleic and so might be 
expected to result in higher IL-8 concentrations, but this was not seen. ClinOleic contains 
the highest concentration of oleic acid which was reflected in the plasma of the patients. 
This emulsion contains 20% soybean oil in comparison to 30% soybean oil present in 
SMOFLipid. This difference in soybean oil content did not result in a different plasma 
concentration of linoleic acid. Plasma arachidonic acid was not different between the 
ClinOleic and Intralipid groups, but was higher than in the SMOFLipid group. Furthermore, 
the ClinOleic group had lower plasma EPA than both the Intralipid and SMOFLipid groups. 
The ratio of EPA to arachidonic acid was lowest in the ClinOleic group (0.094) compared 
with the Intralipid (0.135) and SMOFLipid (0.383) groups. This fatty acid ratio may be the 
link between the different LEs and inflammation. 

Patients in the ClinOleic group had significantly higher plasma level of triglycerides than 
in the other two groups and these were more likely to be above the reference value. 
This could be due to ClinOleic having the lowest content of polyunsaturated fatty acids. 
Polyunsaturated fatty acids are strong activators of peroxisome proliferator activated 
receptors (PPARS), especially PPAR-a, with DHA being the strongest fatty acid activator 
[30]. PPAR-a plays a key role in the regulation of hepatic fatty acid oxidation by increasing 
the expression of the fatty acid transport protein, fatty acid translocase, acyl-CoA oxidase 
and carnitine palmitoyltransferase [31]. These effects act to partition fatty acids towards 
oxidation and away from triglyceride synthesis [32,33]. Furthermore, PPAR-a amplifies 
the expression of lipoprotein lipase and inhibits apolipoprotein C-III synthesis [34]. 
These mechanisms together result in decreased hepatic accumulation and secretion of 
triglycerides and decreased blood triglyceride concentrations.  
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Conclusions

We conclude that phytosterol content and composition and fatty acid composition are 
important in determining the physiological impact of LEs used in HPN. Phytosterols 
are linked to impaired liver function, but we show here that this relationship seems to 
be attenuated by bioactive omega-3 fatty acids (EPA and DHA) most likely through their 
effects on inflammation and hepatic fatty acid and triglyceride metabolism.
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Cholesterol metabolism and CVD risk

Cardiovascular disease (CVD) is still the major cause of diseases and deaths worldwide, 
and atherosclerosis is an underlying process in the development of CVD [1, 2]. The role 
of elevated serum cholesterol concentrations, especially in the low-density lipoproteins 
(LDL-C), in the atherogenic process is well recognized [3-5]. 

Cholesterol homeostasis is maintained by the interplay between intestinal cholesterol 
absorption, endogenous cholesterol synthesis, and bile acid synthesis. Thus, it is 
important to investigate these processes as part of whole-body cholesterol metabolism 
into more detail to better understand how to improve cardiovascular health. Nowadays, 
cholesterol metabolism characteristics receive more and more attention. For example, it 
has been described that individuals with a relatively high intestinal cholesterol absorption 
(so-called cholesterol absorbers) have a higher risk of developing CVD [6, 7]. This suggests 
that targeting cholesterol absorption is an attractive approach in CVD risk management, 
but it is unknown which lifestyle interventions are suitable for this. Public guidelines in 
general recommend to increase physical activity and to promote weight loss. In addition, 
it is postulated that inflammation should be reduced since it plays an important role 
in atherosclerosis. However, effects of physical activity, diet-induced weight loss and 
inflammation on cholesterol metabolism characteristics are largely unknown.

Therefore, the main objective of this thesis is to understand changes in cholesterol 
metabolism characteristics underlying the effects of physical activity and diet-induced 
weight loss, as well as the pro-inflammatory effects of lipopolysaccharides (LPS) on 
cholesterol metabolism. In addition, we also evaluated the effect of plant sterol content 
in three different lipid emulsions used for home parenteral nutrition (HPN) by assessing 
effects on concentrations of plasma plant sterols, liver function, and inflammatory 
markers. 

An overview of the main results described in this thesis is presented in Table 1. First, we 
carried out a systematic review to summarize the possible use of non-cholesterol sterol 
concentrations as biomarkers in different metabolic conditions. The main results were 
that non-cholesterol markers for intestinal cholesterol absorption and endogenous 
cholesterol synthesis displayed in general a reciprocal relationship. Moreover, distinctive 
patterns for markers of cholesterol metabolism suggested that various metabolic disorders 
can be characterized as being associated with either a cholesterol absorber or cholesterol 
synthesizer phenotype, which theoretically opens possibilities for targeted interventions 
to improve cholesterol metabolism (chapter 2). In the next three chapters, we examined 
changes in cholesterol metabolism characteristics after aerobic exercise training, diet-
induced weight loss, and by triggering a pro-inflammatory condition by LPS infusion 
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(chapters 3, 4 and 5). The randomized crossover trial focusing on the effects of an 8-week 
aerobic exercise training showed a trend towards a decrease in the cholesterol absorption 
marker campesterol with no changes in serum TC concentrations or the cholesterol 
synthesis marker lathosterol. The randomized trial with a parallel design focusing on 
consumption of a caloric restricted diet to induce weight loss revealed an increase in the 
cholesterol absorption marker cholestanol and a decrease in the cholesterol synthesis 
marker lathosterol. Furthermore, after weight loss these markers became comparable to 
those of normal weight controls. With respect to different fat compartments, changes in 
cholestanol were positively related to changes in visceral fat volume but not to those in 
subcutaneous fat volume and intrahepatic lipid content. In the trial evaluating the effects 
of acute LPS induced transient systemic inflammation, we showed a decrease in various 
cholesterol synthesis markers, a trend toward a decrease in bile acid formation, while there 
was no change in the cholesterol absorption markers. Finally, a pilot study comparing 
three different lipid emulsions in patients with intestinal failure showed that the higher 
plant sterol content in the Intralipid emulsion was reflected by higher concentrations 
of plasma plant sterols in patients receiving this emulsion compared to those receiving 
ClinOleic or SMOFLipid emulsions (chapter 6). In addition, plasma concentrations of 
plant sterols were positively correlated with concentrations of liver function markers. 
Concentrations of triglycerides and liver function markers were apparently within normal 
ranges in patients receiving SMOFLipid compared to those receiving ClinOleic or Intralipid 
emulsions.

In this general discussion, we will discuss amongst others, 1) issues regarding the 
methodology for assessing characteristics of cholesterol metabolism, 2) possibilities 
to modify cholesterol metabolism, 3) the effects of physical activity, weight loss and 
LPS on cholesterol metabolism based on the data from our studies, and 4) the (future) 
implications of our findings for CVD prevention or treatment.
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Table 1. Overview of main findings of the studies included in this thesis 

Chapter Research type Exposure Main results
2 Systematic review. Non-cholesterol sterols 

concentrations as 
biomarkers for cholesterol 
absorption and synthesis 
in different metabolic 
disorders. 

Non-cholesterol markers for intestinal 
cholesterol absorption and endogenous 
cholesterol synthesis displayed in 
general a reciprocal relationship.
Metabolic disorders can be categorized 
as being related to cholesterol 
absorption or cholesterol synthesis.

3 Randomized, 
controlled, crossover 
in 17 apparently 
healthy older 
overweight and obese 
men.

Effects of an 8-week 
aerobic exercise program 
on plasma markers for 
cholesterol absorption 
and synthesis.

Aerobic exercise program for 8 weeks 
tended to decrease serum cholesterol 
absorption marker campesterol.
An 8-week aerobic exercise did not 
change serum TC concentrations 
and cholesterol synthesis marker 
lathosterol.

4 Randomized parallel 
study with 54 
abdominally obese 
men. 

Effects of diet-induced 
weight loss on plasma 
markers for cholesterol 
absorption and synthesis.

Diet induced weight loss for 6 weeks 
followed by a 2-week weight stabilizing 
period significantly increased 
cholesterol absorption marker 
cholestanol and decreased cholesterol 
synthesis marker lathosterol.
After weight loss, cholesterol 
absorption marker cholestanol 
and cholesterol synthesis marker 
lathosterol in previously abdominally 
obese men were comparable to those 
observed in normal weight men.  
Changes in cholestanol were positively 
related to changes in visceral fat 
volume but not to subcutaneous fat 
volume and intrahepatic lipids content.

5 Data analysis of a 
previous study for a 
placebo arm with 8 
healthy young men.

Effect of LPS infusion 
on plasma markers for 
cholesterol absorption 
and synthesis.

