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From Dietary Cholesterol to Blood Cholesterol

Frans Stellaard 1,2

1 Department of Nutrition and Movement Sciences, NUTRIM (School of Nutrition and Translational Research
in Metabolism), Maastricht University Medical Center, P.O. Box 5800 Maastricht, The Netherlands;
f.stellaard@maastrichtuniversity.nl; Tel.: +31-652579392

2 Institute of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn, Venusberg-Campus 1,
53127 Bonn, Germany

The Nutrients’ Special Issue “From dietary cholesterol to blood cholesterol” aims to
supply existing knowledge and novel new research data about human cholesterol (C)
fluxes. The Special Issue contains eight review papers with updated knowledge concerning
the complex endogenous and exogenous aspects of C metabolism as well as seven papers
describing novel new information, all adding to a better understanding of C homeostasis.

To study the association between dietary C and blood C concentrations, one needs to
understand the whole-body C metabolism. The general idea, that an enhanced intake of
dietary C leads to enhanced C concentrations in blood, is far too simplified. Analyzing
epidemiological studies and meta-analyses, Fernandez and Murillo [1] showed the lack
in an association between dietary C and blood C. The explanation for this may be found
in the regulatory mechanisms within C metabolism. The physiological lipid fluxes and C
homeostasis were described by Stellaard et al. [2]. The intestinal flux of C does not solely
consist of dietary C but is dominated by biliary C derived from hepatic secretion, temporary
storage in the gallbladder and secretion from the gallbladder following neurohormonal
stimuli. Furthermore, under physiological conditions, the intestinal fractional absorption
rate (FAR) of C is highly variable, ranging from 20 to 80% [3,4]. Thus, only a high dietary
C intake combined with a high biliary C secretion rate and a high C FAR may lead to a
clear, high C input into the endogenous C. The endogenous C pool is not only determined
by C absorption but also by endogenous C synthesis. Under physiological, dietary C
intake conditions, C FAR and C synthesis are negatively associated, indicating a reduced C
synthesis when C FAR is high and an induced C synthesis when C FAR is low [5]. Hepatic
C metabolism determines C homeostasis, coordinating several C fluxes entering the liver as
high density lipoprotein (HDL-C), low density lipoprotein (LDL-C), chylomicron remnant
(CMR-C), hepatic C synthesis, and leaving the liver as very low-density lipoprotein (VLDL-
C), biliary C secretion, and synthesis of bile acids (BAs). Thus, C synthesis and C FAR are
the major determinants affecting the C input into the endogenous C pool when dietary C
intake is not enhanced [2].

It is generally expected that enhanced C synthesis and C FAR are determinants
of the serum C concentration and, predominantly, the LDL-C concentration. However,
Stellaard et al. [6] demonstrated a lack in correlation between serum LDL-C and C synthe-
sis or C FAR in healthy subjects, when measured directly or when approached by respective
marker technologies. It is concluded that the effects of C synthesis and C FAR are diluted
by the effects of the other mentioned hepatic C fluxes. Elevated serum LDL-C is considered
the most predictive atherogenic criterium to express enhanced risk for CVD and LDL-C
lowering therapy is generally started [7]. The LDL-C lowering target is determined by
the additional risk factors such as smoking, obesity, and diabetes. Recently, it has become
evident that cholesterol in LDL is not the only atherogenic factor. The C present in more
triglyceride-rich lipoproteins (TRL) such as VLDL remnants, IDL remnants, and chylomi-
cron remnants (CMR) exhibit high atherogenic potential [8]. Lütjohann et al. [9] described
the potentials and limitations of determining the TRL-C with rapid, commercially available
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analytical techniques applicable in routine clinical diagnostic laboratories. The treatment of
enhanced serum TRL-C requires the development of alternative treatment methods.

Mashnafi et al. [10] studied the effect of a low calorie diet on C synthesis and C FAR
in obese male subjects using the marker technology. They concluded that diet induced
weight reduction and led to reduced C synthesis and enhanced C absorption in conjunction
with reduced total C and LDL-C in serum. Unfortunately, the authors did not measure
the dietary C intake. A low calorie diet may include a low C intake and possibly an
induced C FAR. Lytle et al. [11] studied the effects of low-fat ground beef and high-fat
ground beef on the voluntary adaptation of the food composition, on the serum lipoprotein
levels, and on lipoprotein composition. Interestingly, the overall fat intake in the low-fat
intervention period was lower than at entry. The overall fat intake during the high-fat
intervention period was only slightly higher than at entry. These effects are explained by
the pan broiling of the beef patties, which led to significant fat loss. Both intervention diets
contained less cholesterol compared with the intake values at entry. In both intervention
periods, the serum LDL-C concentrations were lower than at entry. Unfortunately, no
data were available for the daily flux of biliary C, nor for the C FAR. This study shows
that alterations in dietary food composition are not automatically translated into expected,
altered serum lipid profiles. Food preparation, food adaptation, and endogenous responses
to the dietary changes affect the final results. Houttu et al. [12] observed important effects
in three patients consuming extreme high-fat, low-carbohydrate diets. In two patients,
the protein and fat intake expressed 37 and 61 E-% and carbohydrate intake less than
3 E-%. With 16, 9, and 12 mmol/L, the LDL-C concentrations in the three patients were
at the level of homozygous familial hypercholesterolemic patients. Interestingly, dietary
modifications towards reduction in animal fat intake clearly reduced their serum LDL-
C values. Apparently, extreme high-animal fat diets do enhance serum LDL-C and the
introduction of extreme reductions in animal fat intake do reduce LDL-C.

Due to required invasive methodologies, metabolic studies of lipid metabolism can-
not be performed in humans. Experimental animals are used instead with a preference
for mice. However, lipoprotein metabolism and lipid metabolism are different between
humans and natural mice. Therefore, mice with humanized lipid metabolism have been
developed. The latest model is described as APOE*3-Leiden.CETP mice, as described
and applied by Paalvast et al. [13]. The authors analyzed the effect of a high-fat, high-C
diet in the responding mice establishing an increased serum TG response and in the non-
responding mice. Their main conclusions were that, in contrast to the responding animals,
the non-responding animals developed a fat malabsorption possibly caused by a decreased
production of BAs. The authors suggested that the variation in BA homeostasis may in part
drive the phenotypic variation in the APOE*3-Leiden.CETP mice.

An important line of recent research on C metabolism is focused on the role of phy-
tosterols. Phytosterols are present in plants and enter the body only via the diet. The
majority are present as sitosterol and campesterol. These compounds have a similar chemi-
cal structure as C, differing in an additional methyl-group in the side chain. Phytosterols
are transported similarly compared to C, with both transported in the intestine as in lipopro-
teins. However, the FARs of phytosterols are much lower than the C FAR, i.e., less than 10%.
One research topic deals with the fact that a high phytosterol concentration in serum is
expressed as a reflection of high C absorption. The ratio between plant sterol concentrations
to total C in fasting serum is used as a surrogate marker for C absorption. Otherwise,
phytosterol absorption has been shown to compete with C absorption at the level of uptake
into micelles transporting sterols to the site of absorption. This has led to the development
of food supplements containing phytosterols and/or stanols in order to reduce C absorp-
tion and lower serum LDL-C and therewith the enhanced risk for cardiovascular disease
(CVD). However, the potential risk of elevated serum phytosterol concentrations for CVD
development has been postulated in the literature. Windler et al. [14] discussed the pros
and cons of phytosterol treatment and concluded that the regular dose of the supplement
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must be considered too low to introduce a significant risk for cardiovascular disease in the
general population.

Non-C sterols represent a class of compounds combining C precursors in the C syn-
thesis pathway (lanosterol, lathosterol, desmosterol, stigmasterol). The ratio between their
concentrations and the total C concentration in fasting serum are considered markers for C
synthesis. Van Brakel et al. [15] described an unexpected potential function of non-C sterols.
In up to two year-old children, the authors were able to show that the odds of eczema were
lower with higher non-C sterols in breast milk. The odds of allergic sensitization at age two
were lower with higher concentrations of campesterol in breast milk.

BAs are hepatic metabolites of C and have many distinct functionalities. Synthesis of
BAs is a major factor in the removal of endogenous C. Otherwise, they serve to produce
mixed micelles and transport lipophilic compounds such as C and triglycerides through the
intestine and C in bile. In recent years, BAs have been identified as signaling compounds in
the regulation of many processes. At first, absorbing circulating BAs regulate the hepatic BA
synthesis rate and control the rate of gallbladder relaxation. Secondly, they are involved in
the regulation of many independent metabolic processes. These processes and mechanisms
of action, involving mainly the farnesoid X receptor (FXR) and enterokine fibroblast growth
factor 19 (FGF19), are described in detail by Di Ciaula et al. [16].

Disturbances in the gut microbiota have been repeatedly associated with CVD, includ-
ing atherosclerosis and hypertension. Short-chain fatty acids, trimethylamine-N-oxide, and
BAs have been identified as causal factors. The functionality of the BA pool is dependent
on its composition. Different BAs have one to three hydroxyl groups in different positions.
This determines the hydrophobicity of the individual BA pool. Per day, 30 to 50% of the
primary BA pools (cholic acid and chenodeoxycholic acid) are malabsorbed and converted
to secondary BAs. The bacterial products formed are determined by the gut microbial load
and composition. The effects of microbial BA modulations on the etiology of cardiovascular
diseases were discussed by Yntema et al. [17].

As mentioned, seven C fluxes are affecting the hepatic C homeostasis. The regulation
of these fluxes is a critical factor in the establishment of the hepatic C pool and the flux of
LDL-C being removed from the blood. The size of the hepatic C pool affects the regulation
of hepatic C synthesis and the synthesis of the LDL receptor affecting the hepatic extraction
of serum LDL. However, little is known about the regulation of the other C fluxes. Inter-
estingly, in this Special Issue, two contributions point to the potential role of microRNAs
(miRNAs) in hepatic regulation. miRNAs are small, single-stranded, non-coding RNA
molecules containing 21 to 23 nucleotides. Konings et al. [18] performed a systematic
review of the literature describing the involvement of miRNAs in the development of non-
alcoholic fatty liver disease (NAFLD) associated with C metabolism due to accumulation
of hepatic free C. They identified miR122, miR34a, miR21, and miR132 as potential candi-
dates to play a role in the development of NAFLD via effects on cholesterol metabolism.
Sidorkiewicz [19] contributed a review paper focusing on miR33 and described evidence
for the involvement of miR33 in the regulation of reversed C transport via HDL production.
A role for miR33 is also suggested for bile formation. Thus, microRNA research may clarify
hepatic C homeostasis in the near future and offer new tools for treatment.

A field not covered so far is C metabolism in the brain. C cannot pass the blood–brain
barrier. In the brain, C is synthesized mainly in the astrocytes and metabolized to 24S-C
in the neurons. A disturbed brain C metabolism is associated with Alzheimer’s disease
(AD) and stimulation of cholesterol turnover in the brain was found to ameliorate the
development of cognitive decline in AD mice. Martens et al. [20] described the upreg-
ulation of C efflux genes and downregulation of lipogenesis genes by incubation with
lipophilic extracts of six European brown seaweed species. Their results confirm the de-
scribed prevention of disease progression in AD mice by the Asian brown seaweed species
Sargassum fusiforme [21]. Thus, supplementation with extracts of European brown seaweed
species may become a strategy in the prevention and/or treatment of neurodegenerative
diseases and possibly cardiometabolic and inflammatory diseases.
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From Dietary Cholesterol to Blood Cholesterol, Physiological
Lipid Fluxes, and Cholesterol Homeostasis
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Abstract: Dietary cholesterol (C) is a major contributor to the endogenous C pool, and it affects the
serum concentration of total C, particularly the low-density lipoprotein cholesterol (LDL-C). A high
serum concentration of LDL-C is associated with an increased risk for atherosclerosis and cardiovascu-
lar diseases. This concentration is dependent on hepatic C metabolism creating a balance between C
input (absorption and synthesis) and C elimination (conversion to bile acids and fecal excretion). The
daily C absorption rate is determined by dietary C intake, biliary C secretion, direct trans-intestinal C
excretion (TICE), and the fractional C absorption rate. Hepatic C metabolism coordinates C fluxes
entering the liver via chylomicron remnants (CMR), LDL, high-density lipoproteins (HDL), hepatic C
synthesis, and those leaving the liver via very low-density lipoproteins (VLDL), biliary secretion, and
bile acid synthesis. The knowns and the unknowns of this C homeostasis are discussed.

Keywords: cholesterol; synthesis; absorption; bile acids; bile; hepatic; extrahepatic; lipoproteins;
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1. Introduction

High dietary cholesterol (C) intake is considered unhealthy, since it may contribute to
elevated concentrations of serum C and in particular of low-density lipoprotein C (LDL-C).
This is associated with the development of atherosclerosis and cardiovascular events, such
as heart attacks and strokes. In this review paper, attention will be paid to the potential role
of dietary C in the control of serum C. Serum C is the balance between the input of C into the
blood and the C efflux from blood via hepatic extraction and elimination. The main C fluxes
are shown in Figure 1, and they will be discussed in detail hereafter. In this introduction,
only a generally accepted short summary is described. Consumed animal fat contains C in
both the free (FC) and esterified form (CE). Fat digestion is predominantly established by
the activated release of pancreatic digestive enzymes after meal intake and their secretion
into the small intestine. Triglycerides (TG) are cleaved to free fatty acids (FFA) and glycerol,
and C-esters to free C and fatty acids. In parallel, bile is secreted due to gallbladder
contraction, activated by cholecystokinin (CCK) release from the duodenal mucosa. Bile
acids (BA) enable the establishment of mixed micelles in which the hydrophobic FFAs
and C as well as xenosterols such as plant sterols can be transported to the active sites of
absorption. Here, the compounds are released and taken up into the enterocytes where
they are predominantly incorporated into chylomicrons (CM) after esterification. After
release of CMs into the lymph system, conversion into chylomicron remnants (CMR) starts
through interaction with Lipoprotein Lipase (LPL), which converts TG to FFA. The FFAs are
released from CM and the CMRs are much smaller and denser as CMs and taken up into the
liver and potentially also into extrahepatic tissues and macrophages. Besides oxidized LDL,
CMRs are deposited in coronary artery plaques. The liver is the central organ to control
C homeostasis. Interrelated processes occur in the liver. Extracted with the CMRs, TGs
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and a part of CEs are released and incorporated into very low-density lipoprotein (VLDL)
particles, which are secreted into blood. Through LPL, VLDL is converted to LDL particles
that are re-extracted by the liver or by extrahepatic tissues such as macrophages. The C
mixes with the hepatic C pool from which molecules can be used for BA synthesis and for
biliary C secretion. The liver also takes up high-density lipoprotein (HDL) particles or the C
component from the HDL particles from blood that are formed in extrahepatic tissues. This
source of C is mainly used for biliary C secretion [1,2]. In bile, C is incorporated into mixed
micelles formed by BAs and phospholipids. Bile is largely stored in the gallbladder at
night and between meals. After meal intake, biliary C mixes with dietary C. Thus, dietary
C is only part of the total C flux moving through the intestine before absorption. The
daily flux of biliary C through the intestine is 2–4 times larger than the flux of dietary
C [3,4]. The input of C into the whole-body C pool originates from C absorption and
whole-body C synthesis; C is synthesized by almost all cells, and it is eliminated from the
body via BA synthesis and fecal excretion of C and its bacterial metabolites coprostanol
and coprostanone. In health, input and elimination are in balance leading to a constant
whole body C pool. Imbalance caused by excessive input or reduced elimination may lead
to elevated serum C. Ideally, high C absorption is compensated by a reduced in vivo C
synthesis and an enhanced BA synthesis. Vice versa, enhanced C synthesis compensates
for extremely lowered C absorption.

Figure 1. C fluxes in omnivore humans as published by Lütjohann et al. [4]. The numbers in italics are
obtained by reasonable estimates based on the proportion of chylomicron remnants being extracted by
the liver and the proportion of hepatic C synthesis to whole body synthesis. Chylomicron remnants not
extracted by the liver are taken up by extrahepatic tissues including macrophages. CM = chylomicrons,
CMR = chylomicron remnants, VLDL = very low density lipoprotein, LDL = low density lipoprotein,
HDL = high density lipoprotein, FFA = free fatty acid, BA = bile acid. No numbers are available for the
lipoprotein fluxes.

2. Dietary C Intake

In food, C is present in animal fat in the free form and predominantly in the esterified
form. Animal fat is present in meat, fish, eggs, and in dairy products. In the western
diet, daily C intake varies from approximately 100 to 400 mg/day, but excessive intakes
up to 800 mg/day have been described [5]. C intake is much lower than the daily TGs
intake of 60 to 150 g/day. In meat and fish, 100 g generally contains 40 to 120 mg of C.
Restriction of C intake reduces the contribution to the daily intestinal C flux. Compared to
omnivores, vegans have a 90% lower C intake, which results in a 13% lower serum LDL-C
concentration [4]. This seemingly small effect on LDL-C is caused by a 35% increase in
whole body C synthesis. This highlights the balance between absorption and synthesis.
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Therefore, a reduction in dietary C intake alone is not sufficient to lower serum LDL-
C to a larger extent as needed in some diseased conditions. In addition, the balance is
important in situations in which C intake is high. In that case, reduction of C synthesis
keeps LDL-C under control. A convincing example is described by Kern Jr [6]. The
daily diet of an 88-year old single man consisted of 25 eggs cooked in the morning and
consumed during the day. His serum C was normal due to a reduced fractional absorption
rate (FAR) and synthesis rate as well as an increased BA synthesis. Apparently, this
compensating control does not function effectively in all human beings. Egg consumption
is an ongoing discussion. One egg contains 150 to 180 g of C in the yolk fraction, which is
relatively high as compared to the average daily intake of 100 to 400 mg C. The increased
risk of cardiovascular events associated with a higher egg intake may be linked to the
accompanying food products. With breakfast, eggs may be consumed fried in butter
with bacon and sausages or consumed cooked with bread. Chinese populations tend to
eat eggs with diner together with vegetables and rice. Interestingly, the risk among the
Chinese for all-cause mortality does not increase with increasing egg consumption up to
7 eggs/week [5]. This was in contrast with black and white Americans whose risk increases
already from 3 eggs/week on. Moreover, egg intake has been shown to increase HDL-C
in serum in parallel with LDL-C, which may partly compensate for the risk effect of a
high LDL-C concentration. A recent meta-analysis by Kuang et al. [7] indicates that the
unchanged HDL-C/LDL-C ratio may explain that egg consumption does not increase the
risk for cardiovascular disease in the general population. Patients at risk for cardiovascular
disease should limit egg consumption. In another recent review paper [8], the authors
discuss the recommendations on egg consumption for patients at risk for cardiovascular
disease. They conclude that the rate of C absorption is important. Indeed, the FAR varies
individually from 20 to 80% [9,10]. A healthy subject consuming 300 mg C per day and
absorbing 80%, absorbs 240 mg C per day. A healthy subject consuming 100 mg while
absorbing 20%, absorbs only 20 mg. The difference in absorptive load of dietary C between
the two subjects is 220 mg per day or 12-fold. The FAR affects not only dietary C but also
biliary C. Thus, a high FAR may lead to elevated serum total C and LDL-C concentrations.

3. Known and Unknown C Fluxes in Humans

In Figure 1, average sizes of known C fluxes are indicated. The numbers are retrieved
from the data for omnivores as published by Lütjohann et al. [4]. With a mean daily C
intake of 350 mg/d, the subjects had a relatively high C consumption, when compared to
the normal intake of 100 to 400 mg/d. The data show that the daily biliary C flux is twice
the dietary C flux (700 mg/d). The total daily intestinal C flux is then 1050 mg/d. Based on
the mean 50% FAR, the daily total flux of absorbed C is on average 525 mg/d. The majority
will be taken up by the liver, the rest enters extrahepatic tissues including macrophages.
The exact proportions are not known. We assumed 450 mg/d to be extracted by the
liver. The measured whole-body C and bile acid synthesis rates were 840 and 420 mg/d.
The exact contribution of hepatic C synthesis to whole-body synthesis in humans is not
known. In the cynomolgus monkey, this value is around 20%, which may represent the
value in humans [11]. Generally, in scholarly literature, a 50% contribution is assumed
without references. Both options would lead to a hepatic synthesis of 165 and 420 mg/d.
An in-between value of 300 mg/d was chosen as a compromise. Despite the clear high
uncertainty, this value gives a rough estimate for hepatic synthesis. It must be realized that
large inter-individual variations exist in dietary C intake, biliary C secretion, C FAR, and
BA synthesis. The whole-body C synthesis compensates for the fecal loss of endogenous C
and BA synthesis. The total influx of CMR-C into the liver and hepatic C synthesis together
estimates 750 mg/d, much less than the sum of biliary C secretion rate of 700 mg/d and
BA synthesis of 420 mg/d. The flux of C entering the liver in HDL particles may largely
contribute to biliary C secretion. The hepatic LDL-C influx is smaller than the VLDL-C
efflux. Daily flux values for the hepatic VLDL-C secretion, LDL-C uptake, and HDL-C
uptake are not available. The VLDL secretion is mainly controlled by the triglyceride flux
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entering the liver with CMRs. The hepatic LDL uptake is mainly determined by VLDL
secretion, fatty-acid release from VLDL, hepatic uptake of VLDL remnants, uptake of LDL
into extrahepatic tissues, and hepatic LDL-receptor activity. Furthermore, biliary secretion
is here defined as the daily flux of biliary C entering the intestine. This flux contains
mostly C derived from bile stored in the gallbladder which is emptied several times a day.
Intestinal biliary C is partly absorbed and recycled to the liver. Therefore, the amount of
hepatic C newly secreted into bile is much lower than the flux of biliary C entering the
intestine. The daily biliary C secretion rate into the intestine is dependent on the degree
of gallbladder contraction, which may be 50 to 90% [12] and the number of gallbladder
contractions being two to three per meal intake. The numbers depend on subject, meal
size, and meal composition (fat and protein content). In case of extreme high fat meals,
gastric emptying is delayed and the gallbladder may remain in a contracted state for many
hours keeping the bile in continuous cycling. Thus, C homeostasis requires control over a
complex system of fluxes.

Another largely unexplored aspect of C metabolism is the bacterial metabolism of
C that escapes small intestinal absorption. Based on the fluxes presented in Figure 1,
the daily flux of malabsorbed C averages 525 mg/d. The major metabolic metabolite is
coprostanol [13]. The conversion rate, expressed as the coprostanol/cholesterol ratio in
the feces of healthy subjects is high (high converters), but may be low in a minor group
of subjects (low converters). Only a small number of bacterial strains has been identified
that is able to produce coprostanol from cholesterol. This process has been shown to
modify host C levels in serum [14]. The ratio of coprostanol/C in feces appears inversely
related to the serum C concentration [15]. Diet factors may intervene with the colonic
bacterial C metabolism as has been documented for milk polar lipids, reducing serum C
concentration [16].

4. Fat Digestion and Intestinal Transport

The dominant lipids in the diet are TGs. In the western diet, the fat intake predominantly
consisting of TG is between 60 and 150 g/day. The C intake comprises 100–400 mg/day.
Considering an average TG intake of 100 g/d and a C intake of 200 mg/d, the TG/C ratio
is 500. The digestion of TG and C require gastric emulsification and de-esterification with
gastric but predominantly pancreatic lipases and cholesterol esterase and uptake in mixed
micelles formed by BAs (Figure 2). The availability of BAs is determined by liver function
and gallbladder motility. During gastric emulsification, fat is divided in droplets being slowly
reduced to micro-droplets. These allow access to digestive enzymes and bile after their
entrance into the duodenum. The appearance of fat in the duodenum leads to CCK release
from the duodenal cells. The CCK stimulates secretion of pancreatic juice containing digestive
enzymes and the activation of gallbladder contraction. Pancreatic juice and bile migrate to the
duodenum. TGs are broken down to FFA, glycerol and monoacylglycerol, CE to C, and fatty
acids. BAs initiate the formation of mixed micelles in which fatty acids and C can be packed
for transportation through the small intestine. Conjugated plant sterols such as sitosterol and
campesterol are also present in food and transported into the micelles in its free form. The
daily intake of plant sterols is similar to the intake of C. It is generally assumed that in healthy
subjects emulsification, de-esterification and micellar uptake are always highly efficient for TG
and C. It is also assumed that the large load of TGs does not impair the processing of C. The
micelles containing FFA and C move down the small intestine and FFA and C are delivered to
the enterocytes, where they are taken up by specific transporter proteins.
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Figure 2. Fat digestion of TG and CE and micellar transport of FFAs and C to enable lipid uptake into
the enterocytes. The red arrow represents TG metabolism, the green arrow C metabolism and the blue
arrow BA absorption. TG = triglycerides, CE = cholesterol ester, FFA = free fatty acid, C = free cholesterol,
BA = bile acid.

5. Absorption

The micelles allow lipids to be transported through the aqueous environment, to cross
the unstirred water layer and to attach to the enterocyte in order to release free fatty acids
and sterols into the cell (Figure 2); C is predominantly absorbed in the jejunum [17,18].
For sterols, Niemann-Pick C1 Like 1 (NPC1L1) is the selective uptake protein [19]. The
enterocytes esterify free fatty acids and sterols back to triglycerides and sterol esters before
incorporation into large lipid rich CMs carried by the ApoB-48 lipoprotein (Figure 3). After
structuring and lipid loading of the chylomicron particles, they are secreted into the lymph.
There are indications that C may be partly transported out of the enterocyte directly into
blood via HDL [20,21]; CMs are transported through blood. A protein system consisting
of ATP-binding cassette sub-family G member 5 and 8 (ABCG5/G8) has been shown to
be effective in re-secreting part of the already taken up C and plant sterols back into the
intestinal lumen [22,23]. The effect is larger on plant sterols. This may be explained by the
smaller degree of esterification of plant sterols in the enterocyte. The overall FAR of TG
in healthy subjects is high, i.e., >85%, mean values of >90% have been described [24,25].
In contrast, the overall FAR of C in healthy subjects is highly variable (20–80%), with a
mean value of approximately 50% [9,10]. The large variation in the FAR of C is generally
ascribed to the variable activities of NPC1L1 and ABCG5/G8. It has been shown that the
whole length of the small intestine contains cells that enable absorption of the large FFA
load. The smaller load of C may need a smaller area. The duodenum and jejunum are
generally indicated as the regions for C absorption. However, whether FFA and C are
dissociated in micelles is not known. On average, healthy subjects have an orocecal transit
time of 4–6 h after consuming a solid meal. Part of this transit time is determined by gastric
emptying, which is delayed when the food is enriched in fat. Reduced activity of intestinal
ABCG5/G8 induced by gene mutations leads to enhanced absorption of C and plant sterols
as shown in sitosterolemia patients [26,27]. The FARs for plant sterols are below 20% [28],
which explains their low serum concentrations. Their low absorption rates are mainly due
to the low intestinal re-esterification rate which makes the plant sterols more susceptible
for re-secretion into the lumen by ABCG5/G8.
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Figure 3. Uptake of FFA and C into enterocyte, CM secretion and conversion to CMR and uptake
of CMR into the liver. Partial transport via HDL is also indicated. HDL= high density lipoprotein.
TG = triglyceride, FFA = free fatty acid, C = free cholesterol, CE = cholesterol ester, CM = chylomicron,
CMR = chylomicron remnant, ABCG= ATP-binding cassette sub-family G, NPC1L1 = Niemann–Pick
C1 Like 1, ABCA1 = ATP-binding cassette transporter ABCA1, SR-B =Scavenger receptor class b type
1, LRP = LDL-receptor-related protein.