LPS infusion decreased several 
cholesterol synthesis markers, but 
did not affect cholesterol absorption 
markers.
Plasma markers of cholesterol 
synthesis desmosterol and bile acid 
synthesis marker 7a-OH-cholesterol 
were associated with various 
inflammatory responses. 

6 Data analysis from 
a pilot study with 58 
stable adult patients 
with intestinal failure 
supported by home 
parenteral nutrition 
(HPN).

Effects of plant sterols 
content in three different 
lipid emulsions used 
for HPN on markers of 
inflammation and liver 
functions.

Higher plasma plant sterol 
concentrations were found in adult 
HPN patients receiving Intralipid 
compared to those receiving ClinOleic 
or SMOFLipid emulsions.
Plasma plant sterol concentrations 
were positively correlated with liver 
function markers.

TC: total cholesterol; LPS: lipopolysaccharides; Intralipid: soybean oil-based emulsion; ClinOleic: 
olive oil-based emulsion; SMOFLipid: emulsion containing fish oil.
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Methodology and phenotyping of cholesterol 
metabolism characteristics

As discussed in chapter 2 of this thesis, several methods have been developed over the 
past decades to assess intestinal cholesterol absorption and endogenous cholesterol 
synthesis [8-12]. These characteristics of cholesterol metabolism can be expressed in 
absolute or fractional rates. Both radio-active or stable isotope tracers are used [13]. In 
general, these methods are laborious, expensive, highly invasive and require a new steady 
state. Fortunately, less laborious alternative approaches using non-cholesterol sterol 
concentrations for assessing intestinal cholesterol absorption and endogenous cholesterol 
synthesis have been developed. Using these surrogate markers avoids the complexity and 
administration of tracers, require only a small blood sample and is easily applicable for 
large-scale intervention and population studies. The validity of this approach has been 
shown by positive correlations after analyzing and calculating the ratios of non-cholesterol 
sterol to cholesterol ratios with the absolute/fractional measurements for intestinal 
cholesterol absorption and endogenous cholesterol synthesis using tracers [14-16]. The 
cholesterol-standardized levels of campesterol, sitosterol and cholestanol can be used as 
markers for intestinal cholesterol absorption[13, 17], while the cholesterol-standardized 
levels of cholesterol synthesis precursors desmosterol and lathosterol can be used as 
markers for endogenous synthesis [14, 16, 18, 19]. The validity of these surrogate markers 
to reflect cholesterol absorption and synthesis was also shown during serum cholesterol-
lowering intervention studies [19-21]. Ratios of campesterol to cholesterol, sitosterol 
to cholesterol, and cholestanol to cholesterol decreased in a population with a normal 
daily dietary cholesterol intake after treatment with ezetimibe, a drug known to reduce 
cholesterol absorption [21]. Moreover, ratios of lathosterol to cholesterol and desmosterol 
to cholesterol decreased in hypercholesteremic men during treatments with two different 
statins, known to reduce cholesterol synthesis [19]. In addition, the ratio of lathosterol to 
campesterol has been used to reflect the whole-body cholesterol metabolism [22, 23]. This 
ratio can be used to characterize individuals into two distinctive cholesterol metabolism 
phenotypes: a higher lathosterol/campesterol ratio identifies individuals as cholesterol 
synthesizer, while a lower lathosterol/campesterol ratio is a characteristic linked to the 
so-called cholesterol absorbers.

By using these non-cholesterol sterols as markers for cholesterol metabolism in various 
larger studies, it becomes more and more clear that intestinal cholesterol absorption 
and endogenous cholesterol synthesis are tightly regulated to maintain whole-body 
cholesterol homeostasis. Moreover, it has been suggested that absorption and synthesis 
follow a reciprocal relationship [24]. In our systemic literature review (chapter 2), we also 
found evidence for this relationship. For example, obese individuals are characterized 
by a low intestinal cholesterol absorption and a high endogenous cholesterol synthesis. 
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Moreover, our diet-induced weight loss intervention resulted in a downregulation 
of endogenous cholesterol synthesis and an upregulation of intestinal cholesterol 
absorption (chapter 4). Also, other interventions support evidence for this reciprocal 
relationship [25]. Consumption of foods enriched in either plant sterol or stanol esters 
demonstrated a reduction in intestinal cholesterol absorption with a compensatory 
increase in endogenous cholesterol synthesis [26-29]. The net effect of the reduced 
absorption and increased synthesis is a reduction in serum LDL-C concentrations [30]. In 
line with these effects, also a study evaluating the effects of ezetimibe, a drug that lowers 
intestinal cholesterol absorption by inhibiting the cholesterol transporter Niemann-Pick 
C1-Like 1 (NPC1L1), showed a compensatory increase in cholesterol synthesis [31]. In 
contrast, treatment with Hydroxymethyl-glutaryl (HMG)-CoA reductase inhibitors or the 
so-called statins, drugs used to inhibit endogenous cholesterol synthesis, showed in 
the majority of the studies a compensatory increase in intestinal cholesterol absorption 
[32-34]. Taken together, the findings from these studies and chapters 2 and 4 suggest 
indeed a reciprocal relationship between cholesterol absorption and synthesis in order to 
maintain whole body cholesterol homeostasis.

Even though non-cholesterol sterol concentrations are widely applied in ongoing 
intervention and prospective cohort studies to reflect (changes in) cholesterol metabolism 
characteristics, there are also limitations of these measurements. A recent survey by 
Lütjohann et al. reported unacceptable high variations for analyzing both cholesterol 
and non-cholesterol concentrations between several laboratories [35]. This illustrates 
that it is difficult to work with “normal values” for non-cholesterol sterol concentrations, 
which also hampers defining clear cut-off values to identify cholesterol absorbers and 
synthesizers. 

Possibilities to modify characteristics of cholesterol 
metabolism

Inhibition of cholesterol absorption
As described above, having a high intestinal cholesterol absorption has been associated 
with an increased CVD risk [36]. This may suggest the need for approaches that interfere 
with intestinal cholesterol absorption to prevent CVD. Several possibilities have shown 
to reduce intestinal cholesterol absorption such as foods enriched with plant sterol 
and stanol esters as well as ezetimibe treatment. The transporters involved in intestinal 
cholesterol metabolism, i.e., heterodimer ATP-binding cassette (ABC) transporters 
ABCG5/G8 and NPC1L1, also control intestinal plant sterol metabolism [31, 37]. Due to the 
comparable structure of plant sterols and stanols to cholesterol, these plant-based sterols 
compete with cholesterol for incorporation into mixed micelles at the small intestinal 
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leading to displacement of micellar cholesterol [29, 38, 39]. This means that there is a 
lower bioavailability of micellar cholesterol for absorption into the enterocytes. Numerous 
intervention studies have indeed demonstrated that both plant sterol or stanol esters 
lower intestinal cholesterol absorption [40-43], which translates into lower serum LDL-C 
concentrations. Similar effects have been shown for the pharmaceutical drug ezetimibe, 
which is known to inhibit intestinal cholesterol absorption via inhibiting the function 
of the NPC1L1 transporter at the apical side of the enterocyte [44, 45]. Several studies 
have indeed shown that ezetimibe treatment also translates into lower serum LDL-C 
concentrations [46-49]. In general, plant sterols and stanols lower LDL-C up to 12% [30] 
whereas ezetimibe treatment lowers serum LD-C by around 19% [50]. Interestingly the 
combination of sterols and ezetimibe showed additive effects since LDL-C concentrations 
were further reduced when sterols were added to ezetimibe treatment [51]. This suggests 
that plant sterols can be used as add-on interventions, and that plant sterol and ezetimibe 
interventions target different underlying mechanisms.

Inhibition of cholesterol synthesis 
Elevated serum LDL-C concentrations can also be lowered by statins that inhibit the 
function of HMG-CoA reductase, which is the rate-limiting enzyme for endogenous 
cholesterol synthesis. Studies have shown that statin therapy indeed reduced endogenous 
cholesterol synthesis [34, 52, 53]. However, due to low effectiveness of further increasing 
statin dose in those not reaching target LDL-C values, combination therapies that 
modulate simultaneously cholesterol synthesis and absorption seem more favorable [54, 
55]. In fact, as statin treatment will slightly elevate intestinal cholesterol absorption, using 
plant sterols or stanols as combination strategy to counteract this increase in cholesterol 
absorption maybe helpful. Indeed, in statin users, additional cholesterol-lowering effects 
on top of those of statins after long-term plant sterol or stanol ester consumption of 8.7% 
and 13.1%, respectively were found [56]. In randomized placebo-controlled studies, the 
additive effect of plant sterol or stanols on reduction in LDL-C has been shown, which 
ranged between 7% to 11% [30, 57-60].