Both NPC1L1 and ABCG5/G8 are also involved in hepatic C secretion into bile [29,30]:
NPC1L1 controls re-absorption of C from bile over the canalicular membrane back into the
liver, and ABCG5/G8 regulates the C secretion into bile. General whole-body upregulation
of ABCG5/G8 would enhance biliary C secretion, reduce absorption, and increase fecal
C excretion, i.e., increased elimination. Upregulation of ABCG5/G8 will have a little
effect on plant sterol absorption, but possibly a moderate effect on dietary C absorption.
However, the combination with increased biliary C secretion may positively affect total
C elimination. Plant stanols and sterols are being used as food supplements in order to
lower C absorption [31,32]. This effect of plant sterols is generally ascribed to a competitive
effect for the inclusion into mixed micelles. Plant sterols reduce the uptake of C into the
micelles [33].

Chylomicron formation, loading and release appears to be a slow process. The TG
produced at the level of the endoplasmic reticulum (ER) is either incorporated into pre-
chylomicrons within the ER lumen or shunted to TG storage pools [34,35]. This protects the
body against the large load of TG introduced by a meal. The absorption is spread out over
the whole day including the fasting state. Isotope studies show that the appearance in blood
of an orally administered bolus of labeled TG maximizes after approximately 8 to 12 h [24].
Oral administration of isotopically labeled C results in a maximum isotope enrichment in
plasma after approximately 24 h [36]. The CMR formation kinetics is determined by the
supply of CM and by LPL activity. In health, LPL activity is normally high, so that CMR
formation is predominantly determined by the CM supply. It must be understood that CM
supply and conversion of CM to CMR are determined by TG, not by C; C is just transported
by CM and remains transported in CMR.

6. Hepatic C Metabolism

The CMRs that reach the liver are taken up by the LDL-receptor-related protein (LRP),
and TG and CE are released (Figure 4). It may be predicted that 100 g TG and 200 mg C
are consumed per day, that 400 mg/d biliary C is added, that 95% of TG and 50% of C
are absorbed and that 10% of absorbed TG and 90% of absorbed C reach the liver. In that
case 9.5 g TG and 270 mg C enter the liver per day with a TG/C ratio of approximately
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35. To prevent fatty liver disease, TG is removed by incorporation into VLDL particles. In
fasting serum VLDL, the average physiological TG/C ratio equals approximately 5 (w/w),
which means that additional C is secreted and/or that part of TG in VLDL has already
been de-esterified and released as free fatty acids at the moment of sample collection.
Furthermore, the predictions assume that absorbed TG and C leave the enterocyte at the
same time and with the same speed. This may not be true. The speed of incorporation
of TG and C into chylomicrons may not be the same. The C in the liver, originating from
CMR, may be secreted in VLDL, converted to bile acids or secreted into bile. The same may
happen to de novo synthesized C in the liver and C that returned to the liver via LDL. The
control over the distribution of these fluxes is largely unknown.

Figure 4. Hepatic C metabolism. TG = triglyceride, FFA = free fatty acid, C = free cholesterol,
CE = cholesterol ester, CM = chylomicron, CMR = chylomicron remnant, BA = bile acid.

C is synthesized by a complex enzyme system. The rate limiting enzyme involved is
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase). BAs are solely
synthesized in the liver and circulate in the enterohepatic circulation with a very high
FAR (~95%) in the terminal ileum. Two important pathways convert C to BAs [37]. The
dominant one (neutral pathway, ~75%) involves 7α-hydroxylation of C as the first and
rate limiting step. The second one (acidic pathway, ~25%) starts with 27-hydroxylation
of C. BA synthesis has its own control. In the ileocyte the Farnesoid X receptor (FXR) is
activated by BAs which leads to release of fibroblast growth factor 19 (FGF19) which inhibits
the rate limiting enzyme in BA synthesis C-7α-hydroxylase. Decreased BA absorption
induced by colesevelam and cholestyramine enhances BA synthesis and as a consequence
hepatic C synthesis. Inhibited hepatic C synthesis induced by statins, does not reduce
BA synthesis [38]. C synthesis and BA synthesis undergo diurnal variation [39–42]. C
synthesis is predominantly stimulated at night, whereas BA synthesis is activated in the
early evening.

7. Biliary C Secretion and Trans-Intestinal C Excretion (TICE)

In addition to BA synthesis, biliary C secretion is an approach to remove C from the
body. It is unclear how biliary C secretion is controlled. Is C released from HDL its only
substrate or is an increased hepatic C pool size an activator for induction? Gallbladder
contraction creates an enhanced BA flux through the intestine and liver that is automatically
forwarded toward the gallbladder. Also, biliary C is partly absorbed and recycled back to
the liver. However, with an intestinal transit time of approximately 30 to 60 min, cycling of
BAs is very rapid compared to the cycling of C [43]. Transport of absorbed C is strongly
delayed by chylomicron metabolism. This may mean that during cycling after a meal, the
bile becomes depleted in C and enriched in BAs. On the other hand, cycling BAs may have
a stimulatory effect on hepatic C secretion into bile. In humans, measurement of biliary
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C secretion requires very invasive techniques applying triple lumen intubation into the
small intestine. The alternative technique is to determine dietary C intake, fecal excretion
of C metabolites and BAs (sterol balance method) and determination of the C FAR. This
allows calculation of total C loss and dietary C loss. The difference reflects biliary C loss. In
mouse models, it was possible to estimate biliary BA and C secretion by puncturing the
gallbladder after occlusion of the bile duct and collecting the bile secreted by the liver. It
was observed that this flow was smaller than was calculated by the fecal balance method.
An alternative route of C removal was defined as the trans-intestinal C excretion (TICE)
to complete the balance [44,45]. In a later stage, a new method was developed to estimate
biliary C secretion in humans since quantitative bile collection is not possible in humans; BA
kinetics were measured with stable isotopes as well as the fractional turnover rate of BAs
in plasma. These data were transferred to a biliary BA secretion rate. In bile, collected with
CCK induced gallbladder contraction, biliary C secretion rate was calculated. Using this
procedure also in humans a TICE flux could be demonstrated [36]. Intestinal ABCG5/G8 is
most likely involved in removal of TICE C from the enterocyte. In parallel with biliary and
dietary C, also C directly secreted into the intestinal lumen is subject to reabsorption [46].
Interestingly, this indicates incorporation of TICE C into micelles passing the small intestine,
which makes the understanding of C homeostasis more complex. Otherwise, for balance
studies, biliary C excretion and TICE do not necessarily need to be separated. In balance
studies a total fecal C excretion rate is measured independent of the source. After correction
for loss of dietary C, a value remains for loss of biliary C and TCE together.

8. Lipoprotein Metabolism

The hepatic metabolism of CMs and CMRs have been discussed in the previous
sections. VLDL particles are secreted from the liver into blood. As for CMs, TGs in VLDL
are de-esterified by LPL and FFAs are released and stored in adipocytes or muscles. The
VLDL particles decrease in size and density and gradually turn over into VLDL-remnant
particles of which LDL particles are the smallest. LDL and partly also VLDL remnants
can be taken up by the liver, but also by extrahepatic tissues. The difference between
VLDL-remnants and LDL is no longer strict. In addition to LDL-C, VLDL remnants C
attribute to the risk for cardiovascular disease [47,48]. The terminology of non-HDL-C
becomes popular and stands for all ApoB-100 lipoprotein bound C, i.e., LDL, VLDL and
VLDL remnants [49]. In parallel, there is a trend to promote the measurement of ApoB-100
as a more valuable marker for atherosclerotic risk [50,51]. This is based on the knowledge
that not only the C concentration inside lipoprotein fraction is important, but also the
number of and the size of particles. VLDL and LDL consist of particles with different
sizes. The more abundant and the smaller the LDL particles, the more atherogenic they
are [52–54]. Independent of size, each particle contains one ApoB-100 unit. HDL transfers
C from extrahepatic sites including macrophages and plaques to be delivered to the liver
and secreted into bile for removal. However, HDL particles and LDL particles do not act
independently. It has been demonstrated that in blood, CE can be transferred from HDL to
VLDL and LDL by the cholesterol ester transfer protein (CETP) [55]. Thus, a high CETP
activity lowers HDL-C and increases LDL-C. A low activity does the opposite, and it is
protective against atherosclerosis. Medication to lower CETP is still under development,
but it has not been successful so far [56,57].

9. C Flux Measurements in Humans

The first and principal C fluxes are synthesis and absorption. Whole body C synthesis
is measured using the sterol balance method in which fecal C excretion, fecal BA excretion,
and dietary C intake are measured [58]. Alternatively, C synthesis is measured via the mass
isotopomer distribution analysis (MIDA) [59] applying stable isotopes. As C is a polymer of
acetate units, infusion of 13C-acetate leads to a continuously increasing isotope enrichment
of the C pool. The increment of enrichment in serum C reflects the fractional C synthesis rate.
In parallel, a methodology was developed employing deuterated water as the substrate [60].
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Both the sterol balance method and isotope dilution techniques are not suitable for C
synthesis measurement in large patient populations or patient care. For that purpose,
surrogate marker technology was developed measuring intermediate metabolites in the C
synthesis pathway. Squalene, lanosterol, desmosterol, and lathosterol have been studied,
but the lathosterol concentration is the most generally accepted marker [61]. Stable isotope
technology is used to measure C absorption; 13C labeled or deuterated C is administered
orally incorporated in a meal or a capsule during a meal. Two approaches have been
introduced. One applies a seven-day continuous isotope feeding protocol combined with
labeled sitostanol as minimal absorbable reference sterol and a three-day fecal collection
period. From the ratio of enrichments of both labeled sterols in feces collected during the
last three days, the C FAR can be calculated [9]. The second approach applies a single oral
dosage of labeled C combined with a simultaneous intravenous dosage of a different labeled
C. The ratio of both isotope enrichments in serum two to three days after administration
allows the calculation of the C FAR [10]. Both approaches are unsuitable for studies in large
patient populations or in patient care. Also, for C absorption surrogate markers have been
evaluated. Cholestanol and various plant sterols have been studied of which the serum
concentrations of campesterol and sitosterol are mostly used [62]. Plant sterols are much
less efficient absorbed [63], but a high plant sterol absorption is associated with a high C
absorption. Finally, BA synthesis is measured using the stable isotope dilution method
administering 13C or deuterated primary bile acids (cholic acid, chenodeoxycholic acid) in
a single oral bolus and measuring the decay of isotope enrichment in serum during four
days [64,65]. Alternatively, BA synthesis is measured as the rate of fecal excretion, since
BAs escaping absorption are lost via feces as primary or secondary BAs. The concentration
in serum of the intermediates in the BA synthesis pathway 7α-hydroxycholesterol and 7α-
hydroxy-4-cholesten-3-one are used as markers for BA synthesis [66,67]. Generally, marker
concentrations in serum are corrected for the total C concentration in order to correct
for variable lipoprotein metabolism and LDL-receptor activity. It must be realized that a
correlation between a marker/C ratio in a single fasting serum sample and the function
measured over a four or a seven day period contains large variation. Thus, markers are
valid for group comparisons but less valid for individual patients. Biliary C secretion
cannot be measured directly in humans. Generally, it is calculated in the situation that fecal
C excretion, dietary C intake, and the C FAR have been measured. The difference between
total fecal C excretion and dietary C excretion is interpreted as the loss of biliary C. Via
FAR, the biliary secretion may be calculated as discussed in Section 7. For C absorption, it
may need discussion what flux is important. The measurement of C absorption presents a
value for the C FAR, i.e., the percentage of the dosed C isotope that is absorbed. Important
additional parameters are the dietary C intake and the biliary C secretion rate. Together
with FAR they determine the daily fluxes of absorbed dietary and absorbed biliary C as well
as the total daily C absorption rate. Dietary C intake is normally determined via a nutrition
diary. Different research centers may use different information on C contents of food
products and different protocols. Diaries also tend to underestimate food intake. The fluxes
of C in the serum lipoproteins VLDL, LDL and HDL cannot be measured. The turnover of
these lipoproteins has been measured by collecting the lipoproteins from blood, labeling
these with isotopes, reinjecting these into the volunteer and measuring the disappearance
from blood [68,69]. These techniques are only experimental, and they depend largely on
extensive modeling. No alternative marker techniques are available. For patient care in the
hospital so far only the classical parameters serum total C, LDL-C, HDL-C are available.
In the near future the parameters serum non HDL-C and ApoB may be included in the
selection of patients to be treated for prevention of cardiovascular disease. The surrogate
markers for C absorption and C synthesis might be introduced in order to predict whether
a patient is a high C absorber or high C synthesizer [70]. However, the validity of markers
for this purpose may be limited.
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10. Discussion

C homeostasis is the process that balances C input and C elimination. In detail, this
includes all the steps in C metabolism as discussed above, involving transport of absorbed
C in CMs and CMRs, endogenously synthesized C in hepatic and extrahepatic tissues,
transport of C in VLDL, LDL and HDL particles, biliary C secretion and TICE as well as
synthesis of BAs. Each step requires its own research. Many details are being unraveled
at the cellular level discovering molecular mechanisms involved. Updates of information
obtained in molecular mechanisms can be found in the recent review papers by Luo and
Li [71,72]. Here we focused on the C fluxes in healthy conditions. The interactions between
the different steps are so far largely unknown. Generally spoken, C absorption and C
synthesis are balancing in that synthesis adjusts to changes in absorption and vice versa. A
subject’s absorption rate is determined by many factors as described above. Summarized
they are:

1. C intake;
2. Digestion including gastric function, pancreatic function;
3. Hepatic BA synthesis and biliary secretion;
4. Biliary C secretion (NPC1-L1, ABCG5/G8);
5. Cholecystokinin (CCK) production and release;
6. Gallbladder function (contraction in response to CCK, relaxation);
7. Intestinal micelle formation, micellar uptake of C;
8. C uptake into enterocytes (NPC1-L1) and re-secretion into intestinal lumen (ABCG5/G8);
9. TICE;
10. CM formation, release and conversion to CMRs.

Every step involved has its own individual efficiency contributing to the daily flux
of C entering the body C pool. The body C pool must sense excess or shortage of C being
absorbed in order to upregulate or downregulate C synthesis. Extrahepatic tissues are
able to synthesize C, take up C from blood as LDL particles, but they are largely unable
to metabolize C. Their excess C must be removed via HDL transport. The liver is the
intermediate in C homeostasis. Strongly reduced C absorption will reduce the hepatic C
pool and stimulate hepatic C synthesis and increase the LDL-receptor activity stimulating
C uptake. Excess C absorption may result into enhancement of the hepatic C pool, reduced
hepatic C synthesis, enhanced BA synthesis and biliary C secretion but also enhanced
VLDL secretion and LDL formation. In the ideal situation, serum C concentration does not
increase. However, the hepatic responsiveness to strongly enhanced absorption may be
impaired leading to increased serum LDL-C and total C concentrations. A reduction in
the flux of absorbed C can be created by a reduction in dietary C intake and a reduction in
C absorption. The latter option is achieved by pharmacological action of ezetimibe that
reduces the intestinal NPC1L1 activity or by increased dietary intake of plant sterols or
stanols as food supplements that compete with C uptake in micelles. However, plant sterols
and stanols as food additives are under discussion [73,74]. A major drawback of reducing
the C absorption rate remains compensation by increased synthesis. This means that the
net effect is the difference between the reduced absorption and the increased compensatory
synthesis. In order to highly efficiently lower serum C levels, reduction of absorption must
be combined with a means to reduce C synthesis. In hypercholesterolemic patients, statin
treatment is the first choice to lower serum C. In case of insufficient serum C reduction,
ezetimibe treatment is added as a co-treatment. So far, only statins are available as the
basic pharmacological tool to reduce C synthesis. For patients that do not tolerate statins,
Bempedoic acid can now be prescribed, which blocks adenosine triphosphate-citrate lyase
in the liver which is involved in C production [75]. When the combined treatment does not
achieve sufficient LDL-C reduction, the next step is additional treatment with a proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitor [76]. The PCSK9 inhibitor binds to the
LDL-receptor and inhibits receptor activity. This results in enhanced serum LDL-C levels.
Two PCSK9 inhibitors are now on the market: Alirocumab and Evolocumab. Additionally,
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Inclisiran has been developed, a small interfering RNA that inhibits translation of the
PCSK9 protein [77].

11. Conclusions

The C homeostasis process is complex and highly regulated, including hepatic and
extrahepatic C synthesis, uptake and release processes, intestinal absorption, various
lipoprotein transport systems in blood, biliary secretion, and trans-intestinal excretion as
well as BA synthesis. The major pathological focus is on serum C and in particular LDL-C in
relationship to cardiovascular disease. Reduced dietary intake and dietary means to reduce
C absorption have been shown to be effective tools to reduce serum C. However, their
efficacies are limited due the contribution of biliary C and to the compensatory induction
of C synthesis.
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Abstract: Dietary cholesterol has been a topic of debate since the 1960s when the first dietary guide-
lines that limited cholesterol intake to no more than 300 mg/day were set. These recommendations
were followed for several years, and it was not until the late 1990s when they were finally challenged
by the newer information derived from epidemiological studies and meta-analysis, which confirmed
the lack of correlation between dietary and blood cholesterol. Further, dietary interventions in which
challenges of cholesterol intake were evaluated in diverse populations not only confirmed these
findings but also reported beneficial effects on plasma lipoprotein subfractions and size as well as
increases in HDL cholesterol and in the functionality of HDL. In this review, we evaluate the evidence
from recent epidemiological analysis and meta-analysis as well as clinical trials to have a better
understanding of the lack of correlation between dietary and blood cholesterol.

Keywords: dietary cholesterol; plasma cholesterol; lipoproteins; epidemiological studies; clinical in-
terventions

1. Introduction

The relationship between dietary and blood cholesterol is very controversial and has
been debated within the scientific community since the 1960s when the first guidelines for
dietary cholesterol were published [1]. It was not until the 2015 dietary guidelines that the
upper limits of dietary cholesterol were eliminated, based on more current information [2].
The guidelines from the 1960s were not based on epidemiological data, meta-analysis or
clinical intervention; they were construed as a consensus based on the current information
available at that time [1]. Animal studies that have been used to study effects of dietary
cholesterol on atherosclerosis, oxidative stress, and inflammation are not reliable since the
concentration of cholesterol used varied from 1.25 to 5% of the diet [3–5], which would be
the equivalent of approximately 10,000 to 37,000 mg/day. These dietary challenges with
these exorbitant amounts of dietary cholesterol cannot possibly have any clinical application.
Since those early years, the information regarding dietary cholesterol in humans has been
substantially increased by key findings from epidemiological data of large cohort studies
including the Framingham study as early as the 1980s [6], the Nurses’ study [7], National
Health and Nutrition Examination Survey (NHANES) [8], and more recently others such
as the Hellenic National Nutrition and Health Survey (HNNHS) [9]. In addition, clinical
interventions in diverse populations including children [10], young adults [11,12], elderly
people [13,14], obese individuals [15,16] metabolic syndrome populations [17,18], and
diabetic patients [19,20] have demonstrated that the plasma biomarkers of coronary heart
disease are not increased by dietary cholesterol (provided by eggs) but may result in the
formation of less atherogenic lipoproteins [21,22].

There were two main objectives of this review: (1) To evaluate the most recent epi-
demiological evidence and meta-analysis that continue to support the lack of correlation
between dietary and blood cholesterol and (2) to evaluate the effects of dietary cholesterol
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on plasma lipids and the atherogenicity of lipoproteins in recent clinical trials utilizing a
dietary cholesterol challenge.

2. Epidemiolocal Evidence

Most studies that evaluate dietary cholesterol use eggs as a natural food source. The
outdated dietary guidelines established a limit of 300 mg/day. Eggs contain approximately
180–200 mg of cholesterol in the yolk and have been identified as high cholesterol foods
therefore they have been used to evaluate the effects of dietary cholesterol on blood choles-
terol [8,23] However, observational and prospective studies have not found for the most
part a direct relationship between egg consumption and blood cholesterol or cardiovascular
disease (CVD) risk [24]. Although there are studies that have found correlations between
dietary cholesterol, plasma cholesterol and heart disease risk [25,26].

Using data from the Prospective Urban Rural Epidemiology (PURE) study, Dehghan
et al. evaluated egg consumption and CVD of individuals from 21 countries in a 9 year
follow up [23]. The results showed that the higher egg intake (≥7 egg/week compared
with <1 egg/week) was not significantly associated with blood lipids (including total
cholesterol, HDL cholesterol, LDL cholesterol, total cholesterol/HDL cholesterol ratio,
triglycerides, apolipoprotein (apo)A1, apo B, and apo B/apoA1 ratio, total mortality, or
major CVD. Similar results were obtained with the data of other prospective studies:
The ONTARGET (Ongoing Telmisartan alone and in Combination with Ramipril Global
End Point Trial) and TRANSCEND (Telmisartan Randomized Assessment Study in ACEI
Intolerant Subjects with Cardiovascular Disease). The three studies combined had more
than 177,555 participants [23].

High blood pressure is considered a major risk factor for developing cardiovascular
disease (CVD) [27]. Therefore, hypertensive patients must take further precautions to
maintain a healthy diet, including, according to some researchers, reducing cholesterol
intake. In a study conducted with data from the China Health and Nutrition Survey
(CHNS) from 1991 to 2015, Wu et al. [28] evaluated the relationship between cholesterol
intake from eggs and other sources and mortality among hypertensive patients. The
study included 8095 participants who were followed-up for a mean of 11.4 years. Using
regression analysis, the results indicated that people who consumed more than seven eggs
per week had up to 29% lower mortality compared with patients who did not consume
more than two eggs/week. Although egg consumption was inversely associated with
mortality, cholesterol intake from other sources showed a positive association, suggesting
that eggs may offer a protective effect that is not found in other cholesterol sources such as
red meat, pork, cheese or butter, which also have a substantial amount of saturated fat, a
nutrient positively linked to CVD [28,29]. Several authors have attributed this protective
effect to eggs’ anti-inflammatory properties [30,31] and vitamin, mineral, and antioxidant
content [8,32,33].

A recent large-scale cross-sectional study examined the relationship between dietary
cholesterol and dyslipidemia in 8358 Chinese adults [34]. A total of 2429 participants (29%
of the sample) were diagnosed with dyslipidemia according to the 2016 Chinese adult
dyslipidemia prevention guide. Among all examinees, the mean cholesterol intake was
213.7 mg/day. According to the linear regression analysis, higher cholesterol consumption
was associated with lower plasma TG and higher HDL-cholesterol in women (before
adjusting for nutrient components), and no associations were observed in men. When the
analysis was divided by cholesterol sources, eggs but no other sources showed a significant
inverse relationship with the risk of dyslipidemia. In general, the results of this study
showed a null association between cholesterol intake and serum lipids concentrations,
indicating that consumption of cholesterol rich foods do not increase the risk of altering
blood lipids and therefore, developing CVD [34]. Another epidemiological study including
individuals (n = 3558) from the Hellenic National and Nutrition Health Survey (HNNHS)
concluded that the more frequent egg consumption decreased the odds of dyslipidemia
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compared to either no eggs or infrequent egg intake [9] supporting the lack of effect of
dietary cholesterol on plasma lipids and lipoproteins.

Table 1 shows the main epidemiological studies proving the lack of correlation between
dietary cholesterol and blood cholesterol.

3. Meta-Analysis

A recent meta-analysis conducted by Godos et al. [35] revised the data of 39 prospective
cohort studies that evaluated the association between egg consumption and the risk of
CVD, coronary heart disease (CHD), and stroke. The studies analyzed included patients
from North America, Europe, Asia, and some multi-national cohorts. In relation with
CVD incidence and/or mortality (14 studies), the analysis showed that the intake of up to
six eggs (a vehicle of dietary cholesterol) per week had an inverse association with CVD
events, when compared to no intake. A similar trend was observed for CHD incidence and
mortality (16 studies), where the risk decreased when examinees had up to two eggs per
week. No associations between egg intake and stroke were found in this study, however a
positive and linear association was found with egg consumption and heart failure. Still, the
authors concluded that there is no evidence that eggs play a role in the development of
CVD [35].

Berger et al. [36] analyzed 40 studies published between 1979 and 2013 for their meta-
analysis. The authors included cohorts with participants without CVD diagnosis, either
healthy or with risk CVD factors such as high blood pressure, dyslipidemia, diabetes,
or metabolic syndrome present at baseline. Clinical interventions that recruited healthy
individuals (with no CVD risk factors and no lipid lowering drugs use) at the beginning
of the trial were also included in the analysis. The results showed no association between
dietary cholesterol and coronary artery disease (CAD), ischemic stroke, or hemorrhagic
stroke. However, cholesterol intake did affect blood lipids by increasing both serum total
cholesterol and LDL cholesterol, although changes in LDL-C were not statistically signifi-
cant when the intervention intake was excessive (>900/day). It is important to mention
that HDL cholesterol also was also significantly increased by dietary cholesterol, which
means no net change in CVD risk [36]. Other blood lipids such as plasma triglycerides
remained unaffected. According to the authors, one of the reasons why some studies have
found a positive linear association between cholesterol consumption and CVD outcomes is
that many interventions do not control for other nutrients that affect that risk, for example
saturated fatty acids and calories from fat, which can increase with cholesterol source
intake and are positively correlated with CVD risk; on the contrary, dietary fiber and veg-
etable protein show a negative association with CVD and in some dietary patterns, like the
Western diet, these two nutrients are inversely correlated with cholesterol intake [37,38].