Other “novel” treatment options
Besides plant sterols and stanols, also other dietary ingredients and supplements may 
have beneficial effects on serum LDL-C concentrations, amongst others red yeast rice, 
soluble fibers, soy protein, probiotics, berberine, bergamot and policosanols [61]. 
However, the magnitude of their LDL-C lowering effects and evidence levels for their 
efficacy are different [61]. When effective, these functional foods and supplements can 
also be used as an add-on therapy to drug interventions, i.e., either ezetimibe or statins, to 
achieve LDL-C goals. However, this has not been explored into detail for most ingredients. 
Furthermore, novel pharmacological therapies such as proprotein convertase subtilisin/
kexin type 9 (PCSK9) inhibitors and bempedoic acid have proven benefits on serum LDL-C 
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lowering by upregulating the expression of hepatic LDL receptors [62]. Using these two 
drugs either alone or in combination to statin and/or ezetimibe treatment resulted in 
significant reductions in LDL-C levels [63-67], which can be explained by the fact that other 
enzymes are targeted. Since bempedoic acid lowers endogenous cholesterol synthesis at 
the level of adenosine triphosphate (ATP) citrate synthase [68], which is one step earlier 
as compared to the action of statins, it can be expected that cholesterol absorption will 
be increased as is known for the statins. However, bempedoic acid treatment has not 
been explored yet using non-cholesterol sterols biomarkers for cholesterol absorption 
and synthesis. A treatment with a PCSK9 inhibitor has shown significant reductions in 
absolute concentrations for cholesterol absorption and synthesis markers while the 
effects on their cholesterol-standardized levels were not consistent [69]. In another study, 
significant reductions in absolute values for cholesterol absorption markers were reported 
after PCSK9 treatment, but cholesterol-standardized levels of these markers did not reach 
significance [70]. Thus, the effects of inhibiting PCSK9 (which results in overexpression 
hepatic LDL receptors) on cholesterol absorption or synthesis is not conclusive.

Effects of physical activity, weight loss and LPS infusion 
on cholesterol metabolism

We evaluated the effects of A) aerobic exercise training, B) diet-induced weight loss, and 
C) LPS infusion on markers for cholesterol metabolism, i.e., absorption and synthesis. It 
is well known that increased physical activity translates into a decreased risk to develop 
CVD [71]. In chapter 3 of this thesis, we explored whether this relation may be mediated 
through effects on characteristics of cholesterol metabolism. An earlier small-scale study 
using stable isotope methodology showed that 8 weeks of aerobic exercise had no effects 
on cholesterol absorption and cholesterol synthesis in hypercholesteremic participants 
[72]. However, an endurance exercise program for 6 months showed an increase in the 
intestinal cholesterol absorption marker campesterol, with no change in the cholesterol 
synthesis marker lathosterol [73]. Finally, 8 weeks of combined resistance and aerobic 
exercise resulted in a reduction of the cholesterol synthesis marker desmosterol 
without changing cholesterol absorption [74]. We proposed that factors such as sample 
size, lack of control group, type of exercise intervention and method used to quantify 
cholesterol metabolism markers might explain the discrepant findings in these earlier 
studies. Therefore, we decided to conduct a more controlled intervention study taking 
in consideration the above-mentioned attention points. In chapter 3 of this thesis, we 
presented the data of 17 apparently healthy older overweight and obese men that were 
randomized to start with aerobic exercise or no-exercise control period for 8 weeks. We 
showed a trend towards a decrease in the cholesterol absorption marker campesterol with 
no changes in serum TC concentrations and the cholesterol synthesis marker lathosterol 
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(Table 1). We did not observe a change in body weight and dietary habits after the 8-weeks 
aerobic exercise program. Sedentary time and physical activity levels of the subjects was 
also monitored, but did not differ between the intervention and control periods. This 
may suggest that our study has a better estimate regarding the effects of aerobic exercise 
training itself on cholesterol metabolism characteristics as compared with other studies 
[72-74]. In chapter 2 we showed that individuals with obesity were characterized with 
a lower intestinal cholesterol absorption and higher endogenous cholesterol synthesis 
compared to controls. As not much was known about the effect of weight loss and the role 
of different fat compartments on cholesterol metabolism, we investigated the effects of 
diet-induced weight loss on markers of cholesterol metabolism in 54 men with abdominal 
obesity (chapter 4). Subjects followed a 6-week very low caloric diet (VCLD), immediately 
followed by a 2-weeks weight maintenance period. We found that cholesterol absorption 
marker cholestanol increased and cholesterol synthesis marker lathosterol decreased 
after 8 weeks, suggesting a normalization of cholesterol metabolism characteristics in 
these previous abdominally obese subjects. The validity of other cholesterol absorption 
markers including campesterol and sitosterol can be questioned in this particular study 
design. Due to the abundance of campesterol and sitosterol in the plant-based diet and 
the change in habitual dietary intake throughout this study, their concentrations may not 
be truly reflecting intestinal cholesterol absorption. In addition, in this population the 
possible relationship between cholesterol absorption and synthesis with fat distribution 
was examined. We observed a positive association between cholestanol changes with 
weight loss as well as with a decrease in visceral fat volume. We then performed a 
mediation analysis to evaluate in detail the mediating role of different fat compartments 
on the relationships between body mass index (BMI) and cholesterol absorption and 
synthesis. The results of mediation analysis suggested roles of visceral fat and intrahepatic 
fat in mediating the relationships between BMI and cholesterol absorption and synthesis. 
This may indicate that it is likely that the effect of weight loss on cholesterol metabolism 
can be attributed to changes in fat compartments. These findings are highly relevant, 
because visceral fat and intrahepatic fat depots are associated with CVD risk [75, 76]. In 
chapter 5, the effect of LPS infusion on characteristics of cholesterol metabolism was 
investigated in 8 healthy young men. Levels of all three cholesterol synthesis markers 
(lathosterol, desmosterol and lanosterol) as well as the bile acid formation marker 
7 alpha hydroxycholesterol (7a-OH-cholesterol) both decreased 24 hours after LPS 
infusion, whereas the three cholesterol absorption markers (campesterol, sitosterol, and 
cholestanol) that were analyzed did not change. This means that acute inflammation 
was associated with a reduction in cholesterol synthesis, which is likely explaining the 
reduction in total and LDL-C observed in the subjects. Information about the effect of 
different content of phytosterols in lipid emulsions used in home parental nutrition in 
adult patients is lacking. We measured the plasma plant sterol concentrations in patients 
with intestinal failure receiving one of three different lipid emulsions (soybean oil based: 
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Intralipid; olive oil based: ClinOleic; containing fish oil: SMOFLipid) (chapter 6). We also 
examined the relationship between plasma plant sterol levels with those of inflammatory 
cytokines and liver function markers. Due to its higher content of plant sterols, plasma 
plant sterol levels were higher in patients receiving Intralipid compared to those receiving 
ClinOleic or SMOFLipid. In addition, plasma plant sterol levels were positively related with 
liver function markers. The effects of long-term use of parental nutrition on liver function 
in patients with intestinal failure are well known [77]. However, the mechanism behind the 
effects of plant sterols (particularly stigmasterol) on liver function is not clear. Intravenous 
lipid infusion may cause hepatic accumulation of stigmasterol, leading to reduction of bile 
flow [78, 79]. This accumulation might particularly occur during infusion of free sterols 
as found in the TPN. The physiology of this route of administration is markedly different 
from that after consuming plant sterols via the diet, as plant sterols then enter the 
circulation at much lower levels and as part of the chylomicrons. Liver function markers 
were apparently within normal ranges in patients receiving SMOFLipid compared to those 
receiving ClinOleic or Intralipid emulsions. This protection could possibly be explained by 
the presence of the omega-3 fatty acids in SMOFLipid emulsion, which are known for their 
anti-inflammatory effects [80].