Drouin-Chartier et al. [39] reviewed three large cohort studies: the Nurses’ Health
Study (NHS) (1980–2012), NHS II (1991–2017) and The Health Professional Follow up Study
(HPFS) (1986–2016) with the objective of establishing if there was an association between
egg intake and the risk of developing CVD. In total, 14,806 subjects had diagnosed CVD
(non-fatal myocardial infarction, fatal coronary heart disease or stroke) after the follow up.
The analysis showed that most people consumed between one to five eggs per week and
participants with a higher egg intake also had a higher BMI and were less likely to be under
statin treatment. In this study, an increase of one egg per day was not associated with any
CVD risk. In fact, in an updated meta-analysis that included multiple cohorts from the US,
Europe, and Asia, moderate egg consumption was associated with no risk of developing
CVD overall and lower risk in Asian populations [39].

Although is well stablished that dyslipidemia is a major CVD risk factor, altered blood
lipids can also increase the risk for developing other chronic not transmittable diseases,
such as type 2 diabetes mellitus (T2DM) [40,41]. In that matter, Drouin-Chartier et al. [42]
also evaluated the association between egg intake and the risk of developing T2DM.
Across the three large cohorts, higher egg intake was associated with lower prevalence of
hypercholesterolemia, but 1 egg/day increase was associated with a 14% higher T2DM risk.
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However, in a random-effects meta-analysis of 16 prospective cohort studies (6 American,
8 European, and 2 Asian), no significant association between egg consumption and T2DM
risk was found. It is noteworthy that there was a significant geographical heterogenicity
in the results. In fact, among US studies, for each egg per day, T2DM risk increased by
18% but this positive association was not found in the studies conducted in Europe or Asia.
This is hypothesized to be due to the relationship between eggs and other foods consumed
with them in different regions. For example, in the three large cohorts mentioned before,
egg intake was positively associated with total calories consumed, red meat, bacon and
processed red meats, refined grains, potatoes, full-fat milk, and coffee, which are reflective
of the Western diet. As previously stated, there is a large body of evidence that links this
dietary pattern to obesity and other chronic diseases, including CVD and T2DM [42,43],
so that association may be due for egg consumption pattern and not eggs or cholesterol
alone. This suggest that further studies that control for all possible dietary cofounders or
that investigate the reasons for such geographical differences are needed. The main meta-
analysis showing the lack of correlation between dietary cholesterol and blood cholesterol
is presented in Table 1.

Table 1. Results from recent epidemiological studies and meta-analysis showing the lack of correlation
between dietary cholesterol and blood cholesterol.

Population/Number of Studies Association Assessed Main Result Reference (Year)

177,555 adults from PURE,
TRASCEND and ONTARGET studies

Egg consumption with blood
lipids and CVD

Higher egg intake is not associated with TC,
LDL, TG, HDL, total mortality, or CVD. [23] (2020)

8095 hypertense adults from the
China Health and Nutrition Survey

Cholesterol intake from eggs and
other sources and mortality

Cholesterol from eggs but not other sources
is associated with lower mortality. [28] (2020)

8358 Chinese adults Dietary cholesterol and
dyslipidemia

Cholesterol intake is associated with lower
plasma TG and higher HDL-cholesterol in

women, but not men.
Cholesterol from eggs is associated with

lower risk of dyslipidemia.

[34] (2022)

Three large cohort studies: NHS
(1980–2012), NHS II (1991–2017) and

HPFS (1986–2016).
16 prospective cohort studies

(6 American, 8 European, and 2 Asian)

Egg intake and CVD risk

An increase of one egg per day is not
associated with any CVD risk. Egg intake is

associated with lower CVD risk in Asian
populations.

[39] (2017)

39 prospective cohort studies from
North America, Europe, and Asia

Egg consumption and the risk of
CVD, CHD, and stroke

Consumption of six eggs per week has an
inverse association with CVD events (but

not stroke), when compared to no intake. No
association is found for stroke.

[35] (2021)

40 studies with participants without
diagnosed CVD

No association between dietary cholesterol
and coronary artery disease (CAD), ischemic

stroke, or hemorrhagic stroke.
Dietary cholesterol increases total blood
cholesterol, without affecting LDL/HDL

ratio.

[36] (2015)

NHS (1980–2012), NHS II (1991–2017)
and HPFS (1986–2016).

16 prospective cohort studies
(6 American, 8 European, and 2 Asian)

Eegg intake and the risk of
developing T2DM

Higher egg intake is associated with lower
prevalence of hypercholesterolemia. [42] (2020)

CVD: cardiovascular disease; CHD: coronary heart disease; TC: total cholesterol; LDL: low-density lipoprotein;
HDL: high-density lipoprotein; TG: Triglyceride; NHS: the Nurses’ Health Study; HPFS: the Health Professional
Follow up Study.

4. Clinical Interventions. Effects of Dietary Cholesterol on Plasma Lipids and
Lipoprotein Subfractions

Clinical interventions across the life cycle have been conducted in children, young
adults, elderly individuals [10–14], and those with conditions that put them at risk for
chronic disease including obesity [15,16] and metabolic syndrome [17,18] to evaluate the
effects of cholesterol challenges on plasma lipid concentrations and lipoprotein metabolism.
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Clinical interventions have also been conducted in people with type-2 diabetes [19,20]. The
dietary cholesterol challenges have varied from adding between 200 mg/day of dietary
cholesterol to 800 mg/day [10–20]. In all these interventions, eggs have been used as
the vehicle for dietary cholesterol. In most of these studies, increases in HDL cholesterol
have been observed [10–17,19]. In some studies, increases in LDL cholesterol have been
reported following the cholesterol challenge [10,11,13,44]. However, the LDL/HDL ratio a
very well-known biomarker for heart disease risk has either been maintained or has been
decreased [10–20].

In a study following a protocol of 14 weeks in which young individuals consumed
zero eggs for 2 weeks as the baseline, followed by one egg for 4 weeks, two eggs for 4 weeks
and three eggs for the last 4 weeks, LDL cholesterol was lower or similar to baseline values
during the whole intervention [12]. In contrast HDL cholesterol was higher than baseline
all through the study from the intake of one to three eggs [12]. Other studies involving
weight loss interventions [17], older people [14], overweight/obese individuals [15,16],
and people with metabolic syndrome [17,18] that were challenged with two to three eggs
per day (360–540 additional mg of dietary cholesterol) for extended periods of time, no
increases in LDL cholesterol were observed, indicating that some individuals do have
the ability to maintain LDL plasma cholesterol concentrations independent of the dietary
cholesterol challenge.

Substituting high carbohydrate breakfast with eggs resulted in a similar lowering
in plasma LDL cholesterol compared to baseline in 30 subjects following a randomized
crossover study in which each breakfast was followed for 4 weeks [45]. However, lipopro-
tein subfractions were not different between dietary treatments [45].

Results from two randomized controlled studies conclude that the lack of effect
of consuming 75 g or 150 g of eggs when compared to a no-egg diet on plasma LDL
cholesterol was due to poor absorption of cholesterol from eggs [46]. Authors came to this
conclusion by measuring the total cholesterol areas under the curve (AUC) between 0 and
10 hours [46]. Other studies have also shown no changes in LDL cholesterol and increases
in HDL cholesterol after 56 individuals consumed one egg/day for 12 weeks [47] or in
12 sedentary young adults undergoing endurance exercise for 8 weeks [48]. In contrast,
another study where subjects consumed either zero eggs (n = 34 per group) or two eggs per
day five times a week for 14 weeks, no changes were observed in HDL cholesterol but also
LDL cholesterol was not affected [49].

Regarding lipoprotein metabolism, dietary cholesterol leads to the formation of the
large LDL particles that are known to be less atherogenic [32] and reduces the concentration
of small LDL [10,16], which has been recognized as a highly atherogenic particle for its
ability to become oxidized, penetrate the arterial wall and initiate the atherosclerosis
process [50]. In the study conducted in Latino children who have higher concentrations of
the small LDL, a shift toward larger LDL diameter and less of the small LDL subfractions
was observed [10]. Increases in the large LDL after intake of 640 mg/d of cholesterol (3 eggs)
resulted in higher concentrations of large LDL compared to 0 mg of additional cholesterol
in young individuals [51,52], elderly subjects [53] and in obese individuals [54]. Increases in
large LDL have also been noticed in young individual consuming up to 640 mg cholesterol
per day [12]. Women and men who participated in a randomized clinical trial in which
they consumed either three eggs or the equivalent amount of egg substitute, presented
increases in the large buoyant less atherogenic LDL during the whole egg period [55].

Small HDL size has been correlated atherogenic dyslipidemia [56] highlighting the
importance of increases in HDL size and in the number of large HDL particles following
egg consumption. These increases in large HDL have been observed after a cholesterol
challenge in the elderly [56]. Comparable results have been shown in young and healthy
individuals [51,52] and in those with metabolic syndrome [57]. Interestingly, increases
in the large HDL as well as compositional changes resulted in an HDL particle with
increased cholesterol efflux capacity [22,58], which is also a better transporter for the
carotenoids lutein and zeaxanthin in plasma [56,57], A summary of studies showing
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changes in lipoprotein subfractions and size following a cholesterol challenge is presented
in Table 2.

Table 2. Beneficial Modifications in LDL and HDL size and subfractions due to dietary cholesterol.

Lipoprotein
Dietary Cholesterol Intake

and Population
Changes Reference (Year)

LDL Diameter Compared to added
0 mg/d cholesterol 510 mg/day for 4 weeks in children LDL diameter was larger [10] (2005)

Large LDL compared to 0 added
mg/cholesterol

640 mg/day for 4 weeks in elderly
people Higher concentrations of large LDL [53] (2006)

Large LDL compared to 0 mg of
added dietary cholesterol

210, 425, and 640 mg/day in young
individuals for 4 weeks each Higher concentrations of large LDL [51] (2017)

Large LDL Compared to an oatmeal
breakfast

640 mg/day for 4 weeks in young
population Higher concentrations of large LDL [52] (2018)

Large LDL: Compared to 0 mg of
added dietary cholesterol

640 mg/day for 4 weeks in an
overweight/obese population Higher concentrations of large LDL [54] (2010)

Small LDL: Compared to 0 mg of
added dietary cholesterol

210, 425, and 640 mg/day in young
individuals for 4 weeks each Lower concentrations of small LDL [51] (2017)

Small LDL: Compared to 0 mg of
dietary cholesterol

640 mg/day for 4 weeks in an
overweight/obese population Lower concentrations of small LDL [54] (2010)

HDL Diameter: Compared to 0 mg of
added dietary cholesterol

640 mg/day for 4 weeks in elderly
people Larger HDL diameter [53] (2006)

Large HDL: Compared to 0 mg of
added dietary cholesterol

210, 425, and 640 mg/day in young
individuals for 4 weeks each Higher concentrations of large HDL [51] (2005)

Large HDL: Compared to an oatmeal
breakfast

640 mg/day for 4 weeks in young
population Higher concentrations of large HDL [52] (2018)

Large HDL: Compared to 0 mg of
added dietary cholesterol

640 mg/day for 4 weeks in an
overweight/obese population Higher concentrations of large HDL [54] (2010)

5. Mechanisms to Manage Dietary Cholesterol

The epidemiological data and the clinical interventions presented above clearly indi-
cate the lack of correlation between dietary and blood cholesterol. These observations also
suggest that the body has specific mechanisms to manage excesses of dietary cholesterol.
The proposed mechanisms including decreased absorption or synthesis suppression were
recognized early on [59] and they explain why dietary cholesterol cannot be extrapolated
directly to plasma cholesterol. The absorption of dietary cholesterol varies according to
each individual and it comprises cholesterol from food, biliary cholesterol, and to a certain
extent intestinal epithelial sloughing [60]. The transport of cholesterol to the liver involves
several steps including solubilization in micelles, transport to the enterocytes, incorporation
into chylomicrons, and transport through lymph and blood vessels to the liver and other
tissues. The absorption of cholesterol varies from 29 to 80% with an average of 60% [61].
Niemann-Pick C1-Like-1 (NPCL1), a receptor localized in the intestinal cells, has a major
role in cholesterol absorption [61].

In terms of synthesis, intracellular cholesterol exerts a negative feedback regulation
on HMG-CoA, the rate limiting enzyme of cholesterol synthesis. Excess cholesterol in
cells leads to the suppression of HMG-CoA reductase activity [62]. HMG-CoA reductase
can be regulated by changes in phosphorylation but most importantly by changes in
transcription [63]. The transcriptional regulation involves the binding of sterol response
element binding protein (SREBP) to sterol response elements located in the 5′ region of
the CoA reductase gene [64]. This is also an important mechanism by which individuals
maintain plasma cholesterol levels and can consume high amounts of dietary cholesterol
and do not increase plasma concentrations. One clear case study that exemplifies the
compensatory mechanisms to maintain cholesterol homeostasis is the case of the 88-year-
old individual who consumed 25 eggs per day (about 4500 mg/day) and had no heart
problems and normal plasma cholesterol levels [65]. The compensatory mechanisms were a
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marked reduction in cholesterol absorption, increased synthesis of bile acids, and reduced
cholesterol synthesis [65].

Therefore, the handling of dietary cholesterol by the body can be explained by de-
creased absorption and down-regulation of synthesis. Figure 1 depicts the mechanisms by
which the body handles dietary cholesterol and maintains plasma cholesterol homeostasis.

 

Figure 1. Mechanisms of how dietary cholesterol affects cholesterol metabolism. (A) Dietary choles-
terol enters the enterocyte via NPC1L1 after being released from the micelle. However, some choles-
terol is effluxed back to the intestinal lumen via ABCG5 and ABCG8 transporters explaining why
only a percentage of the cholesterol consumed in the diet reaches the bloodstream. The remaining
cholesterol gets packed into nascent chylomicrons, which enter the lymph and then the systemic
circulation. (B) After losing most of its triglycerides, the cholesterol-loaded chylomicron remnant
is removed by the liver. In the liver, free cholesterol inhibits HMG-CoA reductase, the rate limiting
enzyme for endogenous cholesterol synthesis, Thus, if more cholesterol is consumed, less will be
synthesized by the hepatocytes. VLDL: very-low-density lipoprotein; LDL: low-density lipoprotein;
NPC1L1: Polytopic Niemann-Pick C1-like 1; ABCG5/ABCG8: ATP-binding cassette transporters
G5/G8; HMG-CoA: 3-hydroxy-3-methyl glutaryl coenzyme A.

6. Conclusions

We confirm from the review of the literature on epidemiological data, meta-analysis,
and clinical interventions where dietary cholesterol challenges were utilized that there is not
a direct correlation between cholesterol intake and blood cholesterol. This lack of correlation
is mainly due to the compensatory mechanisms exerted by the organism to manage excess
dietary cholesterol, including decreases in cholesterol absorption and down-regulation
of cholesterol synthesis. A great number of epidemiological studies and meta-analysis
indicate that dietary cholesterol is not associated with CVD risk nor with elevated plasma
cholesterol concentrations. Clinical interventions in the last 20 years demonstrate that
challenges with dietary cholesterol do not increase the biomarkers associated with heart
disease risk. Further, in the specific circumstances where eggs are the source of dietary
cholesterol, an improvement in dyslipidemias is observed due to the formation of less
atherogenic lipoproteins and changes in HDL associated with a more efficient reverse
cholesterol transport. However, if the cholesterol sources are consumed with saturated and
trans fats, as happens in the Western diet pattern, increases in plasma cholesterol may be
observed. The most recent epidemiological data and clinical interventions for the most part
continue to support the USDA 2015 dietary guidelines that removed the upper limit of
dietary cholesterol.
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Abstract: Non-Alcoholic Fatty Liver Disease (NAFLD) is characterized by hepatic free cholesterol
accumulation. In addition, microRNAs (miRNAs) might be involved in NAFLD development. There-
fore, we systematically reviewed the literature to examine the link between miRNAs and cholesterol
metabolism in NAFLD. Nineteen studies were retrieved by a systematic search in September 2022.
From these papers, we evaluated associations between 13 miRNAs with NAFLD and cholesterol
metabolism. Additionally, their diagnostic potential was examined. Four miRNAs (miR122, 34a,
132 and 21) were associated with cholesterol metabolism and markers for NAFLD. MiR122 was
upregulated in serum of NAFLD patients, increased with disease severity and correlated with HDL-C,
TAG, VLDL-C, AST, ALT, ALP, lobular inflammation, hepatocellular ballooning and NAFLD score.
Serum and hepatic levels also correlated. Serum and hepatic miR34a levels were increased in NAFLD,
and correlated with VLDL-C and TAG. Serum miR379 was also higher in NAFLD, especially in
early stages, while miR21 gave ambiguous results. The diagnostic properties of these miRNAs were
comparable to those of existing biomarkers. However, serum miR122 levels appeared to be elevated
before increases in ALT and AST were evident. In conclusion, miR122, miR34a, miR21 and miR132
may play a role in the development of NAFLD via effects on cholesterol metabolism. Furthermore,
it needs to be explored if miRNAs 122, 34a and 379 could be used as part of a panel in addition to
established biomarkers in early detection of NAFLD.

Keywords: microRNA; cholesterol; human; NAFLD; NASH; lipoproteins

1. Introduction

Due to unhealthy lifestyles, non-alcoholic fatty liver disease (NAFLD)—the hepatic
consequence or even cause of metabolic syndrome (MetS)—has evolved into a serious
health threat [1–3]. The disease progression of NAFLD is a process of impairment and
deterioration, which can develop from hepatic steatosis to non-alcoholic steatohepatitis
(NASH), then fibrosis, further to cirrhosis and, eventually, to hepatocellular carcinoma. The
first steps of this process are reversible, but structural changes remain once fibrosis has
developed [4]. Over the last decades, the prevalence of NAFLD has risen fast, replacing viral
hepatitis as the most prevalent liver disease, affecting almost 25% of the adult population
worldwide [5].

Since NAFLD can be considered as the hepatic component of MetS, it is strongly asso-
ciated with hyperlipidemia [6,7]. To explore the molecular basis of hepatic alterations in
NAFLD, animal models that mimic human conditions from a physiological and metabolic
point of view have provided essential insights [8]. For example, in humanized apolipopro-
tein E2 knock-in (APOE2ki) mice and low-density-lipoprotein (LDL) receptor-deficient
mice, NASH developed after only a few days of high-fat, high-cholesterol (HFC) feeding, in
which the dietary cholesterol component was essential [9,10]. Not only in NASH, but also
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in Niemann–Pick type C1 disease—another disease characterized by hepatic inflammation—
do lipids (e.g., free cholesterol) accumulate in the liver [11]. Therefore, exploring the role of
hepatic free cholesterol accumulation as part of the molecular mechanisms responsible for
hepatic inflammation warrants attention.

One potential link between cholesterol metabolism and NAFLD development are
so-called microRNAs (miRNAs). MiRNAs are short, non-coding RNA molecules composed
of 18 to 25 nucleotides that play an important role in regulating gene expression, and are
therefore involved in many crucial biological processes [12,13]. Circulating miRNAs are
extremely stable and protected from RNase degradation. They have therefore emerged
as attractive candidate targets for interventions and as biomarkers for the early diagnosis
of diseases and for monitoring of disease progression [14]. In recent reviews, the roles
of miRNAs in NAFLD or cholesterol metabolism have been discussed [15–17]. However,
no attention was paid to the link of miRNAs with cholesterol metabolism as it related to
NAFLD in humans, which is the focus of the current systematic literature review. This
knowledge may contribute to the understanding of whether (dietary) interventions target-
ing these miRNAs can modify hepatic cholesterol metabolism and, consequently, NASH
development and/or progression. In addition, due to the invasive nature of a liver biopsy
and the difficulty of using specific and sensitive ultrasound-based methods to differentiate
between steatosis, inflammation and fibrosis at a large scale [18,19], there is an urgent need
for novel non-invasive tools to diagnose and monitor the progress of the different stages in
NAFLD. Therefore, the possibility to use specific miRNAs as an NAFLD biomarker will
also briefly be discussed.

2. Methods

2.1. Search Strategy

A systematic literature search in three databases (Cochrane Central Register of Clinical
Trials, Embase and Medline) was conducted in September 2022 to identify potentially
relevant studies. Search terms consisted of keywords related to cholesterol metabolism,
miRNAs and NAFLD. The following terms were used: Cholesterol (cholesterol or LDL-
cholesterol or HDL-cholesterol or chylomicron-cholesterol) and NAFLD (NAFLD or NAFL
or NASH or steatohepatitis or steatosis) and micro-RNA (miRNA or microRNA) and
limited to humans.

2.2. Selection of Studies

Human studies that examined associations between cholesterol, miRNA and NAFLD
were selected. The selection procedure consisted of 2 steps. In the first step, titles and
abstracts of all retrieved papers were screened for the following aspects: (1) studies on
humans with NAFLD, (2) plasma/serum and/or hepatic cholesterol measured, (3) miRNA
measured either in plasma/serum and/or liver, (4) original research (e.g., no reviews,
conference abstracts, proceedings or case reports), (5) written in English and (6) no dupli-
cates. The selection was performed independently by two researchers (M.C.J.M.K. and
S.B.). When inconclusive, eligibility was discussed by both researchers until agreement was
reached. In the second step, the papers that were selected in step 1 were read as full papers
to assess final eligibility and for data collection.

2.3. Data Collection

Data collection was performed using an a-priori-defined spreadsheet and included
publication characteristics (reference number, first author, year of publication), study
and patient characteristics (ethnicity, sample size, health status, NAFLD stage and age),
analytical methods used and results.

3. Results

The systematic literature search resulted in 287 potentially relevant articles. Screening
of titles and abstracts resulted in exclusion of 227 articles based on the predefined selection
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criteria. After reviewing the full texts of the remaining 40 articles, another 22 articles were
excluded, since one or more parameters from the line of interest, i.e., miRNA, cholesterol
and NAFLD, were missing. After the full selection procedure, a total of 19 studies were
included. One article was retrieved from the reference list of one of the selected articles. A
flowchart of the selection process is presented in Figure 1.

n 

n 

n n 

n 

n 

Figure 1. Flow chart of the study selection process. The literature search retrieved 287 potentially
relevant papers; 228 were excluded after screening titles and abstracts, 40 articles were reviewed in
full and ultimately 19 studies were included in the systematic review. * One study included from the
reference list of the selected papers.

3.1. Study Characteristics and Selected miRNAs

In the 19 selected articles, 13 different miRNAs were evaluated. These 13 miRNAs
(Table 1) have not been studied at the same level of detail. The most information was
available for miR122 [20–27], which is one of the most abundant miRNAs in the liver and
is possibly involved in hepatic disease progression; for miR34a [22,25,26,28,29], which is a
critical tumor suppressor [30]; and for miR21 [22,25,26,31–33], which is a cancer-promoting
miRNA targeting tumor-suppressor genes [34].

The remaining ten miRNAs, which were studied in less detail, were miR29a [24],
miR379 [35], miR33a [21,31,36], miR33b and miR33b* [21,36], miR144 [36], miR451 [26],
miR132 [37,38], miR129 [39] and miR486 [40]. MiRNA data were not uniformly expressed.
For example, levels of miR122 were absolutely quantified against a calibration curve [22,24]
or expressed relative to those of their controls [20,21,23,25–27]. MiR29a was only absolutely
quantified [24], while miR34a and miR21 were absolutely quantified [22] or, like the other
miRNAs, relatively expressed [20,21,23,25–29,31–33,35–37,39–41].

In the next paragraphs, the findings for the 13 different miRNAs have been summa-
rized. For each miRNA, we have described their associations with cholesterol metabolism
and NAFLD. When possible, additional information related to diagnostics, target genes
and mechanisms has been provided. How these miRNAs may be involved in cholesterol
metabolism in NAFLD have been summarized in Figure 2.
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Table 1. miRNAs and their target genes.

miRNA Target Genes

122 [24]
CYP7A1, SRF, RAC1, RHOA, CCNG1, GTF2B, GYS1, NFATC2IP, ENTPD4, ANXA11, FOXP1, MECP2, NCAM1,
TBX19, AACS, DUSP2, ATP1A2, MAPK11, AKT3, GALNT10, G6PC3, SLC7A1, FOXJ3, SLC7A11, TRIB1, DSTYK,

PRKAB1, ACVR1C, PRKRA, PTP1B, P4HA1, ZNF395, SOCS1, HMOX1, CDK4

34a [29] HNF4A, MTP, APOB, SREBP1C, ACC1, ACC2, HMGCR

21 [32] PPARA

21 [33] HMGCR

379 [35]

Fibrosis and inflammation: CAT, CTGF, IL10, PDGFA, PDGFRA, SMAD4, TGFBR1, THBS1
Energy management, including gluconeogenesis and lipogenesis: CREB1, EIF4E, FOXO1, INSR, IGF1, IGF1R, ITPR2,

PRKAA1, PRKAA2, RICTOR, SOCS1, TCF7L2
Cell survival and proliferation: BCL2, CCNB1, HGF, PMAIP1, PTEN, YAP1

Signaling pathways: HDAC2

29a [24] DK6, RAN, BACE1, S100B, IMPDH1, GLUL, PPM1D, PIK3R1, LPL, CPEB3, CPEB4, ADAMTS9, TRIM63, MYCN,
SERPINB9, DICER1, TNFAIP3, CDC42, PXDN, ITIH5, PTEN, ABL1

144 Not reported

33a [36] CROT

33b* [36] CROT

33b Not reported

451 Not reported

132 [37] ACHE, FOXO3, PTEN, SIRT1

129 Not reported

486 Not reported

Figure 2. Schematic overview of potential mechanisms of miRNAs involved in cholesterol metabolism
in humans. Red arrow is downregulated. Green arrow is upregulated, = is no change. HFD—high-
fat diet; NASH—non-alcoholic steatohepatitis; FFA—free fatty acids; SIRT1—sirtuin1; AMPK—5′-
adenosine-monophosphate-activated protein kinase; HMGCR—3-hydroxy-3-methylglutaryl-CoA
reductase; HNF4A—hepatocyte nuclear factor 4 alfa; VLDL—very-low-density lipoprotein; PPARA—
peroxisome proliferator-activated receptor alpha.
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3.2. miR122
3.2.1. Associations with NAFLD and Cholesterol Metabolism

In all eight studies that measured miR122, serum/plasma miR122 concentrations
were higher in NAFLD patients as compared to their controls [20–27]. In addition, con-
centrations increased with disease severity [21,22,24,26]. In one study, however, levels
were increased in patients with mild and moderate steatotic/fibrotic stages as compared
to those of patients with more severe steatotic/fibrotic stages, but still 4-5-fold higher
than those of normal controls [23]. Moreover, serum miR122 correlated negatively with
serum high-density lipoprotein cholesterol (HDL-C) concentrations [21,23] and positively
with serum triacylglycerol (TAG) [20,23] and very-low-density lipoprotein cholesterol
(VLDL-C) concentrations [20], total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C) [22], alkaline phosphatase (ALP) [21], aspartate-aminotransferase (AST) [21–23],
alanine-aminotransferase (ALT) [21–23] and with the NAFLD Activity Score (NAS) [24].
More results of these studies are presented in Table 2.