Possible implications of our findings for CVD prevention 
or treatment

Recent studies have suggested that a high intestinal cholesterol absorption may be 
atherogenic [81, 82]. In addition, it is estimated that approximately 30% of the population 
is characterized by a high intestinal cholesterol absorption, which is associated with a 
2-fold increased CVD risk [6]. This suggests that interventions through lowering cholesterol 
absorption may have the potential to reduce CVD risk. The data from our systematic 
review indicated that we could classify individuals with different metabolic disturbance 
as having the so-called preferential cholesterol absorber or cholesterol synthesizer 
phenotype. Individuals with obesity, type 2 diabetes, metabolic syndrome, intestinal or 
liver disease can be categorized as being mainly a cholesterol synthesizer, while those 
with type 1 diabetes, non-hereditary hyperlipidemia and kidney diseases as being mainly 
a cholesterol absorber (chapter 2). Based on these observations, various personalized 
or targeted interventions might be advised to the cholesterol synthesizers phenotype 
populations, such as statins. For example, data from a subgroup of the Scandinavian 
Simvastatin Survival Study (4S) in coronary patients indicated that subjects with a 
high baseline cholesterol synthesis markers were more responsive for statin treatment 
compared to those with a high baseline cholesterol absorption [7]. Moreover, cholesterol 
absorbers might benefit more from personalized (dietary) interventions affecting 
cholesterol absorption such as plant sterol or stanol ester enriched functional foods, 
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viscous fibers or pharmacological drugs like ezetimibe. The need for combination therapy 
for subjects with low cholesterol synthesis and high cholesterol absorption has also been 
suggested. In fact, for hypercholesterolemic subjects who are poor statin responders, and 
characterized as high cholesterol absorbers and low cholesterol synthesizer, a combination 
drug therapy (statin and ezetimibe) was most effective [83, 84]. Hemodialysis patients, 
who are characterized as high cholesterol absorbers, benefit less from statin treatment 
compared to other patients with cardiovascular risk [85-88]. However, it was shown that 
hemodialysis patients from the lowest cholesterol absorption tertile appeared to benefit 
from statin treatment and had a reduction in all-cause mortality and all cardiac events risk 
[36]. In addition, hypercholesterolemic patients with high cholesterol absorption and low 
cholesterol synthesis showed the largest LDL-C reductions after plant sterols and stanols 
supplementation[23]. 

As indicated in our systemic review, cholesterol absorption is decreased and synthesis is 
increased in overweight and obese subjects, in type 2 diabetes patients, and in metabolic 
syndrome subjects, while most studies suggest that patients with CVD have higher 
cholesterol absorption and lower cholesterol synthesis (chapter 2). This concept remains 
difficult to reconcile with the low absorption/high synthesis pattern in subjects with 
obesity and/or type 2 diabetes, who are also at increased risk to develop CVD. We aimed to 
elucidate this notion in our weight loss trial, where we demonstrated that obese subjects 
have a lower cholesterol absorption, which normalized compared to the lean population 
after weight loss (chapter 4). However, in terms in CVD risk, an increase in cholesterol 
absorption would translate into a higher CVD risk, which is obviously not the case after 
weight loss. This demonstrates that, although cholesterol metabolism is important in 
assessing CVD risk, more factors should be taken into account, such as improvements in 
flow-mediated dilation and blood pressure as shown in the weight loss trial. Ultimately, 
non-cholesterol sterols can be used to classify individuals as a cholesterol absorber or 
synthesizer to determine a targeted cholesterol-lowering (dietary) strategy, while the 
assessment of CVD risk involves more factors than only cholesterol metabolism. 

Main conclusions and future directions

The studies described in this thesis focused on effects of aerobic exercise training, diet-
induced weight loss and LPS infusion on markers reflecting cholesterol metabolism. In 
particular attention was paid to well-validated markers reflecting cholesterol absorption 
and synthesis. In the systematic review, there was a clear inverse relationship between 
non-cholesterol sterol biomarkers for intestinal cholesterol absorption and endogenous 
cholesterol synthesis in different metabolic disturbances (chapter 2). This distinctive 
pattern of cholesterol metabolism characteristics in these metabolic disorders could be 
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a potential lead for targeted dietary or pharmacological interventions. Evaluating effects 
of aerobic exercise training for 8 weeks tended to decrease cholesterol absorption and 
had no effect on cholesterol synthesis (chapter 3). Diet-induced weight reduction after 
6 weeks of caloric restrict diet followed by 2 weeks of weight maintenance increased 
cholesterol absorption and decreased cholesterol synthesis. In addition, cholesterol 
absorption marker cholestanol was not only related to weight loss parameters but also 
to visceral fat volume (chapter 4). LPS infusion decreased cholesterol synthesis and bile 
acid formation, while no effect was found on cholesterol absorption (chapter 5). Finally, 
the plant sterol content of different lipid emulsions used for home adult parental nutrition 
was reflected in plasma plant sterol concentrations, which correlated with inflammatory 
cytokines and liver function markers (chapter 6). This indicates that evaluating markers 
for cholesterol absorption and synthesis add relevant knowledge to discussions around 
CVD risk lowering interventions. However, the variability in measuring techniques 
between labs warrants attention. 

Although the evidence for the relationship between cholesterol metabolism characteristics 
and CVD risk is accumulating, causality has not been proven. Future studies should be 
carried out to assess whether alterations in non-cholesterol sterols relate to CVD risk. In 
addition, non-cholesterol sterols were only determined in male subjects in the aerobic 
exercise and weight loss interventions of this thesis. Analyzing these sterols in female 
subjects would expand our knowledge on the role of gender in cholesterol metabolism 
characteristics. Furthermore, sample size in the exercise intervention study was relatively 
small and the effect on cholesterol absorption did not reach significance. Larger trials 
should also investigate the effects of different types of exercise on changes in cholesterol 
metabolism characteristics. Moreover, the exercise and weight loss studies in this thesis 
have only included a population of older apparently healthy adults and it remains to 
be determined to what extent our findings can be extended to other populations. In 
addition, variations in race and gender have been associated with different inflammatory 
responses during an inflammatory trigger [89]. Future studies need to investigate 
the effects of other populations and gender in relation to the changes in cholesterol 
metabolism characteristics in response to inflammatory triggers. It has been shown that 
desmosterol is a strong activator for liver X receptors in animals and humans in in vitro 
experiments [90, 91], which integrates the interplay between cholesterol homeostasis and 
immune responses [92]. Development of LPS tolerance, which is defined as a reduction 
in response to a subsequent LPS trigger, was associated with attenuation in pro and anti-
inflammatory cytokines responses after 5 consecutive days of LPS infusion in humans 
[93]. It would therefore be interesting to investigate the effects of longer-term trials for 
LPS infusion on cholesterol metabolism characteristics and whether the conclusion might 
differ. In chapter 6, the content of phytosterols in Intralipid emulsion, that was higher 
compared to those sterols in ClinOleic or SMOFLipid, related to higher liver function 
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markers. Future research investigating the effects of different types of emulsion with 
low versus high phytosterol content on liver and inflammatory markers is warranted to 
confirm the adverse effects of phytosterols. 

To summarize, in this thesis the effects of lifestyle, nutrition and inflammation on 
cholesterol metabolism characteristics have been studied. These findings add information 
to the possibility to develop more targeted interventions for CVD prevention or treatment.
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Impact

Societal and economic relevance
Cardiovascular disease (CVD) remains the major cause of deaths worldwide. It causes 3.9 
millions of deaths in Europe and represents 32% for all global deaths, every year. In 2019, 
approximately 113 million habitants in Europe had CVD. It is estimated that the costs of 
CVD eventually will reach 210 billion euros a year [1, 2]. Due to the high numbers and costs 
for CVD, it has become a major economic burden. Therefore, understanding the underling 
metabolic processes related to CVD development is of utmost importance to design 
strategies to prevent or decrease CVD risk. Atherosclerosis is the process underlying the 
development of CVD [3]. Several factors are known to increase risk for atherosclerosis 
development such as cigarette smoking, hypertension, physical inactivity, dyslipidemia, 
obesity and type 2 diabetes [4]. For dyslipidemia, the causal role of increased serum 
cholesterol concentrations, especially in the low-density lipoprotein (LDL) fraction, in the 
atherogenic process is well recognized [5, 6]. However, not only lipids, but inflammation is 
also involved in initiation and progression of atherosclerosis development [7]. 