Table 2. Correlations between miRNA and NASH-related parameters.

MiR With Correlation Where Author

122 IL-1α r = 0.250; p = 0.030; n = 75 serum [20]

TAG r = 0.230; p = 0.048; n = 75 serum [20]

VLDL-C r = 0.230; p = 0.048; n = 75 serum [20]

HDL-C r = -0.305; p = 0.001; n = 65 serum [21]

ALP r = 0.306; p = 0.021; n = 65 serum [21]

ALT r = 0.351; p < 0.001; n = 65 serum [21]

AST r = 0.367; p < 0.001; n = 65 serum [21]

Hepatocellular ballooning r = 0.200; p = 0.035; n = 65 liver [21]

Lobular inflammation r = 0.225; p = 0.017; n = 65 liver [21]

Liver r = 0.253; p = 0.019; n = 65 serum [21]

ALT r = 0.75; n = 34 serum [22]

AST r = 0.55; n = 34 serum [22]

Fibrotic stage r = 0.33; n = 34 serum [22]

Inflammation activation r = 0.33; n = 34 serum [22]

LDL-C r = 0.44; n = 34 serum [22]

TC r = 0.36; n = 34 serum [22]

Fibrotic stage r = 0.399; p < 0.002; n = 56 serum [24]

NAS r = 0.306; p = 0.022; n = 56 serum [24]

men Severity of steatosis normal vs. mild p < 0.001;
n = 90 vs. n = 37 serum [26]

mild vs. severe p = 0.047;
n = 37 vs. n = 11 serum [26]

women Severity of steatosis normal vs. mild p = 0.002;
n = 221 vs. n = 36 serum [26]

mild vs. severe p = 0.035;
n = 36 vs. n = 8 serum [26]

34a Fibrotic stage r = 0.41; n = 34 serum [22]

Inflammation activation r = 0.43; n = 34 serum [22]

TAG r = 0.43; n = 28 serum [25]
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Table 2. Cont.

MiR With Correlation Where Author

VLDL-C r = 0.44; n = 28 serum [25]

21 Fibrosis r = 0.461; p = 0.021; n = 19 liver [41]

Hepatic ballooning r = 0.713; p < 0.001; n = 19 liver [41]

Lobular inflammation r = 0.735; p < 0.001; n = 19 liver [41]

Steatosis r = 0.539; p = 0.005; n = 19 liver [41]

379 ALP r = 0.278; p = 0.048; n = 53 serum [35]

TC (all participants) r = 0.361; p = 0.039; n = 53 serum [35]

LDL-C r = 0.285; p = 0.043; n = 53 serum [35]

Non-HDL-C r = 0.286; p = 0.038; n = 53 serum [35]

TC (non-statin users) r = 0.381; p = 0.045; n = 42 serum [35]

29a TAG r = 0.144; p = 0.048; n = 46 serum [24]

33b * AST r = 0.203; p = 0.046; n = 61 serum [21]

HDL-C r = -0.276; p = 0.004; n = 61 serum [21]

Hepatic ballooning r = 0.343; p = 0.001; n = 13 liver [21]

Lobular inflammation r = 0.358; p < 0.001; n = 12 liver [21]

TAG r = 0.279; p = 0.004; n = 61 serum [21]

33a HDL-C r = -0.313; p = 0.004; n = 74 serum [36]

144 HDL-C r = -0.221; p = 0.043; n = 74 serum [36]

129 TAG r = 0.662; p < 0.001; n = 117 serum [39]

TC r = 0.708; p < 0.001; n = 117 serum [39]

132 ApoE β ± SE = 0.038 ± 0.002; p = 0.017; n = 140 serum [38]

ALT β ± SE = 0.005 ± 0.002; p = 0.018; n = 140 serum [38]

NAFLD OR 3.08 (1.06, 8.99); p = 0.0392; n = 140 serum [38]

TAG β ± SE = 0.072 ± 0.029; p = 0.015; n = 140 serum [38]

Abbreviations: IL-1α—Interleukin 1 alfa; TAG—triacylglycerol; VLDL-C—very-low-density lipoprotein choles-
terol; HDL-C—high-density lipoprotein cholesterol; ALP—alkaline phosphatase; ALT—alanine-aminotransferase;
AST—aspartate-aminotransferase; LDL-C—low-density lipoprotein cholesterol; TC—total cholesterol;
NAS—NAFLD Activity Score; Non-HDL-C—non-high-density lipoprotein cholesterol; apoE—apolipoprotein E;
NAFLD—non-alcoholic fatty liver disease.

Auguet et al. [21] found a weak but significant positive correlation between hepatic and
plasma miR122 levels. Additionally, a positive correlation between serum miR122 levels and
the fibrotic stage has been reported [22,24]. Moreover, a positive correlation between plasma
miR122 concentrations and lobular inflammation [21,22] and hepatocellular ballooning [21]
was observed. This aligns with the observation of Abdel-Hamed et al. [20], who reported
in NAFLD patients a positive correlation between serum miR122 and serum levels of IL-1α
(Figure 3), an inflammatory cytokine. They also found that NAFLD patients were more
frequent carriers of the high-risk allele DD (rs3783553), which is an insertion/deletion
polymorphism in the 3′ UTR of the IL-1α allele. This polymorphism interrupts the binding
of miR122, and Abdel-Hamed et al. [20] have reported in NAFLD patients an increased
relative expression of miR122 in these DD-carriers compared to that in the low-risk genotype
ID or II. Finally, Yamada et al. [26] have found a positive association between serum miR122
levels and severity of steatosis in both men and women.
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Figure 3. Relations between miRNAs, genes and cholesterol metabolism. Green: positive correla-
tions; red: inverse correlations; small dotted lines: mRNA levels; broad–small dotted lines: protein
levels; solid lines: other relations. Red arrow is downregulated. Green arrow is upregulated, = is
no change; IL-1α—Interleukin 1 alfa; TAG—triacylglycerol; VLDL-C—very-low-density lipopro-
tein cholesterol; HDL-C—high-density lipoprotein cholesterol; LDL-C—low-density lipoprotein
cholesterol; TC—total cholesterol; Non-HDL-C—non-high-density lipoprotein cholesterol; ABCA1—
ATP-binding cassette transporter A1; ABGG1—ATP-binding cassette transporter G1; SREBP2—sterol
regulatory element-binding protein 2; CROT—carnitine O-octanoyltransferase; PPARα—peroxisome
proliferator-activated receptor alpha.

3.2.2. Diagnostics

Receiver Operation Characteristic (ROC) curves for serum miR122 showed an Area
Under the Curve (AUC) of 0.83, which means that 83% of NAFLD patients were correctly
discriminated from healthy controls [24]. Both Salvazo et al. [22] and Cermelli et al. [25]
showed better, or at least similar, curve characteristics (Table 3) than for ALT, suggesting
that serum miR122 levels can be used as a biomarker to discriminate NAFLD patients
from healthy controls. Ye et al. [27] also showed an AUROC of 0.77 for miR122. Finally,
Auguet et al. [21] concluded that the accuracy of miR122 in discriminating NAFLD from
non-NAFLD patients resulted in an AUROC curve of 0.82. Moreover, for distinguishing
advanced disease from a mild clinical form, the diagnostic value for miR122 was 0.76.
Finally, using logistic regression analysis and after adjusting for BMI, HDL-C, TAG, AST
and ALT, serum miR122 levels showed the highest odds ratio (OR: 2.19) to discriminate
patients with and without hepatocellular ballooning.
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Table 3. Receiver Operation Characteristics.

miR AUC Significance Sensitivity Specificity PPV (%) NPV (%) Author

122 Hepatocellular
ballooning a,b 0.76 74.4% 46.8% 46.8% 87.3% [21]

Lobular inflammation a,c 0.76 74.4% 46.8% 46.8% 87.3% [21]

NAFLD a,d 0.82 83.1% 69.8% 47.8% 92.5% [21]

ALT 0.91 [22]

NAFLD-ss e 0.93 [22]

NAFLD-ss e vs. NASH f 0.70 [22]

0.83 p < 0.001 75.0% 82.4% [24]

0.86 p = 0.001, 95% CI = 0.77–0.95 [25]

34a 0.78 p = 0.001, 95% CI = 0.66–0.90 [25]

ALT 0.83 p = 0.001, 95% CI = 0.73–0.94 [25]

NAFLD-ss e vs. NASH f 0.76 [22]

379 NAFL 0.76 [35]

NAFLD 0.72 [35]

NASH 0.72 [35]

Early stage NAFLD 0.74 [35]

Advanced stage NAFLD 0.67 [35]

29a 0.68 p = 0.007 60.9% 82.4% [24]

129 NAFLD 0.93 83.8% 92.7% [39]

Abbreviations: NAFLD—non-alcoholic fatty liver disease; ALT—alanine-aminotransferase; NAFLD-ss—non-
alcoholic fatty liver disease simple steatosis; NASH—non-alcoholic steatohepatitis. a optimum conditions selected.
b discriminating hepato-cellular from non-hepato-cellular ballooning. c discriminating lobular inflammation from
non-lobular inflammation. d discriminating NAFLD from control. e NAS score 1–4. f NAS score 5–7.

3.2.3. Target Genes and Mechanisms

Target genes of miR122 and the other miRNAs are shown in Table 1. For hepatic
miR122 expression, no correlation was observed with genes directly related to lipid
metabolism [21].

3.3. miR34a
3.3.1. Associations with NAFLD and Cholesterol Metabolism

Serum levels [22] and hepatic expression [25,26,28,29] of miR34a were significantly
higher in NAFLD patients as compared to healthy controls. Moreover, serum miR34a
levels in NAFLD patients were significantly increased with severity of liver steatosis [25],
fibrosis and hepatic inflammation [22,25]. However, these findings were not supported by
Yamada et al. [26]. In addition, a positive correlation has been found between serum miR34a
and VLDL-C concentrations as well as between miR34a and TAG concentrations in NAFLD
patients [25].

3.3.2. Diagnostics

Salvazo et al. and Cermelli et al. [22,25] reported that the diagnostic value of miR34a
to discriminate NAFLD patients from healthy controls was comparable to that of ALT
(AUC = 0.78/ 0.75 vs. 0.83).

3.3.3. Target Genes and Mechanisms

Hepatocyte nuclear factor 4 alfa (HNF4A) is a nuclear hormone receptor that con-
trols the basal expression of many genes involved in bile acid, lipid, glucose and drug
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metabolism. Xu et al. [29] described that the miR34a-HNF4A pathway is highly active
under conditions of metabolic stress such as diabetes, high-fat feeding and NASH. In
addition, p53 is an oxidative-stress-inducible protein that upregulates miR34a expression
in humans and also promotes liver steatosis in mice [29]. This protein was upregulated
6.7-fold in NASH patients (p < 0.05), which could at least partly explain the finding that
serum miR34a levels were significantly higher in NAFLD patients as compared to healthy
controls [25,28]. Moreover, Xu et al. [29] found that free fatty acids (FFA), cholesterol
and p53 are all upstream activators for the miR34a-HNF4A pathway in diabetes, obesity
and NASH.

In the study performed by Min et al. [28], 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMGCR) phosphorylation was decreased in NAFLD and NASH patients, indicating
higher activity of this enzyme [42]. Increased miR34a levels, as observed in NASH patients,
suppress sirtuin 1 (SIRT1). This protein upregulates 5′ adenosine monophosphate-activated
protein kinase (AMPK), a known positive HMGCR phosphorylation regulator. This sug-
gests that miR34a activation translates into increased HMG-CoA reductase activity and
higher endogenous cholesterol synthesis. The functional impact of the relatively dephos-
phorylated state of HMGCR in NASH patients was confirmed by a significant increase in
circulating desmosterol/cholesterol ratios compared to controls (p < 0.01) [28].

3.4. miR21
3.4.1. Associations with NAFLD and Cholesterol Metabolism

Rodrigues et al. [32] showed significantly higher hepatic miR21 expression in NAFLD
patients with increasing levels in the progression from steatosis to NASH (p < 0.01). Similar
results were found in serum and skeletal muscle (p < 0.05). Moreover, the potential of serum
miR21 concentrations as a biomarker for NAFLD stage was evaluated and a significant
±3-fold (p < 0.05) increase in serum miR21 levels was found between patients with steatosis
and NASH. Comparable results were reported by Loyer et al. [41], i.e., a 3-fold increase
in liver tissue (p < 0.01), but only in NASH and not in simple steatotic livers. Compared
to healthy controls, Yamada et al. [26] found significantly increased miR21 serum levels
in male NAFLD patients (p < 0.01), but not in female patients. In contrast, Sun et al. [33]
showed decreased serum miR21 levels in NAFLD patients compared to healthy controls
(p < 0.05), while no differences between NAFLD patients and their controls were
found [22,25]. Loyer et al. [41] found positive correlations between hepatic miR21 lev-
els and hepatic ballooning (p < 0.001), lobular inflammation (p < 0.001), steatosis (p < 0.01)
and fibrosis (p < 0.05). Lendvai et al. [31] found a positive correlation between serum miR21
with AST levels in the steatotic group, but not in hepatitis C, steatotic hepatitis C and
normal liver groups.

3.4.2. Diagnostics

There were no diagnostic data provided related to miR21.

3.4.3. Target Genes and Mechanisms

In human hepatoma cells, HMGCR was a direct target of miR21 [33]. In line with these
observations, HMGCR mRNA and protein levels in serum were significantly increased
(p < 0.01 for mRNA, p < 0.05 for protein) in NAFLD patients as compared to healthy
controls [33].

3.5. Other miRNAs (miR379, miR29a, miR144, miR33a/b, miR33b*, miR451, miR132, miR129
and miR486)
3.5.1. Associations with NAFLD and Cholesterol Metabolism

Okamoto et al. [35] described a 3.5-fold (p < 0.05) increase in serum miR379 levels in
a Japanese population of NAFLD patients compared to those of control patients. When
patients (n = 79) were divided into steatotic patients (n = 9) and NASH patients (n = 70),
miR379 levels were significantly higher in the steatotic group than in controls, while levels

37



Nutrients 2022, 14, 4946

were comparable in the NASH group. However, when patients were divided based on
Brunt stages, e.g., patients with NAFLD early stage (non-alcoholic fatty liver (NAFL); Brunt
stages 0–1, n = 53) and NAFLD advanced stage (Brunt stage 2–4, n = 26), they found in the
early stage 3.65-fold (p < 0.05)—and in the NAFLD population, 4.87-fold (p < 0.05)—higher
miR379 serum levels as compared to control patients (n = 10). MiR379 levels correlated
positively with ALP, TC, LDL-C and non-HDL-C in early stage NAFLD patients (n = 51).
Moreover, in the non-statin-treated patients of this group (n = 42), a significant positive
correlation between serum TC and miR379 was found.

For miR29a, serum levels were significantly lower in NAFLD patients compared to
control patients (p < 0.01) [24]. In addition, serum miR29a levels in patients with NAS
scores < 4 were significantly lower than serum levels in healthy controls (p < 0.05). Unex-
pectedly, serum miR29a positively correlated with serum TAG concentrations within the
NAFLD population.

Yamada et al. [26] found increased serum levels of miR451 in Japanese NAFLD patients
compared to healthy controls, but no association with disease state. Hanin et al. [37] found
a 13-fold upregulation of miR132 in postmortem hepatic tissues of NAFLD patients as
compared to apparently healthy controls (p < 0.01). Moreover, a significant downregulation
of its targets FOXO3, PTEN and SIRT1 (p < 0.05 for all) and a significant upregulation of
P300 (p < 0.05) were observed.

Vega-Badillo et al. [36] demonstrated that hepatic miR144 had significantly higher
expression in NASH patients than in control patients and patients with simple steatosis
(p < 0.05 for both). Furthermore, miR33a was elevated in the simple steatosis group [31,36] and
significantly higher in the NASH individuals (p < 0.01) compared to control patients [36].
Wang et al. [39] showed significantly higher miR129 levels in NAFLD patients compared
to controls (p < 0.001). Serum levels of miR486 were also significantly increased in an
overweight/obese group, which included children with NAFLD [40]. Hepatic miR33b*
expression was higher in morbidly obese women with NAFLD as compared to morbidly
obese women with a healthy liver and a comparable BMI (p < 0.001) [21]. This significantly
higher expression was found in morbidly obese women with NASH (p < 0.001) and with
simple steatosis (p < 0.05). Compared to women with a healthy liver, miR33b* expression
was upregulated in moderately obese NAFLD women (p < 0.05) and the expression of
miR33b* was higher in NASH patients (p < 0.05). Furthermore, in moderately obese
women, hepatic miR33b* correlated positively with hepatic ballooning (p < 0.005) and
lobular inflammation (p < 0.001). Circulating miR33b* serum levels were significantly
higher in moderately and morbidly obese women as compared to normal weight women
(p < 0.001); serum miR33b* correlated positively with concentrations of TAG and AST and
negatively with that of HDL-C [36]. In contrast, Vega-Badillo et al. [36] observed an inverse
correlation with plasma HDL-C and miR33a, and miR144, but not miR33b, levels. Lendvai
et al. [31] showed a negative correlation between hepatic miR33a and serum AST and ALP
levels. Wang et al. [39] found positive correlations between miR129 with TC and TAG but
not with ALT. Logistic regression analysis suggested that miR129 can be independently
influenced by TC. Al Azzouny et al. [40] showed in their multivariate analysis that miR486
expression was an independent predictor for NAFLD susceptibility.

3.5.2. Diagnostics

For miR379, Okamoto et al. [35] found AUROC values for diagnosing NAFLD (0.72),
NAFL (0.76), NASH (0.72), early stage NAFLD (0.74) and advanced stage NAFLD (0.67).
This data suggests that this miRNA would be slightly more specific in detecting early stages
of NAFLD than later stages. Jampoka et al. [24] investigated miR29a as a possible biomarker
to diagnose NAFLD and found an AUC of 0.68 (p < 0.01) with 60.9% sensitivity and 82.4%
specificity. Wang et al. [39] found AUROC values for distinguishing NAFLD from healthy
controls (0.93) with a sensitivity and specificity of 83.8% and 92.7%, respectively. There
were no studies describing the diagnostic value of miR144, 33a, 33b and 33b*, 132 or 486.
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3.5.3. Target Genes and Mechanisms

Okamoto et al. [35] identified 1423 potential target genes of miR379, which were
classified according their function association or related biological processes according to
Gene Ontology (GO) terms. Of all processes, biological regulation, metabolic and cellular
processes covered over 70% of all pathways. After a more selective process, 27 genes were
selected, which were grouped into four categories (Table 1). These categories were: fibrosis
and inflammation (8 genes), energy management including lipogenesis (12 genes), cell
survival and proliferation (6 genes), and cell signaling (1 gene).

Jampoka et al. [24] predicted the target genes of miR29a, as presented in Table 1. Vega-
Badillo et al. [36] showed a significant inverse correlation between miR33a and hepatic
ABCA1 mRNA (p = 0.050) and hepatic ABCA1 protein levels (p < 0.01). Moreover, miR33b
inversely correlated with both hepatic ABCA1 mRNA (p < 0.001) and ABCG1 mRNA
(p < 0.005). For miR144, an inverse correlation with hepatic ABCA1 protein (p < 0.05)
was found. Auguet et al. [21] found positive correlations between miR33b* and SREBP2
(p < 0.005) and ABCG1 (p < 0.01), genes related to lipoprotein secretion. They also found
positive associations for hepatic miR33a with PPARA (p < 0.05) expression and negative
associations between hepatic miR33a and ABCG1 (p < 0.01) expression.

3.6. Animal Data

Other than the human data, we also examined the animal data that were presented in
the 19 selected articles (Figure 4). This figure shows what is mechanistically known from
the animal data present in the selected papers and is useful to compare the overlap with
the human condition. The animal data will be further used in the discussion.

Figure 4. Schematic overview of potential mechanisms in animals (black) of miRNAs involved
in cholesterol metabolism. Red arrow is downregulated. Green arrow is upregulated, = is no
change. Data are derived as published in the papers selected for this review. HFD—high-fat diet;
NASH—non-alcoholic steatohepatitis; FFA—free fatty acids; SIRT1—sirtuin1; AMPK—5′-adenosine-
monophosphate-activated protein kinase; HMGCR—3-hydroxy-3-methylglutaryl-CoA-reductase,
HNF4A—hepatocyte nuclear factor 4 alfa; VLDL-C—very-low-density lipoprotein cholesterol; LDL-
C—low-density lipoprotein cholesterol; PPARA—peroxisome proliferator-activated receptor al-
pha; ACC1/2—Acetyl-CoA carboxylase1/2; TGFB1—transforming growth factor beta 1; APOB—
apolipoprotein B; MTTP—microsomal triglyceride transfer protein; SREBP1/2—Sterol regulatory
element-binding protein 1/2; FOXO3—forkhead-box protein O3.
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4. Discussion

In this systematic review, we identified 13 miRNAs that may be associated with both
NASH and cholesterol metabolism. It was suggested that four of these miRNAs (miR122,
miR34a, miR21 and miR132) play a role in the development of NASH through effects on
cholesterol metabolism. Therefore, it might be interesting to explore whether (dietary)
interventions targeting these miRNAs can modify cholesterol metabolism, and hence,
NASH development and/or progression. For the other nine miRNAs, the data was less
conclusive. Furthermore, miR122, miR34a and miR379 may, in addition to traditional
markers, be used in a panel for the early detection of NAFLD and/or monitoring of
NAFLD development.

The most frequently studied miRNA that appeared in our literature search was miR122.
In serum, miR122 concentrations were higher in patients with liver steatosis as compared
to healthy controls, and concentrations were even higher in NASH patients [20,21,24–26,43].
Interestingly, Cheung et al. [44] showed lower hepatic miR122 expression in simple steato-
sis and NASH patients as compared to healthy controls, which resulted in an inverse
correlation between liver and plasma levels of miR122 in NASH patients. This contrasts
the findings of Auguet et al. [21], who demonstrated higher miR122 levels in morbidly
obese patients with NASH compared to morbidly obese patients with simple steatosis
and morbidly obese patients with normal livers. Studies in primary mouse hepatocytes
and mouse models showed that phosphomevalonate-kinase (PMVK)—which catalyzes
phosphorylation of mevalonate [45]—together with HMGCS1, HMGCR and DHCR7 were
target genes of miR122. This suggest that miR122 is involved in the regulation of cholesterol
and fatty acid metabolism [46].

Another miRNA, which according to our search may be linked to both cholesterol
metabolism and NAFLD, is miR34a. This miRNA is found in high levels in plasma and the
liver, especially in patients with steatosis and NASH [47,48]. Furthermore, Xu et al. [29] found
that upregulation of miR34a inhibits hepatic VLDL secretion, thereby promoting steatosis
in which a role for HNF4A was postulated. Moreover, in rodents, the p53/miR34a/SIRT1
pathway—or so-called proapoptotic pathway—is prevented by treatment with ursodeoxy-
cholic acid (UDCA), which downregulates miR34a, in a cell-type-specific mechanism [47].
This suggests that inhibition of miR34a could prevent disease progression. Moreover,
Ding et al. [49] showed in human cell lines and mice models not only that PPARA, its
downstream genes and SIRT1 are targets of miR34a but also that inhibition of miR34a
decreased steatosis.

MiR21 was the third miRNA that appeared from our search. Rodrigues et al. [32]
reported that miR21-knock-out mice—as compared to wild-type mice—who were fed a
Western-type diet supplemented with obeticholic acid showed minimal steatosis, inflam-
mation and lipo-apoptosis, which was most likely caused by an upregulation of PPARA
and Farnesoid-X-Receptor (FXR) activation. In line with this, Loyer et al. [41] found that
either knocking out miR21 or using an miR21 antagonist decreased liver injury, inflam-
mation and fibrosis in mice. Moreover, they also reported increased hepatic expression of
miR21 in NASH patients but not in steatotic patients, predominantly in inflammatory and
biliary cells. Zhao et al. [50] showed that overexpression of miR21 stimulated extracellular-
signal-related kinase1 (ERK1) signaling and epithelial–mesenchymal transition (EMT) of
hepatocytes by targeting sprouty2 (SPRY2), which is a negative feedback regulator of
multiple receptor kinases and HNF4A [50]. Changing this negative feedback mechanism
may affect hepatic fibrosis development in NASH [50]. Although hepatic levels of miR21
were consistently higher in NASH and cirrhotic livers, differences in miR21 plasma or
serum values were less consistent.

The fourth and final miRNA that we described was miR132. Although human data
is limited, there are indications that hepatic miR132 expression is upregulated in liver
biopsies from NAFLD patients compared to apparently healthy controls [37]. In mice,
Hanin et al. [37] investigated the role of the direct target genes of miR132, which are
involved in several steps of lipid and cholesterol metabolism. They concluded that the
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development of hepatic steatosis may be the consequence of affecting the various miR132
targets simultaneously when miR132 is elevated. Moreover, Zong et al. [38] found in the
non-T2DM subgroup positive associations between serum miR132 and ALT, TAG, apoE
and NAFLD.