Physiological processes including intestinal cholesterol absorption, endogenous 
cholesterol synthesis, and bile acid synthesis are important for the maintenance of 
cholesterol homeostasis [8-10]. Therefore, it is essential to understand in more detail 1) 
the association between characteristics of cholesterol metabolism with different diseases, 
and 2) the possibilities to modulate these processes to improve cardiovascular health. 
Interestingly, a relatively high intestinal cholesterol absorption was associated with higher 
risk of developing CVD [11]. In addition, there is accumulating evidence that increased 
intestinal cholesterol absorption and decreased cholesterol synthesis are associated with 
CVD risk [12]. It has been suggested in recent studies that a high intestinal cholesterol 
absorption is atherogenic [13, 14]. In addition, it is estimated that approximately 30% 
of the population is characterized by a high intestinal cholesterol absorption, which 
relates to a 2-fold CVD risk [15]. This might suggest that interventions focussing on 
lowering cholesterol absorption may be a possible strategy in CVD risk management. 
European guidelines recommended lifestyle and nutrition interventions for CVD risk 
reduction include amongst others, increased physical activity and weight loss. Thus, it is 
of interest to investigate how these interventions could affect and/or improve cholesterol 
metabolism. In this thesis, we aimed to understand the roles of physical activity, weight 
loss and inflammation on cholesterol metabolism characteristics in relation to CVD risk 
management.  For aerobic exercise, we observed a trend to a reduction in cholesterol 
absorption. For diet induced weight loss we found an increased cholesterol absorption 
and a deceased cholesterol synthesis, and finally for inflammation induced by a pro-
inflammatory trigger (lipopolysaccharides [LPS]) we found a decrease in cholesterol 
synthesis and bile acid synthesis.
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Measurement relevance
The studies described in this thesis are essential to better understand how cholesterol 
metabolism characteristics relate to disease and how these characteristics can be changed 
by (lifestyle) interventions. Young and older adults were included in the studies presented 
in this thesis. The prevalence of overweight and obesity in adult population is high, 
representing over 1.9 billions worldwide [16], which increases risk of CVD development 
in these people. Physical inactivity and sedentary lifestyle are common in people with 
overweight and obesity. In this regard, measuring the effects of aerobic exercise on 
cholesterol metabolism characteristics is of interest. Furthermore, the effects of weight 
loss on cholesterol metabolism characteristics are also interesting in terms of CVD risk. 
In addition, inflammation plays important role in almost all stages of anthogenesis and 
obese subjects at risk to develop atherosclerosis are characterized by a pro-inflammatory 
state. 

Translation into practice
The results presented in this thesis provide knowledge for scientists and researchers with 
an interest in cholesterol metabolism, highlighting changes in cholesterol metabolism 
characteristics underlying the effects of aerobic exercise and diet-induced weight loss, 
as well as the pro-inflammatory effects of LPS on cholesterol metabolism. Most studies 
described in this thesis have been published in international journals and presented at 
several international congresses. Before these findings can be translated to the clinic, 
more studies are needed in other population groups to confirm or refute our findings.



164   |   References

References

1.	 Timmis A, Vardas P, Townsend N, Torbica A, Katus H, De Smedt D, et al. European Society of 
Cardiology: cardiovascular disease statistics 2021. Eur Heart J. 2022;43(8):716-99.

2.	 World Health Organization (WHO). Cardiovascular diseases (CVDs) fact sheet. June 2021. 
Available from: https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-
(cvds).

3.	 Frostegard J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 2013;11:117.
4.	 Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic options. Nat Med. 

2011;17(11):1410-22.
5.	 Zarate A, Manuel-Apolinar L, Saucedo R, Hernandez-Valencia M, Basurto L. Hypercholesterolemia 

As a Risk Factor for Cardiovascular Disease: Current Controversial Therapeutic Management. 
Arch Med Res. 2016;47(7):491-5.

6.	 Gidding SS, Allen NB. Cholesterol and Atherosclerotic Cardiovascular Disease: A Lifelong 
Problem. J Am Heart Assoc. 2019;8(11):e012924.

7.	 Ridker PM, Luscher TF. Anti-inflammatory therapies for cardiovascular disease. Eur Heart J. 
2014;35(27):1782-91.

8.	 Yeagle PL. Cholesterol and the cell membrane. Biochim Biophys Acta. 1985;822(3-4):267-87.
9.	 Trapani L, Segatto M, Pallottini V. Regulation and deregulation of cholesterol homeostasis: The 

liver as a metabolic “power station”. World J Hepatol. 2012;4(6):184-90.
10.	 Cohen DE. Balancing cholesterol synthesis and absorption in the gastrointestinal tract. J Clin 

Lipidol. 2008;2(2):S1-3.
11.	 Silbernagel G, Fauler G, Genser B, Drechsler C, Krane V, Scharnagl H, et al. Intestinal cholesterol 

absorption, treatment with atorvastatin, and cardiovascular risk in hemodialysis patients. J Am 
Coll Cardiol. 2015;65(21):2291-8.

12.	 Weingartner O, Lutjohann D, Bohm M, Laufs U. Relationship between cholesterol synthesis and 
intestinal absorption is associated with cardiovascular risk. Atherosclerosis. 2010;210(2):362-5.

13.	 Zhuang P, Wu F, Mao L, Zhu F, Zhang Y, Chen X, et al. Egg and cholesterol consumption and 
mortality from cardiovascular and different causes in the United States: A population-based 
cohort study. PLoS Med. 2021;18(2):e1003508.

14.	 Zhong VW, Van Horn L, Cornelis MC, Wilkins JT, Ning H, Carnethon MR, et al. Associations of 
Dietary Cholesterol or Egg Consumption With Incident Cardiovascular Disease and Mortality. 
JAMA. 2019;321(11):1081-95.

15.	 Helgadottir A, Thorleifsson G, Alexandersson KF, Tragante V, Thorsteinsdottir M, Eiriksson FF, 
et al. Genetic variability in the absorption of dietary sterols affects the risk of coronary artery 
disease. Eur Heart J. 2020;41(28):2618-28.

16.	 World Health Organization (WHO). Obesity and overweight fact sheet. June 2021. Available 
from https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight.



Summary   |   165   

Summary

For decades, cardiovascular disease (CVD) has been the major cause of morbidities and 
mortalities worldwide. It is known that atherosclerosis is the process underlying the 
development of CVD.  Elevated blood cholesterol concentrations, especially low-density 
lipoprotein cholesterol (LDL-C), is a well-defined causal risk factor for the atherogenic 
process. Therefore, investigating processes regulating cholesterol homeostasis will provide 
important information to further improve our understanding of cholesterol metabolism 
and consequently cardiovascular health. Cholesterol homeostasis is maintained by the 
interplay between intestinal cholesterol absorption, endogenous cholesterol synthesis, 
and bile acid synthesis and excretion. A high intestinal cholesterol absorption is associated 
with a higher risk for CVD. Furthermore, inflammation plays an important role in almost 
all stages of atherosclerosis. Lifestyles and dietary changes have been recommended for 
CVD prevention i.e. increasing physical activity and promotion of weight loss. However, 
effects of physical activity, diet-induced weight loss and inflammation on cholesterol 
metabolism characteristics are largely unknown.

The aim of the studies described in this thesis was to investigate the effects of aerobic 
exercise and diet-induced weight loss as well as of a pro-inflammatory trigger 
(lipopolysaccharides [LPS]) on cholesterol metabolism characteristics. In addition, effects 
of plant sterol content in three different lipid emulsions used for home parenteral nutrition 
(HPN) on liver function and inflammatory markers were studied. 

In chapter 2, characteristics of cholesterol metabolism i.e., intestinal cholesterol 
absorption and endogenous cholesterol synthesis in various metabolic disturbances 
were systematically reviewed. This chapter also described the validity of non-cholesterol 
sterol concentrations as markers for intestinal cholesterol absorption and endogenous 
cholesterol synthesis. Overall, there was an indication of distinctive patters for 
cholesterol absorption and cholesterol synthesis, suggesting that individuals with very 
different metabolic conditions can be classified as cholesterol absorber or cholesterol 
synthesizers. Chapter 3 describes the effects of an 8-week aerobic exercise program 
training on markers of cholesterol absorption and cholesterol synthesis. In this study, 17 
apparently healthy overweight and obese older men participated in a randomized, cross-
over study. Compared with the control period, total cholesterol (TC)-standardized level 
of the cholesterol absorption marker campesterol tended to decrease with no change in 
the cholesterol synthesis marker lathosterol after 8 weeks. In chapter 4, we investigated 
the effects of diet-induced weigh loss on markers for cholesterol absorption and synthesis 
in abdominally obese men. In this chapter, we also examined cross-sectionally baseline 
differences between abdominally obese and normal weight men. For this, 54 apparently 
healthy abdominally obese and 26 normal weight men were recruited. Abdominal obese 
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men were randomized either into a weight loss group or a non-weight loss control group. 
Subjects in the weight loss group consumed a caloric restricted diet for 6 weeks followed 
immediately by a 2-week weight maintenance period to reach a waist circumference 
below 102 cm. In non-weight loss control group, subjects were instructed to maintain their 
habitual dietary intakes and physical activity levels. After weight loss, the TC-standardized 
levels of the cholesterol absorption marker cholestanol increased and the cholesterol 
synthesis marker lathosterol decreased. Cholesterol metabolism characteristics between 
previously abdominal obese and normal weight men became comparable. Changes in TC-
standardized levels of cholestanol were not only negatively related to weight loss, but also 
negatively to changes in visceral fat volume. Cross-sectionally, mediation analyses revealed 
roles of visceral fat and intrahepatic fat in mediating the relationships between body mass 
index and markers for cholesterol absorption and synthesis. Chapter 5 describes the 
effects of the acute proinflammatory trigger LPS on lipid and lipoprotein concentrations, 
high-density lipoprotein (HDL) functionality as well as markers of cholesterol metabolism. 
From a randomized study including 32 healthy young male subjects, we selected the eight 
subjects from the placebo arm which means they were infused with LPS only. LPS infusion 
decreased LDL-C concentrations, HDL functionality, markers of endogenous cholesterol 
synthesis as well as bile acid formation, but increased triglycerides concentrations. No 
effect on cholesterol absorption markers was observed. This study also demonstrated that 
desmosterol (endogenous cholesterol synthesis marker) and 7a-hydroxycholesterol (bile 
acid formation marker) were positively correlated with various markers for inflammatory 
responses, while there were negative correlations between changes in desmosterol and 
7a-hydroxycholesterol and inflammatory response markers.  The aim of a pilot study with 
58 stable adult patients with intestinal failure receiving HPN was to investigate the effect 
of the plant sterol content in three different lipid emulsions on markers of inflammation 
and liver function (Chapter 6). It was concluded that patients receiving Intralipid had 
higher plasma plant sterol concentrations compared to those receiving ClinOleic or 
SMOFLipid emulsions. There were significant positive correlations between plasma plant 
sterol sterols and markers of liver function. Furthermore, patients receiving SMOFLipid 
had concentration of triglycerides and liver function markers apparently within normal 
values compared to those receiving ClinOleic or Intralipid emulsions. 