Liver biopsies are the gold standard to diagnose the presence of NAFLD—more
specifically, of NASH—and to monitor disease progression over time [51]. However, taking
liver biopsies is not without risk, and there is a strong interest for other approaches to
diagnose and monitor NASH development. Although different non-invasive imaging
techniques and plasma biomarkers such as ALT and AST have been used, most patients
with NAFLD remain asymptomatic and have non-elevated ALT levels [52]. Therefore,
additional measurements such as plasma glucose, TAG, TC and lipoprotein cholesterol
levels, in combination with BMI, fat distribution and family history [53,54] are frequently
included to diagnose NAFLD. We here also explored whether the identified miRNAs
could have an added value for diagnosing and monitoring NAFLD or its sub-stages. Our
data suggests that three of the thirteen identified miRNAs could qualify for this purpose.
Yamada et al. [26] found a positive correlation between steatosis severity and serum
miR122 levels, suggesting that serum miR122 levels could be used to differentiate between
healthy and diseased conditions. Jampoka et al. [24] also showed that serum miR122
levels were lower in patients with a NAFLD Activity Score (NAS) < 4 as compared to
patients with a score > 4. Later, Ye et al. [27] confirmed the results of Auguet et al. [21] and
Jampoka et al. [24] that miR122 levels are a more sensitive predictor than traditional
serological markers for NAFLD. The question is whether we should rely on elevated
miR122 levels only. It might be more attractive to include miR122 levels as part of a panel
of different biomarkers to improve the accuracy of a non-invasive diagnosis of NAFLD [21].
Indeed, Ye et al. [27] developed a statistical model in which the traditional parameters
such as TG, LDL-C, ALT and AST showed no significant change from baseline values until
4 weeks after onset of the disease. When miR122 was included in the model, it was possible
to detect changes from week 1 after onset. Besides miR122, miR379 is another possible
biomarker for diagnosing NAFLD. This miRNA had good AUROC values for all stages with
slightly better performance for the earlier stages. However, a direct comparison of miR379
with more traditional biomarkers, or the added value when miR379 is included to a panel
of traditional markers, is lacking. Finally, a third possible candidate miRNA that appeared
from our search was miR34a. As for the other two miRNAs, plasma levels are increased
with disease severity [47]. Cermelli et al. [22] already suggested that miR34a, as well as
miR122, may represent novel, noninvasive biomarkers for diagnosis and histologically
confirmed disease severity in patients with NAFLD. Pillai et al. [55] showed AUROCS
of >0.80 between the plasma levels of five miRNAs (122, 34a, 375, 21 and 16) and three
blood markers, and a positive correlation with different stages of metabolic dysregulation.
Harrison et al. [56] even concluded that their NIS4 panel which consisted of miR34a and
three other blood biomarkers has potential to reduce unnecessary liver biopsies in patients
with lower risk of disease progression. Based on these findings, we suggest not to focus on
one particular miRNA, but rather, to explore whether one or more of the identified miRNAs
122, 379 and 34a could be added to the traditional biomarkers to diagnose the presence and
severity of NAFLD. Of course, this suggestion should be validated in future studies.

Compared with the relatively limited number of human studies using human samples,
many more experiments have been carried out in animals. Data from animal studies that
were part of the papers selected in our systematic literature search were therefore used
to further explore possible underlying mechanisms to identify potential leads for future
human research (Figure 4). For example, Xu et al. [29] showed that HNF4A was downreg-
ulated by miR34a in several mouse models and in human HepG2 cells. This consistency
between species could relate to the fact that 3′-UTR binding sites in the HNF4A gene in
mice and humans are highly conserved. Mutation experiments showed that miR34a binds
to the second binding site (Figures 2 and 4) in 3′-UTR. Furthermore, overexpression of the
human P53 protein increased miR34a expression in human HepG2 cells, thereby downreg-
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ulating HNF4A. In addition, 13 lipid-related genes were significantly downregulated in
NASH patients compared to healthy controls. Min et al. [28] showed an increased level
of hepatic HMGCR mRNA and protein in NAFLD patients, which suggest that effects
on HMGCR are transcriptionally regulated. This may be due to increased activation of
SREBP2, the principal activator for HMGCR, which seems specific for NAFLD patients as
it was not shown in weight-matched obese or hepatitis C patients as controls [28]. Poten-
tial mechanisms for increased activation of SREBP2 could be the free cellular cholesterol
content—which causes cellular lipotoxicity and consequently an inflammatory response,
or may activate an unfolded protein response [57]—but these mechanisms remain to be
elucidated. Loyer et al. [41] showed in mouse models that PPARA is targeted by miR21
and that downregulation of miR21 prevents NASH development. Min et al. [28] showed
that miR34a can modulate HMGCR phosphorylation and may play a role in maintaining
this enzyme in its active form. Ding et al. [49] showed in FFA-laden LO2 cells (normal
human hepatocyte cell line) that miR34a downregulates PPARA expression. Therefore, it
would be interesting to explore if there is an interplay between miR21/34a and the PPARA
target AMPK. Though overlap exists between mice and human data, the abundance of data
from in vitro and animal studies needs to be confirmed in humans to better understand the
mechanistic link between miRNAs, cholesterol metabolism and NAFLD.

To conclude, we here show that miR122, miR34a, miR21 and miR132—all highly
expressed in NASH—could relate to some of the cholesterol-related pathophysiological
characteristics of NAFLD. Moreover, it is of interest to explore in more detail whether
adding levels of plasma miRNAs (122, 34a and 379) to current noninvasive biomarkers
improves the diagnosis of NAFLD and/or its different disease stages. Finally, we also
identified several mechanistic leads from animal studies that need to be confirmed in
human studies.
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Abstract: Bile acids (BA) are amphiphilic molecules synthesized in the liver (primary BA) starting
from cholesterol. In the small intestine, BA act as strong detergents for emulsification, solubilization
and absorption of dietary fat, cholesterol, and lipid-soluble vitamins. Primary BA escaping the active
ileal re-absorption undergo the microbiota-dependent biotransformation to secondary BA in the
colon, and passive diffusion into the portal vein towards the liver. BA also act as signaling molecules
able to play a systemic role in a variety of metabolic functions, mainly through the activation of
nuclear and membrane-associated receptors in the intestine, gallbladder, and liver. BA homeostasis
is tightly controlled by a complex interplay with the nuclear receptor farnesoid X receptor (FXR),
the enterokine hormone fibroblast growth factor 15 (FGF15) or the human ortholog FGF19 (FGF19).
Circulating FGF19 to the FGFR4/β-Klotho receptor causes smooth muscle relaxation and refilling of
the gallbladder. In the liver the binding activates the FXR-small heterodimer partner (SHP) pathway.
This step suppresses the unnecessary BA synthesis and promotes the continuous enterohepatic
circulation of BAs. Besides BA homeostasis, the BA-FXR-FGF19 axis governs several metabolic
processes, hepatic protein, and glycogen synthesis, without inducing lipogenesis. These pathways
can be disrupted in cholestasis, nonalcoholic fatty liver disease, and hepatocellular carcinoma. Thus,
targeting FXR activity can represent a novel therapeutic approach for the prevention and the treatment
of liver and metabolic diseases.

Keywords: bile acids; nonalcoholic fatty liver disease; FGF15/19; FXR; agonist; nuclear receptors

1. Introduction

Bile acids (BA) are components of human bile, a brownish or olive-green liquid
made of water, organic solutes, and inorganic salt, at a pH of 7.6–8.6. Bile is the major
excretion route of cholesterol which appears as solubilized cholesterol and as BA, i.e.,
degradation products. The three main lipids in bile are bile salts, phospholipids, and
nonesterified cholesterol. Free cholesterol accounts for 97% of all sterols in bile, the rest are
cholesterol precursors and dietary phytosterols. BA are amphipathic molecules synthesized
as “primary” BA from cholesterol in the pericentral hepatocytes. Following their synthesis,
primary BA are conjugated with the compound taurine (2-aminoethanesulfonic acid) and
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the amino acid glycine; this step increases BA solubility in aqueous solutions, such as
bile. Primary-conjugated BA are actively secreted from the hepatocyte into bile and are
mainly and actively absorbed in the terminal ileum. A small amount will travel to the
colon and will undergo the microbiota-dependent biotransformation into “secondary” and
“tertiary” BA, which will be passively absorbed. By this dynamic mechanism, BA undergo
continuous enterohepatic circulation with 4–12 cycles/day. The fecal loss is minimal
at every cycle (5%) and must be compensated by the de novo synthesis of primary BA
in the liver (~200–600 mg/daily). The synthesis of BA is modulated by negative feedback
mechanisms controlled by the farnesoid X receptor (FXR) in the liver and in the intestine [1,2].
This pathway is strictly linked with the enterohepatic circulation of BA [3], with the
signaling role of BA [4], and with the composition and abundance of gut microbiota [5].

Because of this scenario, the role of BA is not simply limited in the emulsification and
absorption of dietary fat and fat-soluble vitamins. BA also regulate the proliferation of
epithelial cells [6,7], gene expression [8,9], epigenetic mechanisms [10,11], fibrogenesis [12],
lipid [13] and glucose metabolism [14]. These effects derive from the role of BA as endoge-
nous ligands and from their ability to activate specific receptors. Besides FXR, involved
receptors also include the membrane-associated G-protein-coupled bile acid receptor-1
(GPBAR-1, also known as TGR5 or M-BAR) [6,15], and sphingosine-1-phosphate receptor
2 (S1PR2) [16,17] in the intestine, in the liver, in the muscle and in the brown adipose tis-
sue [18,19]. In the latter decades, the recognition of BA as signaling molecules has shed new
light on the complex pathophysiological mechanisms and potential therapeutic implica-
tions. Consequences of disrupted BA homeostasis include cholestasis [20], hepatic steatosis,
liver fibrosis, and liver tumor [21,22]. Notably, therapeutic manipulation of the BA-FXR
axis is paving the way to innovative and potent therapeutic tools [3,23,24], potentially able
to act at multiple levels (i.e., BA composition, mitochondrial function, modulation of gut
microbiota, glucose and lipid homeostasis, liver inflammation) [25–33]. The present review
depicts the complex relationship linking BA and FXR, and how its modulation can become
a valid therapeutic target for several liver diseases.

2. The Enterohepatic Circulation and Kinetics of BA and the FXR–FGF19 Dynamics

The cycling of BA between the liver and the intestine is defined enterohepatic circula-
tion, while the total burden of BA in the enterohepatic circulation represents the circulating
BA pool [34]. The complex process operating in the enterohepatic circulation of BA has
been extensively described in previous papers [19,21]. Briefly, the enterohepatic circulation
implies that BA reach the terminal ileum and the colon as well. In the ileum, BA act as
signaling molecules and agonists to the nuclear receptor FXR. FXR has antimicrobial effects
and protects the intestinal barrier. FXR activation is linked, in humans, with the transcrip-
tion of the enterokine fibroblast growth factor 19 (FGF19) or the ortholog FGF15 in mice.
FGF19 enters the portal flow and has effects on the gallbladder and liver [21]. BA activate
FXR with the following rank order: chenodeoxycholic acid (CDCA) > lithocholic acid
(LCA) = deoxycholic acid (DCA) > cholic acid (CA) in the conjugated and unconjugated
forms [35].

FGF19 acts as agonist of the hepatic FGF receptor 4 (FGFR4)/β-Klotho and activates
c-Jun N-terminal kinase/extracellular signal-regulated kinase (JNK/ERK). This pathway
inhibits the expression of CYP7A1 and CYP8B1 and further hepatic BA synthesis, in concert
with the FXR- small heterodimer partner (SHP) inhibitory pathway [36]. BA travelling from
the intestine into the portal tract enter the liver via the sodium taurocholate cotransporting
polypeptide (NTCP) and organic anion transporting polypeptide (OATP) transporters. FXR
works with other nuclear receptors involved in BA homeostasis, namely retinoid X receptor
(RXR), SHP, liver receptor homologous-1 (LRH-1), and liver X receptor (LXR) [18]. FXR is
the main sensor of BA and regulates synthesis, secretion, and metabolism of BA in the liver,
ileum and colon [36–38]. In the liver, FXR regulates target gene transcription by binding
to RXRs as a heterodimer [39]. This binding leads to increased transcription of the SHP
expression. SHP, in turn, inhibits CYP7A1 expression by blocking transactivation of the
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hepatic activators LRH-1 and hepatic nuclear factor 4 (HNF-4), at the promoter [39]. This
pathway ultimately prevents the activation of target genes involved in the synthesis of
fatty acids and BA. By contrast, at low concentrations of BA, LRH-1 operates together
with LXR and stimulates the synthesis of BA [40–42]. FXR transcriptionally activates the
enzymes involved in BA conjugation to glycine or taurine (bile acid-CoA synthetase [BACS]
and bile acid-CoA: amino acid N-acetyltransferase [BAT]) [43], regulates hepatic BA se-
cretion by bile salt export pump (BSEP), and hepatic phospholipid secretion by ABCB4.
BA re-entering the liver also interact with GPBAR-1 on the macrophagic Kupffer cells,
together with the pathway stimulated by the FGFR4/β-Klotho dimer. In addition, the
activation of FXR induces expression of BA detoxification enzymes (i.e., cytosolic sulfo-
transferase 2A1 (SULT2A1 [44]), aldol-keto reductase 1 B7 (AKR1B7 [45]), cytochrome P450
3A4/3a11 (CYP3A4/Cyp3a11), and UDP-glycosyltransferase 2B4 (UTG2B4)) [46]. In the
kidney (proximal tubule), circulating BA undergo uptake by the apical sodium/dependent
bile acid transporter (ASBT). Glomerular filtration of BA are modulated by MRP 2, 3, 4
transporters [47].

Experimental models in animals show that the pathogenesis of NASH is likely linked
with a markedly altered composition of BA in the enterohepatic- rather than in the systemic
circulation, with specific reduction of secondary BAs (mainly DCA), and scarce presence
of FXR and TGR5 ligands in the portal blood. In this case, the major role of enterohepatic
BA in the pathogenesis of NASH is confirmed by the protection from NASH secondary to
dietary correction (i.e., DCA supplementation) of the BA profile [48].

3. Regulation of BA Homeostasis: The Role of Gut Microbiota

The gut represents a dynamic interface between the internal and the external body
environment [49], with several stimuli continuously interacting with the intestinal bar-
rier [50]. The gut microbiota is sensitive to dietary habits and nutrients such as dietary fiber,
proteins, fat, carbohydrates, [51]. They are also sensitive to external toxic agents, which
include smoking [52], ethanol consumption [53], and environmental pollutants such as
heavy metals and pesticides [54–57]. All these factors can affect the diversity and relative
abundance of the gut microbiota [58] during the process of enterohepatic circulation, when
the primary BA synthetized and secreted by the liver are transformed into secondary BA in
the colon [58,59]. BA and gut microbes interact within a continuous bidirectional crosstalk
in health but also in disease [50,60,61]. Gut dysbiosis can disrupt BA homeostasis and can
change the composition of the BA pool, while the increased production of deoxycholic
acid (DCA), a cytotoxic secondary BA, can damage the composition of gut microbiome [9].
BA bind to FXR and this step produces antimicrobial peptides (AMPs) (i.e., angiogenin
1 and RNase family member 4). These AMPs play an active role in the inhibition of gut
microbial overgrowth and intestinal barrier dysfunction [62]. BA can also modulate the
gut microbiome by stimulating the growth of BA-metabolizing bacteria or inhibiting other
bile-sensitive bacteria. Gut Eubacterium lentum, Ruminococcus gnavus and Clostridium per-
fringens decrease the antimicrobial effect of BA via the iso-BA pathway by transforming
DCA and LCA into iso-DCA and iso-LCA (3b-OH epimers). The secondary DCA has
hydrophobic and cytotoxic profiles with detergent effects on the bacterial cell membranes
and antimicrobial properties [63].

Changes of the microbiota and therefore BA pool can interfere with activation of
signaling pathways [64] involved in intestinal, metabolic homeostasis and tumorigenesis.
Dietary changes associated with low short-chain fatty acids have been linked with an high
risk for cancer development [65,66]. Colorectal cancer represents another example since, in
humans, dietary habits can vary BA conjugation. For example, diets enriched in animal
protein favor taurine conjugation while vegetarian diets favor glycine conjugation. In this
scenario, TCA can to stimulate gut microbes able to convert taurine and cholic acid to
hydrogen sulfide and DCA, which act as genotoxin and tumor-promoter, respectively [65].

Dysbiosis and variations of the BA pool composition and size can play a role in alcohol
associated liver disease (ALD) [67], in NAFLD, obesity, and type 2 diabetes [58,68–70].
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Compared to healthy controls, higher levels of total faecal BA, primary CA and CDCA,
and higher BA synthesis have been reported in patients with NASH, who also showed a
higher ratio of primary to secondary BA, but a similar ratio of conjugated to unconjugated
BA. Patients with NASH were also characterized by a decreased count of Bacteroidetes and
Clostridium leptum. The count of C. leptum increased with fecal unconjugated LCA and
decreased with unconjugated CA and CDCA. Taken together, these findings point to a link
between NAFLD, dysbiosis and altered BA homeostasis, which puts patients at risk of
further hepatic injury [71].

Dysbiosis can be also implicated in tumorigenesis via BA-induced changes. DCA
increases on a western diet and becomes a predisposing factor to intestinal carcinogenesis.
In DCA-treated APC (min/+) mice, a disrupted intestinal microbiota was associated with
altered gut barrier, low-grade gut inflammation and tumor progression. Fecal microbiota
transplantation from DCA-treated mice to Apc (min/+) mice increased tumor multiplic-
ity, caused inflammation, recruited the M2 phenotype tumor-associated macrophages,
and activated the tumor-associated Wnt/beta-catenin signaling pathway. Notably, the
antibiotic-induced depletion of the microbiota blocked DCA-induced intestinal carcino-
genesis [72]. Another important study found that a 2-week food exchanges profoundly
affected the microbiota, metabolome profile, mucosal biomarkers of cancer risk when
African Americans were fed a high-fibre, low-fat African-style diet and rural Africans were
fed a high-fat, low-fibre western-style diet. In the African Americans the study found a pro-
tective profile by saccharolytic fermentation and butyrogenesis and suppressed secondary
BA synthesis [66].

4. The Microbiota–BA–FXR Axis

The BA-FXR axis protects the liver for BA overload and potential harmful effects of
BA upon accumulation in the hepato-biliary-intestinal tract [73]. Additional aspects of such
interaction include systemic metabolic effects deriving from FXR activation and FGF19
secretion [19]. Thus, changes in the profile of the BA pool and primary/secondary BA ratio
can produce multiple consequences, including altered metabolic pathways and liver dam-
age [71,74,75]. In this context, a major role is played by microbiota-induced deconjugation
of BA. This is the case when the murine primary BA Tauro-beta-muricholic Acid (TβMCA),
a natural occurring FXR antagonist, will be deconjugated by the microbiota. This step will
alleviate FXR signaling in ileum leading, in the liver, to inhibition of BA synthesis [60,76]. In
normal conditions with a functioning enterohepatic circulation of a physiological BA pool,
the FXR-induced gene expression including Ang1, iNos and Il18 in ileum, has antimicrobial
action, enteral protection and inhibition of bacteria damage to the intestinal mucosa. In
rodents, the biliary obstruction that causes small intestinal bacterial overgrowth (SIBO) can
be reversed by administration of BA [77,78]. A study in the cholestatic model of mice also
reported protection by a potent synthetic agonist of FXR [79]. Metabolic studies in mice
show that the gut microbiota promotes diet-induced obesity via FXR signaling [62,75,76].
In an animal model of NAFLD induced by high-fat diet, the antibiotic treatment decreased
BSH-encoding Lactobacillus, increased the synthesis of the FXR antagonist TβMCA, and
improved insulin resistance and liver steatosis [80]. In humans with newly diagnosed
type 2 diabetes, naïve treatment with metformin modified gut microbiota, decreasing
Bacteroides fragilis and increasing the BA glycoursodeoxycholic acid (GUDCA) in the gut.
These changes were paralleled by an inhibition of FXR signaling, pointing to GUDCA as an
intestinal FXR antagonist able to improve metabolic dysfunction [81]. The inhibition of in-
testinal FXR is a key factor for the progression of NAFLD mediated by gut microbiome [75].
Mice fed a high milk- fat diet showed a shift in BA composition with increased TCA and
expansion of Bilophila wadsworthia. This proteobacterium is recognized as a “bile-loving”
microorganism associated to inflammatory bowel diseases [82,83].

In NAFLD rats, the administration of probiotics is able to significantly increase the
expression of FXR, FGF15 mRNA, and protein in the liver, upregulating the diversity of gut
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microbiota, downregulating the abundance of pathogenic bacteria and finally alleviating
NAFLD [26].

One note, changes in gut microbiota composition are possible following FXR/FGF19
modulation. In humans with biopsy-confirmed NASH, administration of the FGF19 analog
aldafermin induced in the microbiota a dose-dependent enrichment in Veillonella, a rare
commensal microbe which correlated with changes in serum bile acid profile, mainly in
terms of decreased toxic BA [84].

Dietary lipids likely impact the gut microbial composition directly as a substrate
or by shifting in BA composition [85]. The microbiota FXR signaling modulation was
also assessed during the sub-ministration of the antioxidant Tempol, which resulted in a
decrease of Lactobacillus and Clostridium (clusters IV and XIVa), accompanied by decreased
BSH, accumulation of TβMCA and suppressed FXR signals [76]. Other nuclear receptors
can also be involved during the interaction of microbiota with intestinal BA, such as
the pregnane X receptor (PXR), vitamin D receptor (VDR), GPBAR-1 and Sphingosine-1-
Phosphate Receptor 2 (S1PR2) [86–88].

5. Fibroblast Growth Factors FGF15 and Human Ortholog FGF19

Fibroblast growth factors FGF15 (rodent) and the human ortholog FGF19 are en-
terokines which play a major role in BA homeostasis and key metabolic functions, in
concert with FXR [89]. The transcriptional regulation of FGF19 involves the FXR during
the enterohepatic circulation of BA [90,91]. Additional players include vitamin D recep-
tor (VDR), pregnane X receptor (PXR), drugs, vitamins and cholesterol [92]. The sterol
regulatory element-binding protein 2 (SREBP2) is a negative transcriptional regulator of
FGF19 [93]. FGFs belong to a family of at least 22 proteins with an effect on growth, devel-
opment, and differentiation [90,94,95]. FGFs, currently grouped into six subfamilies, play
an autocrine and paracrine role via activation of specific tyrosine kinase FGF receptors un-
dergoing dimerization and activation of the cascade of intracellular signaling pathways [96].
The trio consisting of FGF15 (and the human ortholog FGF19), FGF21, and FGF23 act as
circulating hormones [97]. FGF19 is the human protein encoded by the FGF19 gene and has
endocrine hormonal functions at a systemic level [90,98]. FGF19 was originally identified
in the fetal brain and, with FGF15 only shares ~50% amino acid identity [99]. FGF15/19 are
predominantly expressed in the small intestine, gallbladder, kidney, skin, cartilage, and
brain [36,100,101].

Previous studies confirmed that BA or FXR agonists induced FXR responsive element
(FXRE) activation and FGF19-dependent repression of CYP7A1 (and therefore BA synthesis)
in human hepatocytes [102]. A further proof was that Fgf15-knockout mice and intestine-
specific Fxr-knockout mice stimulated by FXR agonists could not repress CYP7A1 [103].

FGF19 displays two daily peaks (about 3pm and 9pm). The serum peak of FGF15/19
follows the increase of BA in the small intestine and increases about 1.5–2.0 h after the
rise of postprandial serum levels of BA [104,105]. FGF19 is a small 25 kDA molecule
with fasting levels varying from 49 to 590 pg per mL. Following CDCA activation of the
intestinal FXR, serum levels of FGF19 increase by +250%. FGF19 half-life is 30 min short,
likely dependent on renal elimination [106]. FGF19 circulating levels can either decrease
or increase in extrahepatic cholestasis, inflammatory bowel disease, kidney disease, BA
malabsorption, obesity, and liver steatosis. Therapies involving FGF19 seem promising.
However, the translational value of these attractive therapeutic tools should be carefully
verified in terms of possible hepatic tumorigenesis, as a consequence of their mitogenic
potential [107,108]. The effect likely involves the FGF19-FGFR4 interaction, since blocking
the receptor can prevent, in rodents, the development of hepatocellular carcinoma [109].

The function of secreted FGFs requires the interaction with the transmembrane Klotho
proteins found at the fibroblast growth factor receptors (FGFRs) [106]. FGF19 binds to the
receptor complex composed of the FGF receptor 4 (FGFR4) and a co-receptor β-Klotho,
both highly expressed in liver. Whereas the carboxy-terminal domain of FGF19 is the
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segment specifically recognized by β-Klotho, the amino-terminal region is specific for the
FGF19–FGFR interaction [110].

Affinity of FGF15/19 is greater for the FGFR4, which is primarily expressed in the
liver, than for FGFR1, primarily expressed in the white adipose tissue (WAT) [111,112].
FGFR4 is also expressed in other cell types as macrophages, HSCs and some central
neurons [113]. The human FGF19 is not effective on mouse FGFR4 [114]. Binding of
FGF19 to the FGFR4–β-Klotho complex activates a signaling pathway which includes the
small guanosine triphosphatase Ras, the extracellular signal–regulated protein kinase 1, 2
(ERK1, ERK2), JUN N-terminal kinase (JNK), fibroblast growth factor receptor substrate
2α (FRS2α) [115], the growth factor receptor-bound protein 2 (GRB2), cAMP-response
element-binding protein (CREB) which is de-phosphorylated and inactivated [89,106,116].

FGF19 is also able to modulate gallbladder volume, which contributes to the pulsatile
and dynamic function of the enterohepatic circulation in the fasting and postprandial
period [117,118]. During the postprandial period, the fat-stimulated CCK release from
the upper gut enterocytes promotes smooth-muscle-mediated gallbladder contraction
and ejection of concentrated bile into the duodenum. This phenomenon is well visible
during the ultrasonographic functional study of time-dependent changes of gallbladder
volume in response to a meal, by following the rhythmic alternation of emptying-refilling
episodes [117,119–121]. Upon gallbladder contraction, BA in the duodenum inhibit further
CCK production and, in turn, gallbladder contraction [122]. BA arriving in the distal
ileum, moreover, will stimulate the release of FGF19 which, by activation of the gallbladder
FGFR4-β-Klotho, promotes gallbladder relaxation ready for the next filling with dilute
hepatic bile. FGF-19 interacts with the liver FGFR4-β-Klotho leading to suppression of the
synthesis of hepatic BA [21].

6. FXR–FGF19 and BA Homeostasis

The hepatic and intestinal expression of FXR contributes to the regulation of BA syn-
thesis and homeostasis [103], via a negative gut-liver feed-back sustained by the intestinal
FGF15/19. In the liver, mild activation of FXR and SHP suppresses the CYP7A1/Cyp7a1
gene [40,123]. In parallel, the Cyp8b1 gene repression via FXR depends equally on both
intestinal and liver FXR [103]. The key role of FXR in BA homeostasis is testified by the
regulatory capacity of inducing the expression of key transporters active in the entero-
hepatic circulation of BA, i.e., BSEP, IBABP and OSTα/β, while suppressing NTCP and
ASBT [124–126]. The BA-FXR-FGF15/19-BA sequence has a fundamental role in governing
BA homeostasis. FGFR4 overexpression downregulates CYP7A1 and decreases the BA pool
size [127].

By contrast, Knockout mice Fgf15-, Fgfr4- and β-klotho (Klb)- display impaired BA
metabolism. Exogenous FGF19 fails to rescue this condition and fails to repress the function
in CYP7A1 Fgfr4- and Klb-knockout animals [128,129]. The interaction between FGF15/19
and β-klotho-FGFR4 in the liver requires additional nuclear receptors to activate CYP7A1
repression. These nuclear receptors include the liver receptor homologue 1 (LRH-1) and
hepatocyte nuclear factor 4α (HNF4α) [130] and SHP [131]. In addition to this complex
picture, BA bind to ileal membrane-associated receptor GPBAR1. This activation is also
associated with several extra-intestinal tissues to mediate host energy expenditure [132,133],
glucose homeostasis [134], anti-inflammatory and immune responses [135,136].

7. FXR–FGF15/19 Pathway and Metabolic Effects

The axis FXR–FGF15/19 is also implicated in a number of metabolic functions which
involve fat, glucose, glycogen, protein homeostasis, and energy expenditure [106].

7.1. Lipid Homeostasis

The pathways connecting cholesterol to BA synthesis are essential and contribute to the
prevention of pathological amounts of cholesterol in the body [137], and also to metabolic
homeostasis. Hepatic BA synthesis starts from cholesterol, and this step represents the main
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catabolic pathway of cholesterol metabolism in humans [21]. These pathways act through
the “classic” neutral pathway (cholesterol 7α-hydroxylase, CYP7A1), contributing to about
75% of the total BA pool, and the “alternative” acidic pathway (sterol 27-hydroxylase,
CYP27A1) contributing to about 25% of the total BA pool [21].

In this context, FXR has a relevant role in atherosclerotic risk factors, and strongly
modulates the homeostasis of cholesterol due to the ability to inhibit CYP7A1.

Of note, increased serum levels of primary and secondary BA have been reported in
patients with NAFLD, as compared with healthy controls [9]. This finding should suggest
a role for the elevated BA production in the pathogenesis of NAFLD. This link, however,
seems secondary to the increased proportion, in the BA pool, of the FXR antagonistic
DCA, and to decreased levels of the FXR agonistic CDCA [9]. On the other hand, the
cholesterol catabolism through BA synthesis has beneficial effects on metabolic homeosta-
sis, and hepatic accumulation of cholesterol is a critical culprit for the development of
NAFLD/NASH [138]. Transgenic mice overexpressing CYP7A1 in the liver are resistant to
high-fat diet-induced obesity, fatty liver and insulin resistance, mainly through increased
hepatic cholesterol catabolism and increased BA pool [139]. Further studies in FXR-deficient
and CYP7A1-deficient mice confirmed the beneficial effects on hepatic inflammation of the
increased CYP7A1 expression and BA synthesis secondary to activation of FXR [27].

FXR-deficient mice display increased content of hepatic lipids and increased plasma
cholesterol and triglycerides [140]. By contrast the activation of FXR by the synthetic agonist
GW4064 or by BA decrease liver steatosis and serum triglycerides [141,142]. Mechanisms
include suppression of de novo fatty acid synthesis [141]. Primary hepatocytes incubated
with the recombinant FGF19 protein display suppression of insulin-dependent stimulation
of fatty acid synthesis with or without insulin [143]. FXR activation induces the SHP-
mediated suppression of sterol regulatory element-binding protein 1c (SREBP1c), a step
decreasing triglyceride load in hepatocytes [141]. This pathway also occurs with FGF19 via
increased expression of SHP, increased signal transducer and activator of transcription 3
(STAT3) and decreased peroxisome proliferator-activated receptor γ coactivator-1β (PGC-
1 β) [143]. An additional mechanism is the FXR-mediated activation of ApoCII gene
transcription in the liver. This step, in turn, activates the lipoprotein lipase and decreases
ApoCIII, a lipoprotein lipase inhibitor. The net effect is increased lipolysis of triglycerides in
the vasculature [30,144]. Additional effects of FXR activation include increased triglyceride
hydrolysis and clearance, increased fatty acid oxidation [28–30], and decreased hepatic
export of very low-density lipoprotein (VLDL) [145].

Negative-correlations have been recently shown between stimulated intestinal FXR-
FGF15 secretion and pathways linking hepatic cAMP regulatory element-binding protein
(CREB) and peroxisome proliferator-activated receptor gamma, coactivator 1α (PGC1A).
This effect indicates a possible downregulation of hepatic PGC1α by inactivation of CREB,
finally resulting in suppression of fatty acid oxidation [146].

FXR contributes to the control of cholesterol homeostasis. Human cells lack enzymes
able to degrade the ring structure of cholesterol and excess cholesterol must be excreted
to avoid a harmful body accumulation. The excretion of cholesterol is mainly achieved
in bile via the physiological carriers BA and phospholipids assembled with cholesterol
as micelles and vesicles [147]. In addition, the concept of reverse cholesterol transport
(RCT) encompasses the pathway transporting excess cholesterol accumulating within
peripheral tissues back to the liver for biliary excretion into the feces [148]. FXR stimulates
the RCT, as well as the trans-intestinal cholesterol excretion (TICE), the latter representing
a significant alternative route to the biliary pathway of RCT. Mechanisms linking FXR to
RCT include the changes in the BA pool hydrophobicity and their micellar function with
cholesterol [148,149].

A critical role in the relationships between FXR, glucose, fatty acid metabolism and
homeostasis seems to be played by the key enzyme pyruvate dehydrogenase kinase 4
(PDK4). In fact, an increased expression of this enzyme has been reported in FXR-null mice,
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and the inhibition of PDK4 expression alleviated lipid accumulation in hepatocytes both
in vivo and in vitro [150].

7.2. Glucose Homeostasis and Gluconeogenesis

In both fed and fasted states, the liver is essential to maintain physiological blood
glucose levels. Postprandially, exogenous glucose is used in liver to synthesize glyco-
gen and triglycerides. During fasting, glucose is produced after gluconeogenesis and
glycogenolysis. FGF15/19 release mediates the effects of FXR on glucose and lipid regu-
lation. FGF15-deficient mice fail to maintain blood concentrations of glucose and normal
postprandial amounts of liver glycogen [151]. Activation of the FXR-FGF15/19 axis is
involved in glucose metabolism resulting in reduced hepatic gluconeogenesis and glycol-
ysis, and paralleled by increased glycogen synthesis [152]. The mechanisms involve the
downstream signaling via SHP-mediated suppression of transcription factors critically
involved in gluconeogenesis [153]. Mechanisms might differ between species [154,155]
or experimental models, and the role of FXR in glucose metabolism, although evident, is
somewhat difficult to interpret. FXR-deficient mice show increased serum glucose levels
and impaired glucose and insulin tolerance. By contrast, hepatic gluconeogenesis decreases,
and insulin sensitivity improves if FXR is stimulated by feeding the primary BA cholate,
treating with the agonist GW4064 or if FXR is overexpressed [142,156]. These results must
be interpreted in the context of diet-induced obesity. In aged mice, hepatic loss of FXR and
the FXR target SHP improves lipid and glucose homeostasis [157], likely due to an increase
in autophagic gene expression (normally repressed by FXR postprandially) [157,158].

Additional sets of results originate from the manipulation of intestinal FXR. Mice
with selective genetic deletion of intestinal FXR displayed protection against diet-induced
diabetes and obesity [75,76].

Here, additional complex pathways might play a role. FXR might inhibit the secretion
of the intestinal incretin Glucagon-like peptide 1 (GLP-1), as shown by administering
the FXR agonist GW4064 [159]. The lack of intestinal FXR would therefore promote
the intestinal L-cell release of GLP-1, which improves glycemic control and promotes
weight loss.

In type 2 diabetic mice, the FXR antagonist Mebhydrolin improved glucose home-
ostasis by suppressing hepatic gluconeogenesis via FXR/miR-22-3p/PI3K/AKT/FoxO1
pathway. An additional effect was the promotion of glycogen synthesis through FXR/miR-
22-3p/PI3K/AKT/GSK3β pathway [31].

Fexaramine is the intestine-specific FXR agonist that increases FGF15 signaling, leading
to altered BA pool and increasing the level of the secondary tauro-conjugated BA tauro-
litocholic acid (TLCA) [160]. TLCA is a strong agonist of the membrane-associated receptor
GPBAR-1 in the intestinal (ileum, colon) L-cell, and this step induces the secretion of
Glucagon-like peptide 1 (GLP-1). This step appears to explain the improved glucose
tolerance and insulin resistance, as well as the stimulation of browning of white adipocytes
and energy expenditure i.e., produced heat through uncoupled electron transport in the
mitochondria [161,162] by fexaramine in mice [163]. Additional pathways are likely active,
since fexaramine treatment in GPBAR-1-deficient mice was also associated with increased
energy expenditure [162].

The enterokine FGF15/19 also plays a role in glucose metabolism. FGF19 acts in-
dependently from the activity of insulin or the protein kinase Akt. FGF19 acts through
a mitogen-activated protein kinase signaling pathway that activates components of the
protein translation machinery and stimulates glycogen synthase activity. The processes
are tightly regulated to maintain glucose homeostasis. As insulin, FGF15/19 inhibits
gluconeogenic gene expression [105]. However, insulin acts through Akt-dependent phos-
phorylation and subsequent degradation of FOXO1, a transcription factor involved in
fasting-mediated induction of gluconeogenic gene expression. Conversely, FGF19 operates
promoting dephosphorylation and inactivation of the transcription factor cAMP regu-
latory element-binding protein (CREB). This effect blunts the expression of peroxisome
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proliferator-activated receptor gamma coactivator-1alpha (PGC-1α) and other genes in-
volved in hepatic metabolism, such as glucose-6-phosphatase (G6pase). In human and rat
hepatocytes and in mouse livers, activation of FXR increased glucose levels via expression
of phosphoenolpyruvate carboxykinase (PEPCK) [105,164]. In turn, the overexpression
of PGC-1α blocks the inhibitory effect of FGF15/19 on the expression of gluconeogenic
gene. In support of this function, mice lacking FGF15 are not able to maintain proper blood
concentrations of glucose [151].

Notably, mice treated with FGF19 or overexpressing FGF19 have a lower body weight
despite elevated food intake. Mice had repression of acetyl-CoA carboxylase 2 (ACC2)
and stearoyl-CoA desaturase 1 (SCD1), enhanced energy expenditure and were protected
against diet-induced obesity. Decreased ACC2, in turn, decreases mitochondrial Malonyl-
CoA levels, and is associated with the upregulation of Carnitine palmitoyltransferase I
(CPT1), more availability of fatty acids for oxidation [165].

In addition, FGF19 inhibits the synthesis of hepatic fatty acid after suppressing
SREBP1c activity [143]. The translational meaning of the above-mentioned studies re-
quires extensive validation [166]. A role for FGF19 at the level of the central nervous system
in improving glycemia and peripheral insulin signaling is also possible [167], and points to
novel therapeutic targets with antidiabetic drugs. FGF15/19 works in tune with insulin
(serum peak of 15 min), as a postprandial regulator of hepatic carbohydrate homeostasis.

7.3. FGF19 and Role in Glycogen Synthesis

Hepatic glycogen synthesis is also under the regulation of FGF15/19. In line with this
function and compared to control wild-type mice, Fgf15 knockout mice become glucose
intolerant and store half as much glycogen in the liver. The defect is rescued by admin-
istration of FGF19 [151]. Diabetic mice lacking insulin have defective glycogen storage
but FGF19 treatment rescues hepatic glycogen concentrations to normal levels. These
models suggest that FGF19 activates insulin-independent pathways in regulating glycogen
metabolism [151]. To promote the synthesis of glycogen and proteins, FGF19 activates the
Ras/ERK pathway, whereas insulin activates the PI3K/Akt pathway [151].

Glycogen synthesis in the liver is regulated negatively by glycogen synthase kinase
(GSK) 3α and GSK3β. The mechanism is modulated by the effects of BA on phosphorylation
and inhibition of glycogen synthase (GS). Phosphorylation also inactivates GSK3 kinases,
thus preventing the inhibition of GS and increasing glycogen synthesis. FGF19 acts directly
on the liver and induces the phosphorylation of both GSK3α (Ser21) and GSK3β (Ser9), in
parallel with a reduced phosphorylation of Ser641 and Ser645. In this scenario, GS activity
increases, liver glycogen content increases by about 30% without effect on liver cholesterol
or triglycerides, as well as insulin or glucagon level. In accord with a direct function of
FGF19 on the hepatocyte and glycogen synthesis, it is apparent that fed Fgf15−/− mice had
>50% less hepatic glycogen and impaired glucose uptake from the circulation, as compared
with wild-type animals. FGF19 administration rescued this phenotype completely [151].

Notably, maximal serum insulin levels occur within 1 h of a meal, serum FGF19
levels peak about 3 h after a meal [104] and, in human subjects, liver glycogen levels
peak ~4 h after a meal [168]. The conclusive picture which arises from this experimental
scenario is that insulin and FGF19 work in a coordinated temporal fashion, and that this
synergy facilitates the postprandial storage of nutrients. FGF19, as compared to other
anabolic enterokines, namely incretins, GLP-1 and GIP, appears to mimic insulin action
independently and without stimulating its release.

7.4. FGF19 and Role in Protein Synthesis

In mice, the acute administration of FGF19 increases total protein synthesis by 18%
and synthesis of albumin by 40%, while prolonged FGF19 administration increases levels
of plasma albumin by 10% [151]. FGF19 stimulates hepatic protein synthesis with the
phosphorylation of the ERK1/2, phosphorylation of eIF4B, eIF4E and the ribosomal protein
S6 kinase (S6K1), an mTOR- dependent master regulator of muscle cell growth and therefore
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muscle weight [169]. In primary hepatocytes, the activation of FXR by the agonist INT-747
stimulates amino acids catabolism. In vivo, FXR activation increased ammonium clearance
through induction of ureagenesis and glutamine synthesis [170]. In humans, the links
between FGF19 and protein synthesis might play a critical role in muscle homeostasis.
Lower FGF-19 levels and higher FGF-21 levels have been reported in elderly patients with-
as compared to those without sarcopenia, impacting muscle strength [171]. This finding is
paralleled by results deriving from animal models, in which antibiotic therapy induced
skeletal muscle atrophy secondary to microbial dysbiosis, aberrant BA metabolism and
inhibition of the FXR-FGF15 signaling. Of note, in this model, skeletal muscle loss was
partly reversed by administration of FGF19 [172].

7.5. FGF19 and Role in Energy Expenditure

FGF19 has profound effects on overall metabolism and energy expenditure. The key
role of FGF19 in maintaining the physiological homeostasis is testified at various levels
and by different models. In the animal models using transgenic mice which express human
FGF19 and have decreased fat mass. Mice did not become obese or diabetic when fed a
high fat diet. This outcome appears to be the consequence of increased energy expenditure.
Likely, FGF19 may increase energy expenditure via increase in brown adipose tissue (BAT)
mass. In addition, reduced liver triglyceride levels derive from decreased liver expression
of acetyl coenzyme A carboxylase 2 (ACC2) and, in turn, decreased levels of mitochondri-
ally associated malonyl CoA levels and increased activity of carnitine palmitoyl transferase
1 (CPT1), with increased availability of fatty acids for β oxidation [173]. FGF19 increased
metabolic rate in mice fed a high fat diet, and this effect was paralleled by reduced body
weight and diabetes in leptin-deficient mice [165]. In the central nervous system FGF19
plays an additional role since it improves insulin sensitivity by reducing the activity of
hypothalamic agouti-related peptide (AGRP)/neuropeptide Y (NPY) [174]. Thus, FGF15
and FGF19 appear to have several metabolic effects which can be summarized as weight
loss, increased insulin sensitivity and thermogenesis. Serum concentrations of cholesterol
and triglyceride also decrease with stimulation of FGF15/19. The translational value of
such findings, however, requires additional evidence in humans. Postprandially, FGF19
and insulin promote protein and glycogen synthesis and suppresses hepatic gluconeo-
genesis [89]. At variance with insulin, however, lipogenesis is not stimulated by FGF19,
due to different cellular signaling pathways. Taken together, this evidence suggests that
FGF15/19 brings beneficial effects on metabolic syndrome and treatment of NASH. Mod-
ified FGF19 is beneficial in mouse models of NASH and cholestasis [175]. To harmonize
somewhat conflicting results concerning FXR regulation of lipid/glucose metabolism, and
possibly metabolic syndrome, it should be noted that FXR knockout mice develop fatty
liver, increased serum concentrations of free fatty acids (FFAs) and glucose, and display
insulin resistance [156]. In addition, overexpression or activation of hepatic FXR in diabetic
db/db and wild-type mice was associated with decreased serum concentrations of FFAs
and glucose, and with increased insulin sensitivity [142].

8. The Role of FXR in Liver Disease

8.1. Inflammation and Fibrosis

Experimental evidence show that FXR can have an anti-inflammatory function in
the liver by reducing cholestasis and levels and accumulation of toxic BA [32,176]. The
migration and infiltration of monocytes/macrophages is regulated by the chemokine
monocyte chemoattractant protein-1 (MCP-1/CCL2) [177]. The synthetic FXR agonist WAY-
362450 reduced MCP-1 expression and inflammatory cell infiltration in the liver of mice put
on methionine-choline deficient (MCD) diet, which induces NASH. The reduction of hepatic
fibrosis by WAY-362450 treatment was paralleled by a reduction in hepatic gene expression
of fibrosis markers and was specifically linked to the presence of FXR [32]. The expression of
various pro-inflammatory genes is induced by the transcription factor Nuclear factor kappa-
light chain enhancer of activated B cell (NF-κB) [178]. Treatment with lipopolysaccharide
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(LPS) induced in FXR KO mice a strong hepatic inflammation, with massive liver necrosis
and marked increase in hepatic cytokine signaling molecules inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and interferon-γ (IFN-γ) [176]. The use of FXR agonists
in HepG2 cells and mouse primary hepatocytes suppressed NF-κB mediated inflammation
in a FXR-dependent manner [176]. Notably, FXR activation mitigates the development of
liver fibrosis due to an increased anti-fibrotic gene expression in hepatic stellate cells (HSCs).
The pathway is based on the activation of FXR, induction of SHP, increased expression of
peroxisomal proliferator activated receptor γ (PPARγ) with inactivation of HSCs [179,180].

In an animal model of cholestasis induced by parenteral nutrition, the administration
of the FXR agonist GW4064 prevented hepatic injury and cholestasis. Treated animals
showed a normalization of serum BA levels which were associated with increased expres-
sion of canalicular bile, of sterol and phospholipid transporters, and with suppression of
macrophage recruitment and activation. These effects were secondary to the restoration of
hepatic FXR signaling [181].

FGF15/19 can also play a role in inflammation. FGF15 deficiency is associated with the
loss of FGF15-mediated suppression of BA synthesis, increased FXR activation, and reduced
hepatic fibrosis [182]. In a human HSC cell line, LX2, FGF19 suppresses inflammation
through modulating inhibitor of nuclear factor kappa B (IκB) activity without suppression
of fibrogenic gene expression [182].

8.2. Cholestasis

The BA pool is made of amphipathic BA with either protective or toxic effects depend-
ing on the tight maintenance of the hydrophilic-hydrophobic balance [183]. Notably, BA
structure is responsible for their double signaling function as protective molecules (i.e.,
proliferation in hepatocytes) or toxic molecules [184]. The process of cholestasis starts with
decreased or abolished bile flow. Several conditions may be responsible for cholestasis,
but the ultimate step leading to cholestatic liver injury is the intrahepatic accumulation of
BA, a situation also defined as BA overload. Chronic BA overload will inevitably cause
a progressive BA-induced damage, with the aid of additional toxic components [20,185].
Excess BA retention generates hepatocyte damage, steatosis, fibrosis and even liver tumori-
genesis [21,22].

BA overload can develop at the hepatic and/or systemic level [186] when trans-
hepatocyte BA flow is scarce because of decreased sinusoidal and/or canalicular BA
transport [184,187], or in the presence of bile duct obstruction. Both extended (>70%) partial
hepatectomy and massive hepatocyte loss [184,188–191] are a predisposing condition to
BA overload [191,192]. Therefore, BA spillover will be evident into the systemic circulation,
as confirmed in both animal and human models [19,187,193–196].

In the model where mice are put on a LCA-enriched diet [197] or to develop impaired
pathways of SIRT1 [44], FGF receptors [198,199], SHP [200], FGF15 [201] studies show the
expansion of a hydrophobic BA pool which interferes with the liver repairment capacity.
Another example is that Cyp2c70-/- mice develop a more human-like hydrophobic BA pool
with liver inflammation [202] and altered FXR signaling [203]. This is due to the presence
of a more hydrophilic bile in mice, as compared to humans, since the enzyme CYP2c70
(missing in humans) converts CDCA to the more hydrophilic muricholic acid [204].

In line with such evidence, BSEP/abcb11-/- mice develop a mild non-progressive
cholestasis [197], likely due to an enrichment of the BA pool with hyper-hydroxylated, less
hydrophobic, and less cytotoxic BA [205]. In humans, progressive familial intrahepatic
cholestasis (PFIC) is an autosomal recessive disease causing 15% of cases of neonatal
cholestasis. The PFIC2 form has a mutation in the ABCB 11 gene encoding BSEP. PFIC
patients develop a disrupted secretion of BA from the hepatocytes, progressive hepatic
fibrosis, liver cirrhosis and end stage liver disease requiring liver transplantation [206].
Thus, beneficial effects during cholestatic liver injury might derive from an increased
hydrophilic profile of the BA pool, either in the animal model [207] and in PFIC children (i.e.,
by increasing the content of tetrahydroxy BA) [208]. BA overload will cause damage [209]
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via deranged mitochondrial function [210,211]. This step involves the release of cytochrome
c and release of excessive reactive oxygen species (ROS) [212], plasma membrane damage,
necrosis, apoptosis and cell death [213]. The indirect damage of excess BA retention
involves inflammatory changes associated with cytokine release, neutrophils recruitment
and macrophages activation [209,214].

Up to a certain limit, FXR-dependent adaptive responses will try to counteract the
cholestatic liver damage. A first preventive mechanism includes the intrahepatic activation
of the physiological BA sensor FXR by BA. Both basolateral and canalicular BA transporters
and enzymes governing BA synthesis and conjugation are involved [193,215] and con-
tribute to counteracting BA overload in the hepatocytes [216]. FXR-dependent mechanisms
can modulate hepatocyte cell cycle progression [192], with a possible regulation of BA
homeostasis [114], alcohol-related liver injury [217] and liver regeneration after partial hepa-
tectomy [218,219]. FXR pathways can involve cholangiocyte cell cycle progression [219,220]
during BA synthesis suppression [221,222]. The pro-inflammatory effect of BA is mediated
by the intracellular assembly of the inflammasome, but FXR exhibits anti-inflammatory
effects, because of the interaction with the NLRP3 protein machinery [223]. The modulatory
effects of FXR on BA homeostasis and hepatocyte/cholangiocyte cell cycle progression
are important to decrease liver BA uptake (inhibition of BA transporters), BA synthesis
(suppression of CYP7A1/Cyp7a1 gene [36,123] and Cyp8b1 gene [103]), while stimulating
BA excretion (activation of BA transporters [124,125]).

FXR is also expressed by mast cells infiltrating the liver during cholestasis, and pro-
moting hepatic fibrosis. As shown by an animal model, FXR expressed by mast cells has a
critical role in hepatic damage and ductular reaction, acting on BA homeostasis through
disrupted intestinal and biliary FXR/FGF15 signaling [224].

9. FXR as a Therapeutic Target?

The tight interaction between BA-FXR-FGF19 and reflections on metabolism and
inflammation in health and disease, has boosted the interest of research on the role of
potential therapeutic approaches focusing on FGF19 and FXR stimulation.

9.1. FGF19 and FGF21 Variants

Scarce studies have focused on the role of FGF19 variants devoid of stimulatory effect
on FGFR4 (because of potential tumorigenic activity). Mimetic molecules include chimeric
molecules FGF19-4, 5 and 6 (mutagenesis in the N-terminus and in the heparin binding
domains in amino acids 38–42), FGF19v (Conjugation of amino acids 1–20 of FGF21 with
amino acids 25–194 of FGF19), M70 (3 amino acid substitutions and 5 amino acid deletions
in the N-terminus). Such molecules are still able to modulate glucose metabolism but
studies are restricted to animal models [225–227] with scarce studies in humans [226,228].
The translational value of FGF19 variants is still under evaluation and further evidence is
awaited in this field.