Overall, in this thesis we focused on human cholesterol metabolism; more specifically the 
effects of aerobic exercise training, nutrition and inflammation on markers for intestinal 
cholesterol absorption and endogenous cholesterol synthesis. it was demonstrated that 
increased aerobic exercise, diet-induced weight loss and infusion of proinflammatory 
trigger (LPS) are related to changes in cholesterol metabolism characteristics. Future 
studies are needed to assess whether these changes have beneficial effects on the risk of 
CVD.
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List of abbreviations

ABCG5/G8:	 ATP-binding cassette sub-family G member 5 and 8
ACAT:	 Acyl-CoA cholesterol acyltransferase-2 enzyme
ALT:	 Alanine aminotransferase
AST:	 Aspartate aminotransferase
BMI:	 Body mass index
BW:	 Body weight
CVD:	 Cardiovascular disease
DHA:	 Docosahexaenoic acid
EPA:	 Eicosapentaenoic acid
GC-FID:	 Gas chromatography with a flame ionization detector
GC-MS:	 Gas-liquid chromatography-mass spectroscopy
GGT:	 Gamma-glutamyltranspeptidase
HDL-C:	 High-density lipoprotein cholesterol
HMG-CoA:	 Hydroxymethyl-glutaryl-CoA
HPN:	 Home parenteral nutrition
IFN:	 Interferon
IHL:	 Intrahepatic lipid content
IL:	 Interleukin
IPAQ:	 International Physical Activity Questionnaire
LDL-C:	 Low-density lipoprotein cholesterol
LEs:	 Lipid emulsions
LPS:	 Lipopolysaccharide
LXR:	 Liver X receptors
NPC1L1:	 Niemann-Pick C1-Like 1
PCSK9:	 Proprotein convertase subtilisin/kexin type 9
Pmax:	 Maximal power
PN:	 Parenteral nutrition
ST:	 Subcutaneous fat
TC:	 Total cholesterol
TG:	 Triglyceride
TNF:	 Tumour necrosis factor
VLCD:	 Very low caloric diet
VO2 peak:	 Peak oxygen consumption
VT:	 Visceral fat
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) HDL(الكوليسترول الصحي  الدهون والبروتينات الدهنية، ووظيفة    مستوياتعلى    LPSيصف الفصل الخامس تأثيرات  
ً شارك فيها إثنان وثلاثون    ضبوطةدراسة عشوائية م  نمالكوليسترول.    خصائص أيض  علاماتوكذلك   يتمتعون    رجلا شابا

لهؤلاء    LPS  حقن. أدى  فقط    LPSوقد تم حقنهم بمركب    الدواء الوهمي مجموعة    في  منهم   رجال  ثمانية   كان  ،بصحة جيدة
تكوين حمض    زيادة  الكوليسترول بالإضافة إلى  تصنيع  علاماتو   HDLووظيفة    LDL-Cإلى خفض تركيزات    الرجال
امتصاص الكوليسترول. أظهرت هذه الدراسة    علامات  ىغياب التأثير عل  االثلاثية. وقد لاحظنالدهون    مستوياتو  الصفراء

تكوين حمض    علامةو  )في داخل الجسم  الكوليسترول  لتصنيع  يستخدم أيضا كعلامة(كلا مستويات ديسموسترول  أن  بأيضًا  
  رتباط الاارتباطًا إيجابياً بعلامات مختلفة للاستجابات الالتهابية، بينما كان    ةرتبط م  )7-hydroxycholesterol( الصفراء

ً سلبي   . لاستجابات الالتهابيةا علامات تغييراتوتغييراتهم بين  ا

مريضًا بالغاً مستقرًا يعانون من فشل  تضمنت خمسة وثمانين    دراسة تجريبيةيصف الفصل السادس من هذه الأطروحة  
هو  HPNيتلقون  ومعوي   الدراسة  هذه  من  محتوى  وكان الهدف  تأثير  من  النباتي  مركبات  التحقق  ثلاث    ةالستيرول  في 

تم   الكبد.  ووظيفة  الالتهاب  علامات  على  مختلفة  دهنية  الدراسة  الاستنتاجمستحلبات  هذه  الذين  من  المرضى   يتلقون   أن 
في البلازما مقارنة مع أولئك الذين يتلقون مستحلبات    الستيرولمركبات    أعلى من  مستوياتلديهم    Intralipid  مستحلب

ClinOleic    أوSMOFLipid  .وعلامات وظائف الكبد.  هذه المركبات  بين    ظهرت كانت هناك علاقة ارتباط موجبة  و
ثلاثية وعلامات وظائف الكبد   دهونمستويات    SMOFLipid  مستحلب   يتلقونعلاوة على ذلك، كان لدى المرضى الذين  

 . Intralipidأو    ClinOleicمقارنة مع أولئك الذين يتلقون مستحلبات    في البلازما  الطبيعية  المستوياتعلى ما يبدو ضمن  

والتغذية الهوائية    التمارين  ار آث. وبشكل أكثر تحديدًا،  البشري  الكوليسترولأيض    بشكل عام، ركزنا في هذه الأطروحة على
هذه الأطروحة من    ثباتالإ. تم  داخل الجسم  الكوليسترول  تصنيعوالالتهابات على علامات امتصاص الكوليسترول المعوي و

مثل  أن الناالهوائيةالتمارين    ممارسة  عوامل  الوزن  وفقدان  و  جم،  الغذائي،  النظام  ارتبطت  LPS  بمركب   حقنعن    قد 
لازال هناك حاجة لدراسات مستقبلية لتقييم ما إذا كانت هذه التغيرات لها آثار  والكوليسترول.  أيض في خصائص  تغيرات ب

 .شرايينخطر الإصابة بأمراض القلب وال تقليل  مفيدة على
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 نبذه مختصرة عن الأطروحة
 

من أحد الأسباب الرئيسية للوفيات في جميع أنحاء العالم. ومن المعروف  لشرايينأمراض القلب وا عٌدَت، نلعقود من الزم
الكوليسترول    مستويات ن  أ  إلى   الأبحاث العلمية  هذه الأمراض. أشارتر  السمة المعروفة وراء تطو  أن تصلب الشرايين هو

لذلك،  وتصلب الشرايين.  ب   الإصابةيسهم في خطر  )، هو عامل  LDL-C(   الضار  لالكوليستروالمرتفعة في الدم، وخاصة  
غرض  معلومات مهمة لب  زودنايقد    في داخل جسم الإنسان  الكوليسترول  اتزانالتي تنظم    الحيوية  فإن التحقيق في العمليات

في    . يتم الحفاظ على توازن الكوليسترولشرايينكوليسترول وبالتالي صحة القلب والال  أيضزيادة تحسين فهمنا لعملية  
وتصنيع وإفراز    ،امتصاص الكوليسترول، تصنيع الكوليسترولالعمليات الحيوية والتي تتضمن  خلال التوازن بين  من    الجسم