FGF21 belong to the FGF19 subfamily of endocrine FGFs and, as FGF19, require the co-
receptor β Klotho for binding and signaling through the FGF receptors [229]. As shown in
experimental models, FGF21 is a negative regulator of BA synthesis, being able to decrease
BA levels in the liver and in the small intestine, with a significant reduction of the BA pool
size. These findings are paralleled by decreased colonic and fecal BA, with a concomitant
increase in fecal cholesterol and fatty acid excretions [230]. The modulatory effect of FGF21
on BA synthesis seems independent of the FXR/FGF15 pathway [231]. Due to beneficial
metabolic effects, FGF21 variants are emerging as promising therapeutic tools in metabolic
diseases. The FGF21 variant LY2405319 has been tested in patients with obesity and type
2 diabetes, with beneficial effects on lipid metabolism, body weight, fasting insulin and
adiponectin levels, but no significant reduction in fasting glucose levels [228]. Another
long-acting FGF21 variant, PF-05231023, induced a body weight loss, an improvement in
plasma lipoprotein profile and in adiponectin levels in overweight/obese subjects with type
2 diabetes, without effects on blood glucose. In the treated cohort, however, possible effects
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on bone formation and resorption were noticed [232]. In obese patients with hypertriglyc-
eridaemia on atorvastatin, with or without type 2 diabetes, the same molecule reduced
triglycerides in the absence of weight loss. In the treated group, however, serious adverse
effects were noticed, causing the discontinuation of therapy in some participants [233]. Peg-
belfermin (BMS-986036), a PEGylated FGF21 analog has been used in obese patients with
type 2 diabetes predisposed to fatty liver, resulting in an improvement of the lipid profile,
of fibrosis biomarkers and adiponectin levels, in the presence of mild adverse events [234].
Pegbelfermin has been also used in a phase 2a study in obese/overweight subjects and
in NASH patients. In this trial, treatment significantly reduced hepatic fat fraction, in the
presence of mild side effects (mainly diarrhea and nausea) [235]. Of note, Pegbelfermin
promotes a significant reduction from baseline in serum concentrations of DCA and conju-
gates in patients with NASH and in overweight/obese adults, with a possible modulatory
role on the synthesis of secondary BA, also acting on gut microbiome [236]. The extent of
total BA decrease recorded in the cited study (about 20–30%) [236] is comparable to that
obtained following treatment with FXR agonists [237], with the advantage to be selective
for secondary BA [236].

9.2. FXR Agonists

Clinical trials are on the way using FXR modulators in chronic liver diseases such as
primary biliary cholangitis, in cholestasis, nonalcoholic steatohepatitis (NASH), obesity,
metabolic syndrome, hypertriglyceridemia, lipodystrophy. Additional trials include bile
acid diarrhea, hepatitis B or association with reactivation of latent pro-virus (clinical
trials.gov). Table 1 lists the main FXR agonists/modulators explored, at the moment, in
clinical trials or experimental studies.

Table 1. FXR agonists/modulators mainly evaluated in clinical or experimental studies.

Obeticholic acid (approved for the treatment of
primary biliary cholangitis) [238–241]

Tropifexor (LJN452) [242–249]

Cilofexor (GS-9674) [250,251]

Vonafexor [252]

Nidufexor [253]

GW4064 [254]

MET409 [255]

TC-100 [256]

BMS-986339 [257]

HEC96719 [258]

WAY-450 [259]

WAY-362450 [260]

Px-102 [261]

Px-104 [262]

TERN-101 [263]

EDP-305 [264]

INT-767 (FXR-TGR5 dual agonist) [25,265,266]

Most solid studies are reporting results with the steroidal molecule obeticholic acid
(OCA), the 6α-Ethyl-Chenodeoxycholic Acid (6-ECDCA) and the non-steroidal Tropifexor
(LJN452). OCA is modified from CDCA and is about 100 times more potent [238].
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In male Wistar rats with cholestasis receiving i.v. infusion of LCA to impair bile flow,
OCA alone did not induce cholestasis and during co-infusion with LCA, reversed the
impairment of bile flow and protected hepatocytes from necrosis [238]. OCA is approved
for the treatment of primary biliary cholangitis (PBC) especially in the subgroup of patients
who fail to respond to UDCA [239–241].

Zucker (fa/fa) rats have a loss of function mutation in the hunger hormone leptin
receptor [267], and suffer from hyperphagia and hyperleptinaemia resulting in obesity,
insulin resistance, diabetes and fatty liver resembling NAFLD [267]. OCA treatment
(10 mg/kg/day) over 7 weeks–meaning FXR activation -reversed insulin resistance, pre-
vented body weight gain and fat deposition in the liver, reduced serum levels of triglyc-
erides and aminotransferases, and improved liver histology [267]. Evidence suggests that
the activation of FXR by OCA improves hyperglycemia through enhanced insulin secre-
tion and glucose uptake by the liver. OCA increases insulin secretion in mouse β-TC6
cells and human pancreatic islets, while in β-TC6 cells OCA induces AKT (Protein Kinase
B)-dependent translocation of glucose transporter 2 (GLUT2). This step increases glucose
uptake by these cells [268]. The anti-inflammatory and anti-fibrotic properties of OCA be-
came evident while investigating the NF-κB signaling pathway. In HepG2 cells stimulated
with LPS or tumor necrosis factor alpha (TNFα), pretreatment with OCA at 3 uM inhibited
the expression of cytokine-inducible enzymes COX-2 and iNOS [176]. OCA inhibited iNOS
in LPS-treated primary mouse hepatocytes [176].

The agonist activity of OCA on FXR operates also in humans and trials are ongoing [33].
In NASH, OCA showed promising results, with an improvement of liver blood tests, a
decreased extent of liver fibrosis and with no worsening of NASH [241]. The efficacy and
safety of OCA have been evaluated in patients with type 2 diabetes and NAFLD by a phase
IIa study using placebo (n = 23), 25 mg OCA (n = 20), or 50 mg OCA (n = 21) for 6 weeks
(ClinicalTrials.gov, Number: NCT00501592). Treatment was well tolerated, and beneficial
effects of OCA were observed in both groups with reduced γ-glutamyltransferase (GGT)
and alanine aminotransferase (ALT) levels, dose-related weight loss, improved insulin
sensitivity, elevated FGF19 serum levels, decreased BA precursor 7a-hydroxy-4-cholesten-
3-one (C4) and endogenous BA. Results confirmed the OCA-dependent activation of FXR
in human [269].

In the phase IIb trial Farnesoid X Receptor Ligand OCA in NASH Treatment (FLINT),
OCA was tested in a multicenter, double-blind, randomized fashion. Non-cirrhotic NASH
received 25 mg OCA (n = 141) daily or placebo (n = 142) for 72 weeks. OCA, compared
with placebo, improved biochemical and histological features of NASH. NAFLD activity
score improved by two points or greater (without worsening of fibrosis) in 45% of OCA
patients vs. 21% in the placebo group. Side effects with OCA included pruritus and
dyslipidemia [237].

The use of OCA in NASH patients awaits further safety and efficacy data [270]. The
phase III trial REGENERATE (by Intercept) was designed to assess the effects of OCA on
liver histology and clinical outcomes in 2065 biopsy- confirmed NASH patients. Groups
included OCA 10 mg, 25 mg, or placebo for a total duration of six years. The interim
analysis was performed by liver biopsy at 18 months in February 2019, and OCA achieved
the primary endpoint of improving liver fibrosis without worsening of NASH [271].

Results from a REGENERATE 18-Month Interim Analysis in patients with NASH
showed improvement of NASH and in health-related quality of life, despite the occurrence
of mild pruritus early after the start of OCA therapy [272].

Tropifexor (LJN452), a non-steroidal FXR agonists reduced oxidative stress, steatosis,
inflammation and fibrosis in the mouse models of NASH [242]. Tropifexor was safe and
well-tolerated following single oral doses ranging from 10 μg to 3 mg. Circulating levels
of FGF19 protein increased transiently in a dose-dependent fashion, pointing to a potent
on-target FXR agonist activity [273]. Tropifexor evidenced ed a favourable tolerability
and pharmacokinetic profile and induced a dose-dependent increase of FGF19 level, with
no change in serum lipids in healthy volunteers [243]. In patients with primary bile acid
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diarrhoea, treatment with tropifexor 60 μg once daily showed an acceptable safety and
tolerability profile. Tropifexor treatment decreased 7α-hydroxy-4-cholesten-3-one and bile
acid concentration while increased FGF19 level [244]. Ongoing listed studies are focusing
on efficacy and tolerability of tropifexor in patients with mild, moderate, severe hepatic
impairment or NASH and fibrosis, and primary biliary cholangitis [274]. Recently, in
patients with primary biliary cholangitis and inadequate response to UDCA, tropifexor
induced a significant improvement in cholestatic markers, in the presence of mild to
moderate adverse effects (mainly pruritus) [249].

Thus, further studies are needed with this agonist [245–248], also with respect to
side effects, as compared with OCA. Furthermore, the safety, efficacy, tolerability, phar-
macokinetics, pharmacodynamics of novel non-bile acid FXR agonist were intensively
examined [275].

Cilofexor (GS-9674), another non-steroidal FXR agonist, evidenced safety and efficacy
in non-cirrhotic NASH patients [250]. In detail, a double-blind, placebo-controlled, phase
2 trial was conducted on 140 NASH patients receiving orally cilofexor 100 mg, 30 mg, or
placebo once daily for 24 weeks (ClinicalTrials.gov No. NCT02854605.). The study showed
that cilofexor was safe and associated with significant attenuation of hepatic steatosis (lipid
accumulation), liver enzymes (AST, ALT, and GGT), and bile acids synthesis without any
significant alteration of fasting plasma levels of FGF19. In addition, cilofexor treatment was
able to reduce different markers of fibrosis and liver stiffness which indicate that cilofexor
may have potential antifibrotic effects. In noncirrhotic subjects with large-duct primary
sclerosing cholangitis who underwent a 96-week open-label extension of a phase II trial,
cilofexor treatment was safe and led to a significant improvement of liver biochemistry and
biomarkers of cholestasis and cellular injury [251].

Despite promising results, the side effects and major obstacles of FXR agonist (mainly
atherogenic risk, pruritogenic potency) and FGF19 variants (mainly increased appetite,
diarrhea and nausea [232,235,276], altered bone homeostasis [232], increased blood pres-
sure and heart rate [233]) still represent a significant matter of concern. Research needs to
develop FXR agonists or modulators with beneficial anti-inflammatory effects and minimal
metabolic actions. From this point of view, according to available results, the risk-benefit
profile of FXR agonists can be modulated by structural optimization of FXR agonist. Har-
rison et al. [255] evaluated the effect of structurally optimized FXR agonist MET409 in
NASH patients. At 12-week post treatment, MET409 reduced fat liver content and bile acid
with no significant increase in FGF19 level. The low dose (50 mg) treatment of MET409
showed a 16% pruritus rate and a 9% LDL-C increase but with favorable reduction of fat
liver content. The study suggested that the improvements in efficacy/tolerability of FXR
agonist treatment could be achieved.

At the molecular level, one oral dose of Px-102, a nonsteroidal FXR agonist, decreased
the synthesis of BA in healthy volunteers independently of increases in FGF19 [261] sug-
gesting that that activation of hepatic FXR suppress BA synthesis, independently of FGF19.

The safety and efficacy of FXR agonist Vonafexor for the treatment of chronic hepatits
B were also evaluated by a double-blind, placebo-controlled trial. Vonafexor was well
tolerated overall with moderate gastrointestinal adverse effects (pruritus occurred in ~60%
of subjects with twice-daily treatment compared with 16% in subjects with once-daily
treatment). Vonafexor alone or combined with interferon-α2a showed an anti-viral effect by
reducing HBV markers [252]. In non-diabetic NAFLD patients, a 4-weeks of treatment with
the non-steroidal FXR agonist PX-104 improved liver enzymes and insulin sensitivity with
no serious adverse events. Interestingly, PX-104 influenced gut microbiota by reducing
Coriobacteriaceae abundance and total fecal BAs [262]. TERN-101 (FXR agonist) treatment
in healthy volunteer was well-tolerated and showed a reduction in bile acid synthesis
(decreases in serum 7α-hydroxy-4-cholesten-3-one) [263].

In an animal model (mice with obstructed BA flow), the novel FXR agonist TC-100
reduced BA pool size in serum and bile, with a shift to a more hydrophilic composition.
The changes in BA pool were paralleled by a prevention of intestinal mucosal damage and
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by a progressive increase in Firmicutes:Bacteroidotes ratio, with increased Akkermansia
muciniphila abundance [256].

In a recent preclinical study, the BMS-986339, a novel non-bile acid FXR agonist showed
potent in vitro and in vivo activation of FXR, with anti-fibrotic efficacy and tissue-selective
effects in vivo. The safety of this molecule, however, still requires to be adequately tested
in humans [257].

HEC96719, another novel tricyclic FXR agonist, exhibits a potency of FXR activation
superior to obeticholic acid, higher FXR selectivity and more favorable tissue distribution
in liver and intestine. Although HEC96719 seems a promising tool in NASH treatment, its
efficacy and safety profiles need further confirmations [258].

Interestingly, in a rat model of NAFLD/NASH, the administration of dapagliflozin,
a sodium-glucose cotransporter-2 inhibitor, alleviated NASH also through a reduced de
novo lipogenesis mediated by an upregulation of FXR/SHP and a downregulation of
LXRα/SREBP-1c in the liver [277]. These findings parallel a recent observation in patients
with T2D and NAFLD, in whom treatment with SGLT2-inhibitors was linked with improve-
ment of liver steatosis and fibrosis markers and circulating pro-inflammatory and redox
status [278].

The oral FXR agonist EDP-305 has been proposed for the treatment of NASH. Recent
results from a double-blind phase II study in patients with fibrotic NASH showed a
significant decrease in ALT levels and liver fat content in 12 weeks, with adverse effects
(mainly pruritus) leading to drug discontinuation in about 20% of patients [264].

Interesting perspectives derive from experimental studies using FXR-TGR5 dual
agonists [25,265,266]. Recently, in a mouse model of NASH, treatment with the FXR-
TGR5 dual agonist INT-767 was able to prevent the progression of disease, with beneficial
effects on liver mitochondrial function, lipid homeostasis, BA composition (i.e., decreased
hydrophobicity index), liver inflammation and gut dysbiosis [25].

10. Conclusions and Future Perspectives

Cholesterol is eliminated from human body via biliary secretion and synthesis of primary
BA, which are essential for digestion of fat and signaling functions on important receptors.
BA homeostasis is a complex scenario which requires several pathways and dynamic events
to maintain BA qualitative/quantitative profiles and function in health (Figure 1).

Figure 1. Summary of key factors involved in the composition of the bile acid pool. Several dynamic
events are active daily either in the fasting and postprandial period (grey area) and contribute to
shape the qualitative/quantitative profile of the bile acid pool, its maintenance and expansion. Such
events work in concert with bile acid synthesis and related steps (orange box). Abbreviations: FGF-19,
fibroblast growth factor 19; FXR, farnesoid X receptor; SHP, small heterodimer partner; primary bile
acids are cholic and chenodeoxycholic acid (grey); secondary bile acids are deoxycholic acid (orange)
and lithocholic acid (green); tertiary bile acid is ursodeoxycholic acid (yellow).

60



Nutrients 2022, 14, 4950

The effect of BA works in concert with the activation of the nuclear receptor FXR. This
step, in turn, controls BA synthesis, excretion, and reabsorption. These pathways minimize
over-accumulation of potentially toxic BA in the liver. Activation of FXR also brings several
metabolic effects by regulating lipid metabolism, reducing hepatic gluconeogenesis, glycol-
ysis, and increasing glycogen synthesis. In parallel, FXR activation has anti- inflammatory
properties during liver injury. The FXR-FGF15/19 axis increases energy expenditure and
glycogen synthesis and decreases gluconeogenesis and fatty acid synthesis (Figure 2). FXR
and FGF19 have become promising targets for the treatment of NASH. Further studies are
required in this important field.

Figure 2. Summary of the metabolic effects of Fibroblast growth factor 19 (FGF19) in the liver. The
role of insulin is shown for comparison. Bile acids during the enterohepatic circulation (EHC) activate
intestinal FXR promoting FGF19 secretion. Circulating FGF19 signaling requires the presence of
β-Klotho [279] which is the fibroblast growth factor receptor 4 (FGFR4) co-receptor required for
liver-specific FGF19 actions [112]. The tissue-specific expression pattern of β-klotho and FGFR
isoforms determines FGF19 metabolic activity [116]. In the hepatocyte, the signaling events allow
the recruitment of cytosolic adaptors such as fibroblast growth factor receptor substrate 2α (FRS2α)
and growth factor receptor-bound protein 2 (GRB2). The ultimate metabolic effects of FGF19 are
depicted on the right within the boxes, with major regulatory elements listed. Legend; ACC2, acetyl-
CoA carboxylase 2; CYP7A1, cholesterol-7α-hydroxylase; CREB cAMP-response element-binding
protein; FXR, farnesoid X receptor; FXRE, FXR responsive element; GSK3, glycogen synthase kinase
3; Mnk1, protein kinase; p90 ribosomal S6 kinase; PXR, pregnane X receptor; PXRE, PXR response
element; SCD1; stearoyl-CoA desaturase 1; SREBP1C, sterol regulatory element-binding protein 1C.
(+) activation; (-) inhibition; �=, unchanged.
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Abbreviations

3β-HSD 3β-hydroxy-D5-C27-steroid dehydroxylase
6-ECDCA 6a-ethyl-chenodeoxycholic acid
ACC2 Acetyl CoA carboxylase
AGRP Agouti-related peptide
AKR1C4 3a-hydroxysteroid dehydrogenase
AKR1D1 D4-3-oxosteroid 5b-reductase
AKT Protein kinase B
ALT Alanine aminotransferase
AMPs Antimicrobial peptides
ASBT Apical sodium-dependent bile salt transporter
BA Bile acids
BAAT Bile acid-CoA:amino acid N-acyltransferase
BACS Bile acid CoA synthase
ABCB11 Bile acid export pump
BAT Brown adipose tissue
BSEP Bile salt export pump
BSH Bile salt hydrolase
C4 7a-hydroxy-4-cholesten-3-one
CA Cholic acid
CCK Cholecystokinin
CCl4 Carbon tetrachloride
CDCA Chenodeoxycholic acid
CF Cycling frequency
COX-2 Cylcooxygenase-2
CREB cAMP regulatory element binding protein
CYP7A1 Cholesterol-7α-hydroxylase
CYP27A1 Cytochrome P450 27A1
CYP2A12 Cytochrome P450 2A12
CYP2C70 Cytochrome P450 2C70
CYP7A1 Cytochrome P450 7A1
CYP7B1 Cytochrome P450 7B1
CYP8B1 Cytochrome P450 8B1
DBD DNA binding domain
DCA Deoxycholic acid
eIF4B Eukaryotic initiation factor 4B
eIF4E Eukaryotic initiation factor 4E
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ER2 Everted hexanucleotide repeat separated by 2 nucleotides
ERK Extracellular-signal-regulated protein kinase
FAR Fractional absorption rate
FFA Free fatty acid
FGF Fibroblast growth factor
FGF15 Fibroblast growth factor 15
FGF19 Fibroblast growth factor 19
FGFR Fibroblast growth factor receptor
FGFR1 Fibroblast growth factor receptor 1
FGFR4 Fibroblast growth factor receptor 4
FLINT Farnesoid X receptor ligand obeticholic acid in NASH treatment
FXR Farnesoid X receptor
FXRE Farnesoid X receptor response element
FTR Fractional turnover rate
GGT Gamma-glutamyltransferase
GLP-1 Glucagon-like peptide 1
GLUT2 Glucose transporter 2
GPBAR-1 G-protein-coupled bile acid receptor-1
GS Glycogen synthase
GSK3a Glycogen synthase kinase 3a
HREs Hormone response elements
HSC Hepatic stellate cell
IkB Inhibitor of nuclear factor kappa B
IBABP Intestinal bile acid binding protein
IFN-g Interferon-gamma
iNOS Inducible nitric oxide synthase
IR1 Inverted hexanucleotide repeat separated by 1 nucleotide
KO Knockout
LBD Ligand-binding domain
LCA Lithocholic acid
LRH-1 Liver receptor homologue 1
LPS Lipopolysaccharide
JNK JUN N-terminal kinase
JUN Jun proto-oncogene
MAGs Metagenome-assembled genomes
MCA Muricholic acid
MCD Methionine-choline deficient
MCP-1 Monocyte chemoattractant protein-1
MRP2 Multidrug resistance-associated protein 2
mTOR Mammalian target of rapamycin
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NF-kB Nuclear factor kappa-light chain enhancer of activated B cell
NPY Neuropeptide Y
NR s Nuclear receptors
NLRP3 NACHT LRR and PYD domains-containing protein 3
NTCP Sodium taurocholate co-transporting polypeptide
OATP Organic anion transporting polypeptide
OCA Obeticholic acid
OSTα Organic solute transporter alpha
OSTb Organic solute transporter beta
P90RSK p90 ribosomal S6 kinase
PBC Primary biliary cirrhosis
PEPCK Phosphoenolpyruvate carboxykinase
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PFIC Progressive familial intrahepatic cholestasis
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PGC-1b Peroxisome proliferator-activated receptor gamma coactivator 1-beta
PPARγ Peroxisomal proliferator activated receptor gamma
PXR Pregnane X receptor
RCT Reverse cholesterol transport
RXR Retinoid X receptor
S1PR2 Sphingosine-1-phosphate receptor 2
S6K1 S6 kinase beta-1
SCD1 Stearoyl-CoA desaturase 1
SIBO Small intestinal bacterial overgrowth
SHP Small heterodimer partner
SREBP1c Sterol regulatory element-binding protein 1c
STAT3 Signal transducer and activator of transcription 3
SULT2A1 Sulfotransferase 2A1
TCA Taurocholic acid
TDCA Taurodeoxycholic acid
TGR5 Takeda G-protein receptor 5
TLCA Taurolithocholic acid
TNFα Tumor necrosis factor alpha
VDR Vitamin D receptor
VLDL Very low-density lipoprotein
WAT White adipose tissue
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Abstract: The maintenance of cholesterol homeostasis is a complicated process involving regulation
of cholesterol synthesis, dietary uptake and bile acid synthesis and excretion. Reverse cholesterol
transport, described as the transfer of cholesterol from non-hepatic cells, including foam cells in
atherosclerotic plaques, to the liver and then its excretion in the feces is important part of this
regulation. High-density lipoproteins are the key mediators of reverse cholesterol transport. On the
other hand, microRNA-33 was identified as a key regulator of cholesterol homeostasis. Recent studies
indicate the impact of microRNA-33 not only on cellular cholesterol efflux and HDL production but
also on bile metabolism in the liver. As proper coordination of cholesterol metabolism is essential to
human health, discussion of recent findings in this field may open new perspectives in the microRNA-
dependent treatment of a cholesterol imbalance.

Keywords: microRNA-33; HDL; atherosclerosis; cholesterol efflux; reverse cholesterol transport;
bile acids

1. Introduction

The loss of cholesterol homeostasis is associated with major cardiometabolic risk fac-
tors including atherosclerotic cardiovascular disease and type 2 diabetes [1]. Cholesterol
is an important structural component of biological membranes and a substrate for the
synthesis of other steroids; thus, both cholesterol intake from the diet as well as its delivery
from endogenous synthesis are essential for the maintenance of sufficient concentration of
cholesterol in blood. On the other hand, aberrant cholesterol content is linked to coronary
atherosclerosis and to other diseases [2,3]. Cholesterol synthesis de novo occurs in the
human body through a series of enzymatic reactions from a commonly present substrate,
acetyl-CoA. Additionally, cholesterol with triglycerides is delivered to cells from the circu-
lation in the form of lipoproteins [4]. Blood lipoproteins are complex particles that contain
cholesterol esters and triglycerides in a central core that is surrounded by free cholesterol,
phospholipids and variety of apolipoproteins (Apo) that are responsible for lipoprotein
formation and function. Two types of non-high-density lipoproteins, containing apolipopro-
tein apoB, are involved in lipid delivery to cells (Figure 1). The first one, chylomicrons
(CL), equipped with apolipoprotein B-48, are produced from diet-delivered lipids in the
intestine. The second, very low-density lipoproteins (VLDL), containing apolipoprotein
B-100, are synthetized endogenously in the liver. In peripheral tissues, mostly in muscles
and adipose tissue, triglycerides from CL and VLDL are broken down by lipoprotein lipase
(LPL), releasing free fatty acids as well as chylomicrons remnants and intermediate-density
lipoproteins (IDL), respectively. IDL are then metabolized to low-density lipoproteins
(LDL) that are taken up via the LDL receptors both on the surface of both extrahepatic cells
as well as on the surface of the liver, the predominant site of LDL uptake. A chronic inflam-
matory disease, atherosclerosis, is characterized mainly by the LDL-dependent deposition
of excess cholesterol in the arterial walls [5]. Circulating LDL can transcytose across the
endothelium and accumulate in the arterial wall, leading to the formation of atherosclerotic
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plaque [6]. The progression of the disease is associated with a number of different cells
such as macrophages, endothelial cells and vascular smooth muscle cells [7].

Figure 1. The route of dietary and endogenous cholesterol in an organism. The absorption of
dietary triglycerides, free cholesterol (FC), and cholesterol esters (CE) occurs in the small intestine.
In enterocytes, dietary lipids are packed in chylomicrons (CM) that are diffused to the bloodstream
via lymph. After the digestion of triglycerides by lipoprotein lipase (LPL), fatty acids (FA) are
absorbed by target cells and chylomicrons remnant (CMR) uptake to the liver is mediated by LDL
receptor-related protein (LRP). The endogenous cholesterol pathway starts from the liver, recirculating
triglycerides and cholesterol in the bloodstream, packed in very low-density lipoproteins (VLDL).
VLDL through the LPL activity delivers FA to peripheral cells and are metabolized to intermediate-
density lipoproteins (IDL) which are enriched in cholesterol. Low-density lipoproteins (LDL) derived
from IDL carry the majority of the cholesterol and transports mostly esterified cholesterol (CE) to
peripheral tissues, including macrophages in vein walls. LDL are eventually cleared by the liver via
the LDL receptor.