ن ارتفاع امتصاص الكوليسترول المعوي مرتبط بزيادة خطر الإصابة بأمراض  أ  إلى  شارت الدراساتأوقد    حمض الصفراء.
 التوصية   تتم وقد  دورًا مهمًا في جميع مراحل تصلب الشرايين تقريباً.    الالتهاب. علاوة على ذلك، يلعب  شرايين القلب وال

  حفيز علىت الزيادة النشاط البدني و  والشرايين، على سبيل المثالللوقاية من أمراض القلب    غذاء أنماط الحياة والبالتغيير في  
ظام الغذائي والالتهابات على خصائص  فقدان الوزن الناجم عن الن،  فإن تأثيرات النشاط البدني  ذلك،فقدان الوزن. ومع  

في هذه الأطروحة هو التحقيق في    مذكورةكان الهدف من الدراسات الولهذا  لكوليسترول غير معروفة إلى حد كبير.  أيض ا
 متعدد سكريد(  هابللالت  سببةآثار التمارين الهوائية وفقدان الوزن الناجم عن النظام الغذائي بالإضافة إلى المحفزات الم

خصائص    )[LPS]دهني  ال محتوى    أيضعلى  تأثير  دراسة  تمت  ذلك،  إلى  بالإضافة  الستيرول مركبات  الكوليسترول. 
) على وظائف الكبد وعلامات  HPN(  المنزلفي  مستحلبات دهنية مختلفة للتغذية الوريدية  ثلاث  في  المستخدمة    ةالنباتي

   الالتهاب.

الكوليسترول،   أيض خصائص  عن    من بحوث علمية  رلكل ما نش  جية منه  مراجعة الثاني من هذه الأطروحة  الفصل  تضمن  
صف هذا الفصل قد والاضطرابات الأيضية المختلفة. والعديد من  ، في  داخل الجسم  هصنيعوت   أي امتصاص الكوليسترول

الكوليسترول   صنيعلامتصاص الكوليسترول المعوي وت  علاماتك  non-cholesterol sterols  مستوياتأيضًا صلاحية  
الكوليسترول،   صنيعأنماط مميزة لامتصاص الكوليسترول وت  وجود   ىعليدل  مؤشر  . بشكل عام، كان هناك  داخل الجسم

ين صانعللكوليسترول أو    متصينم  إلى  هميمكن تصنيف  أيضية  اضطرابات  نالأفراد الذين يعانون م  يشير إلى أنقد  مما  
  .لللكوليسترو 

  امتصاص  علامات أسابيع على    ثمانية التمارين الرياضية الهوائية لمدة    جتأثير برناموصف الفصل الثالث من هذه الأطروحة  
زيادة الوزن وبدانة  من كبار السن يعانون من سبعة عشر رجُلاً  ما إجماليه شارك الدراسة،الكوليسترول. في هذه  صنيعوت

ل (الكامبيسترول) امتصاص الكوليسترو  مستويات علامة ، فإن الانضباط. بالمقارنة مع فترة  ضبوطةفي دراسة عشوائية م
  من   أسابيع  فترة ثمانية بعد  الكوليسترول (اللاثوستيرول)    صنيعتعلامة  تغيير في  أي  إلى الانخفاض مع عدم وجود  د مال  ق

 التمارين. هذه  ممارسة

امتصاص    علاماتعن النظام الغذائي على    جمفقدان الوزن النا  تأثيرقمنا بالتحقيق في    الأطروحة،في الفصل الرابع من هذه  
  بشكل مقطعي  قمنا أيضًا بفحص  الفصل،. في هذا  بدانة عند منطقة البطن  في رجال يعانون منتصنيعه  الكوليسترول و

 أربعةً وخمسون   إشراك ما إجماليهذوي الوزن الطبيعي. لهذا الغرض، تم    وأولئك الرجالهؤلاء    الأساسية بين  الاختلافات
بدانة  الرجال الذين يعانون من    توزيعرجلاً يتمتعون بوزن طبيعي. تم    ستة وعشرونو  رجلاً لديهم بدانة عند منطقة البطن

. استهلك الأشخاص في مجموعة المنضبطةالوزن أو مجموعة    بشكل عشوائي إما في مجموعة فقدان  عند منطقة البطن
أسابيع متبوعًا مباشرة بفترة حفاظ على الوزن لمدة أسبوعين  ستةفقدان الوزن نظامًا غذائياً مقيدًا بالسعرات الحرارية لمدة 

الحفاظ   إلى  المشاركين في المجموعة المنضبطة  الأشخاص  تم إرشاد   .سنتيمتر  102أقل من    للوصول إلى محيط خصر
  انخفض) بينما  كوليستانولمستوى علامة امتصاص الكوليسترول (  النشاط البدني. ، زاد   ىالمعتاد ومستو   نمط الغذائيعلى ال

لكوليسترول بين الرجال  أيض اخصائص  أيضا تشابه في  بعد فقدان الوزن. وجدنا  (اللاثوستيرول)    الكوليسترولعلامة صنع  
لم تكن التغيرات في مستويات    لذلك،  بالإضافةسابقاً والرجال ذوي الوزن الطبيعي.    نطقة البطنبدانة عند م  من   الذين يعانون

بل كانت أيضًا مرتبطة بشكل سلبي بالتغيرات في حجم الدهون    فحسب،الكوليستانول مرتبطة بشكل سلبي بفقدان الوزن  
عن دور الدهون الحشوية والدهون داخل الكبد في التوسط في العلاقات بين  دراسة المقطعية  كشفت تحليلات الوالحشوية.  
  .تصنيعهالجسم وعلامات امتصاص الكوليسترول و ةمؤشر كتل



Summary in Arabic   |   173   
 

 154 

) HDL(الكوليسترول الصحي  الدهون والبروتينات الدهنية، ووظيفة    مستوياتعلى    LPSيصف الفصل الخامس تأثيرات  
ً شارك فيها إثنان وثلاثون    ضبوطةدراسة عشوائية م  نمالكوليسترول.    خصائص أيض  علاماتوكذلك   يتمتعون    رجلا شابا

لهؤلاء    LPS  حقن. أدى  فقط    LPSوقد تم حقنهم بمركب    الدواء الوهمي مجموعة    في  منهم   رجال  ثمانية   كان  ،بصحة جيدة
تكوين حمض    زيادة  الكوليسترول بالإضافة إلى  تصنيع  علاماتو   HDLووظيفة    LDL-Cإلى خفض تركيزات    الرجال
امتصاص الكوليسترول. أظهرت هذه الدراسة    علامات  ىغياب التأثير عل  االثلاثية. وقد لاحظنالدهون    مستوياتو  الصفراء

تكوين حمض    علامةو  )في داخل الجسم  الكوليسترول  لتصنيع  يستخدم أيضا كعلامة(كلا مستويات ديسموسترول  أن  بأيضًا  
  رتباط الاارتباطًا إيجابياً بعلامات مختلفة للاستجابات الالتهابية، بينما كان    ةرتبط م  )7-hydroxycholesterol( الصفراء

ً سلبي   . لاستجابات الالتهابيةا علامات تغييراتوتغييراتهم بين  ا

مريضًا بالغاً مستقرًا يعانون من فشل  تضمنت خمسة وثمانين    دراسة تجريبيةيصف الفصل السادس من هذه الأطروحة  
هو  HPNيتلقون  ومعوي   الدراسة  هذه  من  محتوى  وكان الهدف  تأثير  من  النباتي  مركبات  التحقق  ثلاث    ةالستيرول  في 

تم   الكبد.  ووظيفة  الالتهاب  علامات  على  مختلفة  دهنية  الدراسة  الاستنتاجمستحلبات  هذه  الذين  من  المرضى   يتلقون   أن 
في البلازما مقارنة مع أولئك الذين يتلقون مستحلبات    الستيرولمركبات    أعلى من  مستوياتلديهم    Intralipid  مستحلب

ClinOleic    أوSMOFLipid  .وعلامات وظائف الكبد.  هذه المركبات  بين    ظهرت كانت هناك علاقة ارتباط موجبة  و
ثلاثية وعلامات وظائف الكبد   دهونمستويات    SMOFLipid  مستحلب   يتلقونعلاوة على ذلك، كان لدى المرضى الذين  

 . Intralipidأو    ClinOleicمقارنة مع أولئك الذين يتلقون مستحلبات    في البلازما  الطبيعية  المستوياتعلى ما يبدو ضمن  

والتغذية الهوائية    التمارين  ار آث. وبشكل أكثر تحديدًا،  البشري  الكوليسترولأيض    بشكل عام، ركزنا في هذه الأطروحة على
هذه الأطروحة من    ثباتالإ. تم  داخل الجسم  الكوليسترول  تصنيعوالالتهابات على علامات امتصاص الكوليسترول المعوي و

مثل  أن الناالهوائيةالتمارين    ممارسة  عوامل  الوزن  وفقدان  و  جم،  الغذائي،  النظام  ارتبطت  LPS  بمركب   حقنعن    قد 
لازال هناك حاجة لدراسات مستقبلية لتقييم ما إذا كانت هذه التغيرات لها آثار  والكوليسترول.  أيض في خصائص  تغيرات ب

 .شرايينخطر الإصابة بأمراض القلب وال تقليل  مفيدة على
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 نبذه مختصرة عن الأطروحة
 

من أحد الأسباب الرئيسية للوفيات في جميع أنحاء العالم. ومن المعروف  لشرايينأمراض القلب وا عٌدَت، نلعقود من الزم
الكوليسترول    مستويات ن  أ  إلى   الأبحاث العلمية  هذه الأمراض. أشارتر  السمة المعروفة وراء تطو  أن تصلب الشرايين هو

لذلك،  وتصلب الشرايين.  ب   الإصابةيسهم في خطر  )، هو عامل  LDL-C(   الضار  لالكوليستروالمرتفعة في الدم، وخاصة  
غرض  معلومات مهمة لب  زودنايقد    في داخل جسم الإنسان  الكوليسترول  اتزانالتي تنظم    الحيوية  فإن التحقيق في العمليات

في    . يتم الحفاظ على توازن الكوليسترولشرايينكوليسترول وبالتالي صحة القلب والال  أيضزيادة تحسين فهمنا لعملية  
وتصنيع وإفراز    ،امتصاص الكوليسترول، تصنيع الكوليسترولالعمليات الحيوية والتي تتضمن  خلال التوازن بين  من    الجسم

ن ارتفاع امتصاص الكوليسترول المعوي مرتبط بزيادة خطر الإصابة بأمراض  أ  إلى  شارت الدراساتأوقد    حمض الصفراء.
 التوصية   تتم وقد  دورًا مهمًا في جميع مراحل تصلب الشرايين تقريباً.    الالتهاب. علاوة على ذلك، يلعب  شرايين القلب وال

  حفيز علىت الزيادة النشاط البدني و  والشرايين، على سبيل المثالللوقاية من أمراض القلب    غذاء أنماط الحياة والبالتغيير في  
ظام الغذائي والالتهابات على خصائص  فقدان الوزن الناجم عن الن،  فإن تأثيرات النشاط البدني  ذلك،فقدان الوزن. ومع  

في هذه الأطروحة هو التحقيق في    مذكورةكان الهدف من الدراسات الولهذا  لكوليسترول غير معروفة إلى حد كبير.  أيض ا
 متعدد سكريد(  هابللالت  سببةآثار التمارين الهوائية وفقدان الوزن الناجم عن النظام الغذائي بالإضافة إلى المحفزات الم

خصائص    )[LPS]دهني  ال محتوى    أيضعلى  تأثير  دراسة  تمت  ذلك،  إلى  بالإضافة  الستيرول مركبات  الكوليسترول. 
) على وظائف الكبد وعلامات  HPN(  المنزلفي  مستحلبات دهنية مختلفة للتغذية الوريدية  ثلاث  في  المستخدمة    ةالنباتي

   الالتهاب.

الكوليسترول،   أيض خصائص  عن    من بحوث علمية  رلكل ما نش  جية منه  مراجعة الثاني من هذه الأطروحة  الفصل  تضمن  
صف هذا الفصل قد والاضطرابات الأيضية المختلفة. والعديد من  ، في  داخل الجسم  هصنيعوت   أي امتصاص الكوليسترول

الكوليسترول   صنيعلامتصاص الكوليسترول المعوي وت  علاماتك  non-cholesterol sterols  مستوياتأيضًا صلاحية  
الكوليسترول،   صنيعأنماط مميزة لامتصاص الكوليسترول وت  وجود   ىعليدل  مؤشر  . بشكل عام، كان هناك  داخل الجسم

ين صانعللكوليسترول أو    متصينم  إلى  هميمكن تصنيف  أيضية  اضطرابات  نالأفراد الذين يعانون م  يشير إلى أنقد  مما  
  .لللكوليسترو 

  امتصاص  علامات أسابيع على    ثمانية التمارين الرياضية الهوائية لمدة    جتأثير برناموصف الفصل الثالث من هذه الأطروحة  
زيادة الوزن وبدانة  من كبار السن يعانون من سبعة عشر رجُلاً  ما إجماليه شارك الدراسة،الكوليسترول. في هذه  صنيعوت

ل (الكامبيسترول) امتصاص الكوليسترو  مستويات علامة ، فإن الانضباط. بالمقارنة مع فترة  ضبوطةفي دراسة عشوائية م
  من   أسابيع  فترة ثمانية بعد  الكوليسترول (اللاثوستيرول)    صنيعتعلامة  تغيير في  أي  إلى الانخفاض مع عدم وجود  د مال  ق

 التمارين. هذه  ممارسة

امتصاص    علاماتعن النظام الغذائي على    جمفقدان الوزن النا  تأثيرقمنا بالتحقيق في    الأطروحة،في الفصل الرابع من هذه  
  بشكل مقطعي  قمنا أيضًا بفحص  الفصل،. في هذا  بدانة عند منطقة البطن  في رجال يعانون منتصنيعه  الكوليسترول و

 أربعةً وخمسون   إشراك ما إجماليهذوي الوزن الطبيعي. لهذا الغرض، تم    وأولئك الرجالهؤلاء    الأساسية بين  الاختلافات
بدانة  الرجال الذين يعانون من    توزيعرجلاً يتمتعون بوزن طبيعي. تم    ستة وعشرونو  رجلاً لديهم بدانة عند منطقة البطن

. استهلك الأشخاص في مجموعة المنضبطةالوزن أو مجموعة    بشكل عشوائي إما في مجموعة فقدان  عند منطقة البطن
أسابيع متبوعًا مباشرة بفترة حفاظ على الوزن لمدة أسبوعين  ستةفقدان الوزن نظامًا غذائياً مقيدًا بالسعرات الحرارية لمدة 

الحفاظ   إلى  المشاركين في المجموعة المنضبطة  الأشخاص  تم إرشاد   .سنتيمتر  102أقل من    للوصول إلى محيط خصر
  انخفض) بينما  كوليستانولمستوى علامة امتصاص الكوليسترول (  النشاط البدني. ، زاد   ىالمعتاد ومستو   نمط الغذائيعلى ال

لكوليسترول بين الرجال  أيض اخصائص  أيضا تشابه في  بعد فقدان الوزن. وجدنا  (اللاثوستيرول)    الكوليسترولعلامة صنع  
لم تكن التغيرات في مستويات    لذلك،  بالإضافةسابقاً والرجال ذوي الوزن الطبيعي.    نطقة البطنبدانة عند م  من   الذين يعانون

بل كانت أيضًا مرتبطة بشكل سلبي بالتغيرات في حجم الدهون    فحسب،الكوليستانول مرتبطة بشكل سلبي بفقدان الوزن  
عن دور الدهون الحشوية والدهون داخل الكبد في التوسط في العلاقات بين  دراسة المقطعية  كشفت تحليلات الوالحشوية.  
  .تصنيعهالجسم وعلامات امتصاص الكوليسترول و ةمؤشر كتل
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  شكر وتقدير 
  

  قأموري والتوفيلك ربي كُل الحمد والشكر والثناء والفضل على عونك وإعانتك وتيسير 

 لإتمام هذه الأطروحة، وأسألك ان تجعلها خالصة لوجهك الكريم.

إلى من هم سبب وجودي في الحياة بعد ربي سبحانه، أبي وأمي، لا أجد الكلمات الكافية  

التي توفي دعمكم وحبكم الدائم، شكراً لكما من أعماق قلبي على دعائكما المستمر لي 

 بالنجاح والتوفيق. 

أخواني وأخوتي، شكراً على تحفيزكم وإدخال السرور لقلبي وتواصلكم معي خلال إلى 

 مسيرتي الدراسية، سأبقى دوماً ممتن لكم وفخور بكم.

إلى الأقارب والأصدقاء، شكراً لكم على سؤالكم عني والاطمئنان عليَ ودعائكم لي بالخير 

ناء.هدفي، أنتم تستحقون الشكر والث قوالتسيير والتوفيق وتحقي   

، شكرا لكم على دعمكم السخي طيلة فترة دراستي.ةإلى وطني الغالي وحكومتي الرشيد  

 إلى جامعة الباحة وكلية العلوم الطبية التطبيقية، شكرا لكم على الدعم والتشجيع. 

 

 سلطان قاسم مشنفي
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