An opposite action to LDL is characteristic of the high-density lipoproteins (HDL)
fraction containing apolipoprotein A1 (Apo-A1). HDL, by stimulating the efflux of an
excess of cellular cholesterol from extrahepatic tissues and transporting it back to the
liver (Figure 2), plays a key role in the maintenance of cholesterol homeostasis [8]. The
dyslipidemia characterized by an increased concentration of LDL and triglycerides and a
decreased level of HDL remains a major factor of cardiovascular diseases [9]. It was only in
the second half of the twentieth century when it became clear that HDL concentration and
apo-A1 are inversely correlated with cardiovascular risk. This discovery has consequently
led to the identification of the reverse cholesterol transport (RCT) pathway as essential
for protection against atherosclerosis. RCT promotes cholesterol efflux from artery walls
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to HDL by activating a series of factors such as: transporters, enzymes and receptors
(Figure 2). The ATP-binding membrane cassette transport proteins, ABCA1 and ABCG1,
seem to be crucial for both HDL formation and the cholesterol efflux in RCT process [10,11].
Cholesterol homeostasis is closely controlled by feedback mechanisms, and an important
part of it depends on the regulation of RCT. At the transcriptional level, the sterol-activated
liver X-receptor (LXR) seems to play a key role in the regulation of RCT [12]. In vivo,
LXR is activated by oxysterols in cholesterol-loaded cells, and it controls the response to
cholesterol excess by regulating target genes ABCA1 and ABCG1. Increased expression
of ABCA1 and ABCG1 transporters [13,14] mediates cholesterol efflux in macrophages,
reducing cellular sterol content.

Figure 2. The impact of miR-33 on some steps of reverse cholesterol transport (RCT). Black lines
ending with a short perpendicular line indicate target genes that are repressed by miR-33. ABCA1-
mediated lipidation of lipid-poor apolipoprotein A-I (Apo-A1) forms nascent HDL. Cholesterol efflux
from extrahepatic cells, including macrophages, is mediated by ABCA1 and ABCG1 activity. Through
the action of the lecithin:cholesterol acyl transferase (LCAT), free cholesterol (FC) is esterified and
cholesterol esters (CE) are absorbed inside of HDL. The progressive action of LCAT on nascent HDL
generates a spectrum of mature HDL particles. Part of CE can be transferred by cholesterol ester
transfer protein (CETP) from HDL to apolipoprotein B-100 containing lipoproteins (VLDL, IDL, LDL)
in exchange for triglycerides (TG), promoting cholesterol clearance by the LDL receptor. Hepatic
SR-BI mediates removal of FC and CE from HDL. Excess cholesterol is converted to bile acids excreted
from the liver into the bile. Both the ABC11 and ATP8B1 transporters promote hepatic excretion of
the bile.

The sterol regulatory element-binding proteins 1 and 2 (SREBP-1 and SREBP-2) are
the next important factors controlling the transcription of genes involved in the regula-
tion of cholesterol metabolism [15–17]. While SREBP-1 is induced by hyperinsulinemia

79



Nutrients 2023, 15, 902

and is mostly involved in the synthesis of fatty acids, SREBP-2 controls the intracellular
cholesterol status [16]. If cells accumulate an excess of cholesterol or other sterols, inhi-
bition of SREBP processing causes the decrease of LDL receptor expression, limiting the
influx of cholesterol into the cell. At the same time, the activity of rate-limiting enzyme
for the novo cholesterol synthesis, 3-hydroxy-3-methylglutaryl CoA reductase, declines.
Both effects, the decrease of cholesterol uptake and the decline of intracellular cholesterol
synthesis, are controlled by SREBP. Recently, microRNAs (miRNAs) were identified as
important transcription regulators that modulate numerous cellular processes including
the cholesterol homeostasis. Several lines of evidence indicate that microRNA-33 (miR-33)
regulates cholesterol metabolism in cooperation with the SREBP host genes [18]. On one
hand, miR-33 was demonstrated to reduce cholesterol efflux and RCT by targeting genes
involved in cholesterol export [11]. On the other hand, it was demonstrated that the inhibi-
tion of miR-33 expression improves the blood cholesterol profile and promotes reversing
of atheroma [19,20]. Thus, miR-33 appears to plays an important role in the complicated,
multifactorial process of maintaining a balance between dietary cholesterol and blood
cholesterol. Moreover, it suggests the potential of miR-33 inhibition as a therapeutic target
in the treatment of dyslipidemia and atherosclerosis [21]. This review shows how miR-33
expression may have an influence on the homeostasis of cholesterol by indicating the
impact of miR-33 on HDL biogenesis, RCT and bile acid synthesis.

2. How Can microRNA-33 Regulate Cholesterol Metabolism?

Careful coordination of cholesterol uptake, biosynthesis and use is essential for human
health. That explains why cholesterol metabolism is tightly regulated at a cellular and
whole-body level. In addition to the classical regulators of cholesterol expression, sterol
regulatory element-binding proteins, numerous noncoding RNAs (including microRNAs)
play an essential role in this process. The human genome contains thousands of non-coding
RNAs. MicroRNAs are a class of short non-coding RNAs with 18–22 nucleotides [22]
that regulate the expression of target genes as sequence-specific inhibitors of messenger
RNA (mRNA) by binding to partially complementary regions in target mRNAs. Thus, the
effectiveness of this post-transcriptional regulation of target genes depends on a comple-
mentarity between microRNA and mRNA. It is noteworthy that multiple microRNAs may
cooperate in regulation of the same gene target and, conversely, any mRNA may contain
multiple binding sites that are recognized by various miRNAs. Although the most common
site for microRNA binding to mRNA is the 3′ UTR regions of target messenger RNA,
in some cases, such as when mi122 interacts with hepatitis C virus (HCV), the binding
site is the 5′UTR noncoding region of HCV RNA genome [23]. However, regardless of
the place of interaction, microRNAs primarily act as mRNA-sequence-specific inhibitors
of translation by the induction of mRNA degradation or simply translational repression.
MicroRNAs are transcribed by RNA polymerase II that produce a long primary miRNA
gene transcript (pri-miRNA). The pri-miRNAs then undergo sequential processing by
nuclear and cytoplasmic enzymes. First, these RNAs are cleaved by the catalytic activity of
DROSHA and DGCR8 microprocessor complexes into precursor miRNA (pre-miRNA) [24].
After exporting to cytoplasm, pre-miRNA is processed by the RNAse III enzyme Dicer
to generate 18–25-nt duplex. The mature miRNA interacts with Argonaute protein and
forms a miRNA-induced silencing complex ready for mRNA degradation and translation
repression. Many microRNAs are key regulators of lipid metabolism [25]. The indispens-
able role in the regulation of cholesterol homeostasis has been indicated for miR-33 [21],
miR-122 [26], mir-125b [27], miR-148a [28], mir-483 [29] and many others [30,31]. Among
hundreds of microRNAs, miRNA-33 has been identified as a major regulator of cholesterol
homeostasis and atherosclerosis [18,21]. Both members of the miR-33 family—miR-33a and
miR-33b (the second being present only in primates)—are located in intron 16 of SREBP-2
and intron 17 of SREBP-1 gene, respectively and are controlled simultaneously with the
SREBP genes [18] to govern cholesterol homeostasis. It was demonstrated that miR-33a and
miR-33b are co-transcribed with SREBPF1 and SREBP2 and act to repress genes that oppose
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SREBP functions. For example, in the case of a low cholesterol concentration in a cell,
SREB transcription factors and miR-33 are activated and cause an increase of cholesterol
synthesis and, due to ABCA1 repression, the reduction of cholesterol efflux. The general
regulator of several microRNAs involved in cholesterol metabolism, including miR-33, is a
long noncoding primate-specific RNA (CHROME) expressed in macrophages and hepa-
tocytes [32]. Elevated levels of CHROME in the plasma and atherosclerotic plaque were
found in patients with coronary artery disease. It was observed that the level of CHROME
expression depends on the levels of dietary and cellular cholesterol. CHROME becomes
unregulated in response to cholesterol overload via LXR. Due to repression of miR-33
expression, CHROME post-transcriptionally regulates ABCA1 expression and increases
cholesterol efflux. In turn, cells lacking CHROME exhibit a reduced expression of ABCA1
as a result of increased expression of miR-33. More details on the role of miR-33 in the
regulation of cholesterol balance by influencing RCT and HDL biogenesis are presented in
the following sections.

3. HDL Formation and microRNA-33 Influence

As the name indicates, high-density lipoproteins are a class of lipoproteins character-
ized by high density ranges from 1.063 to 1.25 g/mL. This heterogeneity is connected with
different contents of apolipoproteins, enzymes and lipids in individual HDL subclasses
(HDL2, HDL3 and very high-density HDL). HDL particles consist of divers proportions of
phospholipids (PL), free cholesterol (FC), cholesterol esters (CE) and triacylglycerols (TG).
Apo-A1 is a major structural protein accounting for approximately 70% of HDL proteins;
however, other apolipoproteins, including A-II, A-IV, C-1I, C-II, C-III and E, are also associ-
ated with HDL [4]. Continuous remodeling of HDL is responsible not only for changing
HDL density and shape but also size, ranging from 7.5 to 15 nm. The main function of
HDL is reverse cholesterol transport from peripheral tissues, including macrophages in the
vessel walls, to the liver, by which HDL may be anti-atherogenic. The negative correlation
between HDL concentration and the risk of cardiovascular diseases strongly suggests car-
dioprotective properties of HDL [9]. These properties include, beyond the role of HDL in
RCT, anti-inflammatory, anti-oxidative, anti-thrombotic and anti-apoptotic effects. Apo-A1,
due to the interaction with ATP-binding cassette proteins, SR-B1 receptor and the activation
of lecithin:cholesterol acyltransferase (LCAT), has an impact on both HDL biogenesis and
reverse cholesterol transport [33]. The first step of HDL formation involves synthesis
of Apo-A1 by the liver and intestine. The Apo-A1 mRNA and protein expression was
recently demonstrated in samples of kidney renal clear cell carcinoma and in normal renal
cells [34], but so far it has been difficult to assess to what extent the expression of Apo-A1
in the kidneys has an effect on the formation of HDL and on RCT. The formation of HDL
particles that starts from Apo-A1 production depends on several factors. First, Apo-A1,
newly-synthetized in hepatocytes and enterocytes, acquires phospholipid and cholesterol.
The ABCA1 is critical for cholesterol and phospholipid efflux from these cells to lipid-poor
Apo A1 and accounts for the formation of majority of nascent HDL particles [35]. Addition-
ally, the phospholipid transfer protein (PLTP) promotes phospholipid efflux to HDL from
peripheral cells and facilitates the movement of phospholipids between lipoproteins. The
expression of ABCA1 is regulated by LXR family and retinoic acid receptors (RXR). When
the cellular level of sterols increases, cholesterol is oxygenated to oxysterols that activate
ABCA1 expression via activation of LXR and RXR. As a consequence, increased cholesterol
efflux from cells is observed. It was demonstrated that mice with targeted knock-out of
ABCA1 had a significantly reduced ABCA1 level in both the liver and intestine [36,37].
It was found that ABCA1 expression in the liver determines the HDL level in sera and
influences the general cholesterol homeostasis [36]. It is important to note that ABCA1
mRNA with specific long 3′ UTR is highly susceptible to impact of micro RNA. The studies
confirmed the mir-33-dependent repression of ABCA1 not only in hepatocytes but also
in endothelial cells and macrophages [11,38]. MiR-33, like several other microRNAs, is
regulated by CHROME [32], which influences the cholesterol efflux and HDL biogenesis.
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The knockdown of CHROME in human hepatocytes and macrophages increases the levels
of miR-33 expression, and a result of this is reduced expression of ABCA1, which inhibits
cholesterol efflux and HDL particle formation [32].

4. The Impact of microRNA-33 on Reverse Cholesterol Transport

The main part of reverse cholesterol transport is the transfer of cholesterol from
peripheral cells, including foam cells in atherosclerotic plaques, to the liver. Peripheral cells
accumulate cholesterol through the uptake of cholesterol-rich lipoproteins and de novo
synthesis. In the human body, the excess of cholesterol is not simply degraded to acetyl-
CoA, as it is in fatty acids. Thus, the only way to remove cholesterol is via the bile acid (BA)
synthesis in the liver and BA excretion as bile-related products into feces. In this context,
the effectiveness of RCT largely determines the balance between the absorbed cholesterol
and the blood cholesterol. RCT begins with the hydrolysis of cholesteryl esters associated
with cytoplasmic lipid-droplets by specific hydrolases and lipases [39]. In the early stage of
RCT, cholesterol efflux is determined by cholesterol-deficient and phospholipid-depleted
apoA-1 particles that are produced by the liver and intestine, as was described in the
previous section. The nascent HDL particles acquire cholesterol and phospholipids by
ABCA1, indicating the crucial role of ABCA1 expression not only for HDL formation but
also for RCT [40]. Additionally, through the lecithin-cholesterol acyltransferase (LCAT)
activity, cholesterol in HDL particles is esterified. Cholesteryl esters are moved to the core
of HDL particles, forming a steady gradient of free cholesterol and enabling HDLs to accept
more cholesterol [41]. Mature HDL particles can acquire additional cholesterol not only by
ABCA1 but also via ATP-binding membrane cassette transport protein G1 (ABCG1) and
scavenger receptor type B1 (SR-B1). Several studies have confirmed the contribution of
the mature HDL particles in mediation of cholesterol efflux to HDL in macrophage foam
cells [42–44]. By participating in this essential part of RCT, they contribute to the protection
against atherosclerosis [45]. It was observed that overexpression of miR-33 down-regulates
ABCA1 and ABCG1 transporters, thus decreasing HDL concentration in plasma. In this
context, the impact of miR-33 on the expression of ATP-binding cassette transporters
seems to be extremely important, decreasing cholesterol efflux from the atherosclerotic
plague to circulating HDL particles. Moreover, it was established that microRNA-33
is responsible for remodeling of membrane microdomains and regulation of the innate
immune response through the ABCA1 and ABCG1-dependent mechanism [46], indicating a
close connection between cholesterol homeostasis and the immune system. This is another
example confirming the importance of maintaining cholesterol homeostasis in the body. In
continuing to describe the RCT process, the well-established role of SR-B1 in the selective
uptake of cholesteryl esters from mature HDL to the liver should be emphasized. SR-
B1, known to modulate HDL metabolism, is a glycoprotein of 509 aa that is involved in
bidirectional cholesterol transport at the cell membrane [42]. SR-BI is expressed in the liver
and tissues that need cholesterol for steroid synthesis. Unlike cholesterol, Apo-A1, the
main protein component of HDL, is catabolized mostly by the kidneys and partially by the
liver. Free Apo-A1 and lipid-poor Apo-A1 are filtered in the kidneys and taken up by the
renal tubules [4]. The rate of Apo-A1 degradation depends on the degree of lipidation. No
less important for the success of reverse cholesterol transport is the reciprocal exchange
of cholesteryl ester for triglycerides. This process is mediated by cholesteryl ester transfer
protein (CETP). The highest expression of CETP was found in the liver and in adipose tissue.
CETP moves the bulk of the cholesteryl esters from HDL to apoB-containing lipoproteins
(VLDL, IDL, and LDL). CETP is also responsible for the CE transfer among HDL subclasses.
A study [47] has demonstrated that CETP inhibitors could have a significant impact on
the management of dyslipidemic coronary heart disease patients. Both free and esterified
cholesterol content of apoB-containing lipoproteins are taken up by the liver, predominantly
via the low-density lipoprotein receptor (LDLR). In turn, HDL becomes enriched with
triglycerides that are then degraded by hepatic lipase forming smaller HDL particles that are
recognized by scavenger receptor type B1. Further catabolism of HDL-derived cholesterol
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occurs in the liver trough conversion of cholesterol into bile components. Improvement of
RCT by upregulating of ABCA1 remains one of the potential targets for the development of
new therapeutic agents against atherosclerosis. As miR-33 represses expression of ABCA1
transporter, antagonizing miR-33 seems to be an effective strategy for elevation of HDL
in blood and for protecting patients from atherosclerosis. The results of many studies
demonstrate that silencing of miR-33 in mice, with a variety of methods like targeted
deletion [17], anti-sense nucleotides [18,19] or viral delivery inhibitors [21,38], significantly
increased ABCA1 expression and the level of HDL in blood. The adverse effect of long-term
silencing of miR-33, the increased level of triglyceride, was observed, but only in high-fat-
diet mice [48]. In turn, another study [49] of the impact of hepatic miR-33 deficiency in
mice demonstrated that loss of hepatic miR-33 improves metabolic homeostasis without
any adverse effects. The absence of miR-33b in mice somehow limited the significance of
these findings. Thus, a study performed in non-human primates (African green monkeys)
with inhibiting of both miR-33a and miR-33b confirmed that inhibition of miR-33 not
only increases the concentration of plasma HDL but also reduces VLDL triglycerides, in a
model highly related to humans [50]. These results suggest the potential utility of miR-33
inhibition as a novel approach for the maintenance of cholesterol homeostasis.

5. Bile Formation and Secretion Can Be Deregulated by microRNA-33

Modulation of cholesterol metabolism in the human body depends on complex con-
ditions encompassing both anabolic and catabolic processes. As excess cholesterol is not
simply degraded, the only catabolic pathway responsible for cleansing the body of excess
cholesterol is to convert it in the liver to bile acids (BAs) that are excreted into feces. The
mixture of bile acids, cholesterol, phospholipids and ions forms so-called bile. The main
functions of bile are the removal of metabolic wastes and the emulsification of dietary lipids.
Deregulations of BA transportation as well as the alterations in BA receptor signaling are
connected with development of dyslipidemias and atherosclerosis [51]. Thus, BA synthesis
and secretion is the next crucial step of RCT that influences the whole-body cholesterol
homeostasis. The bile acids level is transcriptionally controlled by the Farnesoid X receptor
(FXR) [52]. FXR regulates bile acid synthesis depending on the accumulation of BAs [53].
Cholesterol delivered to the liver via LDLR and SR-BI can be eliminated by two pathways.
Firstly, part of cholesterol is directly secreted into bile. Secondly, cholesterol is converted
in hepatocytes into bile acids by the catalytic activity of cholesterol 7 alpha-hydroxylase
(CYP7A1) [54]. As demonstrated in [55], the enzymatic activity of CYP7A1 can be inhibited
by miR-33. After formation, bile acids are secreted across the apical membrane of hepa-
tocytes by the canalicular transporters into the intestine. The most important in this step
are transmembrane transporters, ATP-binding cassette: ABCB11, ABCG5, ABCB4, ATP8B1.
Mutations that can inactivate the functions of ATP8B1, ABCB11, and ABCB4 are strictly
connected with progressive familial intrahepatic cholestasis [56]. In the case of mutations
in ABCG5 and ABCG8, the development of sitosterolemia is observed instead [57]. Interest-
ingly, at this step of RCT a detrimental role of miR-33 was also identified. It was found that
3′ UTR of genes coding for ABCB11 and ATP8B1 revealed conserved parts complementary
to miR-33 [58]. An experimental study [58] confirmed that both bile salt exporter ABCB11
as well as ATP8B1 are direct targets of miR-33. In normal conditions, both the ABC11 and
ATP8B1 transporters promote hepatic clearance, directly via biliary lipid secretion and
indirectly via arrangement of adequate canalicular membrane phospholipid asymmetry
required for bile salt movement, respectively. Hepatic overexpression of miR-33 causes
a significant reduction of ABCB11 and ATP8B1. As an effect of miR-33 overexpression, a
decrease of biliary output and thus inhibition of cholesterol elimination in fecal bile acids
was observed.

6. Conclusions

This review has been intended to demonstrate the impact of miR-33 on cholesterol
homeostasis, and hopefully it has provided a positive answer to the titular question. miR-33

83



Nutrients 2023, 15, 902

is one of the essential regulatory elements necessary to maintain a balance between dietary
and blood cholesterol. This is primarily a result of its critical impact on the reverse transport
of cholesterol. miR-33 controls cholesterol metabolism mostly by repressing ABCA1 and
ABCG1, responsible for cholesterol efflux. As a result of balanced regulation by miR-33
and SREBP, we can observe a reduction of de novo cholesterol synthesis and an increase
of cholesterol efflux from cells in the case of higher dietary intake of cholesterol and an
increase of sterol concentration in cells afterwards. In turn, a decrease of cholesterol content
in cells is sufficient to increase cholesterol synthesis and to abrogate cholesterol efflux.
Besides the repression of ABCA1 and ABCG1, miR-33 influences other steps of RCT by
targeting the transformation of cholesterol into bile salts and their transport. By controlling
this final step of cholesterol elimination, miR-33 once again influences the homeostasis
of cholesterol in an organism. In this context, the possibility of therapeutic use of miR-
33 deserves special attention. The most common causes of cardiometabolic diseases are
disorders of cholesterol metabolism, associated with an imbalance between cholesterol
intake and elimination [59]. The World Health Organization estimates that the annual
number of deaths from cardiovascular diseases, including atherosclerosis, will increase
to over 22 million by 2030. While LDL levels are directly associated with atherosclerosis,
HDL levels and the reverse cholesterol pathway show a strong inverse correlation with
cardiovascular diseases. A majority of studies have demonstrated that antagonism of miR-
33 in vivo increases circulating HDL and reverse cholesterol transport, thereby reducing
the progression and enhancing the regression of atherosclerosis. Taking into account the
number of genes that are targeted by mir-33, it can be assumed that miR-33 is a promising
target for the treatment of dyslipidemia. A better understanding of the mechanisms
that underlie miR-33 mediated regulation of cholesterol homeostasis may improve future
therapies in the field.
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Abstract: This study aimed to explore associations between non-cholesterol sterol concentrations in
breast milk and allergic outcomes in children aged two. Data from the KOALA Birth Cohort Study,
the Netherlands, were used. Non-cholesterol sterols were analyzed by gas–liquid chromatography–
mass spectrometry in breast milk sampled one-month postpartum (N = 311). Sterols were selected for
each allergic outcome, i.e., eczema, wheeze, and allergic sensitization, prior to analyses. Associations
between the selected sterols with allergic outcomes were analyzed using multiple logistic regression
to calculate odds ratios (ORs). The odds of eczema in the first two years of life were lower with higher
concentrations of cholestanol (OR (95%CI): 0.98 (0.95; 1.00), p = 0.04), lanosterol (0.97 (0.95; 1.00),
p = 0.02), lathosterol (0.93 (0.87; 0.99), p = 0.02), and stigmasterol (0.51 (0.29; 0.91), p = 0.02) in breast
milk sampled one-month postpartum. None of the sterols were associated with wheeze in the first
two years of life. The odds of allergic sensitization at age two were lower with higher concentrations
of campesterol in breast milk (OR (95%CI): 0.81 (0.70; 0.95), p = 0.01). In conclusion, our data suggest
that exposure to higher non-cholesterol sterol concentrations in breast milk may indeed be associated
with the prevention of allergic outcomes in the first two years of life.

Keywords: non-cholesterol sterols; eczema; wheeze; allergic sensitization; breast milk; immune
system; infant health

1. Introduction

Breastfeeding is the preferred nutrition for newborns and infants [1]. The World
Health Organization therefore recommends exclusive breastfeeding for the first six months
of life and to combine breastfeeding with complementary foods for children aged from
six months to two years and beyond [2]. Breastfeeding has several health benefits for
infants. For example, breastfeeding has been associated with a decreased risk of child
mortality in the first two years of life [3]. In addition, probiotic bacteria in breast milk
play an essential role in developing the gut microbiota in early life by seeding the infant
gut [4]. Breastfeeding even has health benefits tracking into adulthood. Breastfeeding
has been associated with a lower risk of several non-communicable diseases in adults,
such as cardiovascular diseases [5,6], obesity [7,8], and type 2 diabetes [7,9]. Moreover, in
recent years, there has been increasing interest in the potential role of breastfeeding for the
prevention of allergic outcomes in newborns and infants [10–15].

Although results are inconclusive [10], breastfeeding has been associated with a re-
duced risk of developing asthma [11–13], eczema [13,14], and allergic diseases [15]. It is
therefore important to identify compounds within breast milk that could be responsible
for the supposed reduced risk of developing allergic diseases. However, identification of
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these compounds is difficult, since breast milk composition is highly variable, especially
during the first month of breastfeeding [16]. Variability in composition is highest in the milk
produced during the first three weeks postpartum: colostrum (produced in first 4–7 days)
and transitional milk (produced approximately from day 7 to 21 postpartum) [17]. This
variability may reflect the infant’s needs, e.g., for infant growth [18]. The composition of
mature milk (produced from approximately day 21 postpartum onwards) is less variable
and contains approximately 3–5% (w/w) fat, 6.9–7.2% carbohydrates, 0.8–0.9% protein, and
0.2% mineral constituents [17,19]. Lipids in breast milk are the most important energy
source for infants [16]. The lipid fraction of breast milk mainly consists of triacylglycerol
and for approximately 0.5% of cholesterol [20]. It also contains plant sterols, which surpris-
ingly do not reflect the circulating plasma plant sterol concentrations of the mother [21].
In addition, mRNA expression for sterol transporters ABCG5/G8 was previously ob-
served in bovine mammary glands [22]. When this is also the case in human mammary
glands, it could explain the presence of the specific plant sterol concentrations in breast
milk [21]. Altogether, these findings suggest a regulated transport process of plant sterols
into breast milk.

Today, plant sterols are mainly recognized for their LDL-cholesterol-lowering ef-
fects [23]. However, in a paper published by our group, Plat and colleagues have suggested
that plant sterols in breast milk may have a perinatal role, e.g., in growth and develop-
ment of the child [21]. This rationale was, among others, based on that plant sterols have
been shown to interact with immune cells [24]. In more detail, plant sterols and stanols
(saturated derivatives of plant sterols) may affect T-helper cell behavior, potentially by
interacting with regulatory T cells (Tregs) [25–27]. This effect of plant sterols and stanols
could be relevant in conditions characterized by a disbalance between T-helper cell subsets
Th1 and Th2. For instance, a disbalance in T-helper cell activity towards the Th2 profile
has been related to increased immunoglobulin E (IgE) concentrations and allergic diseases,
such as allergic asthma [28]. Brüll and colleagues studied the effects of plant stanols on
immune cells of allergic asthma patients. Based on their in vitro and in vivo observations,
they suggested that plant stanols stimulated Treg and Th1 cell activity, while inhibiting Th2
cell activity [25,26]. Furthermore, plant sterols share a structural similarity with cholesterol
precursors, which are intermediates in the endogenous cholesterol synthesis pathways [21].
Previous research has shown that some of these compounds can also interact with immune
cells, thereby affecting immune responses. For example, desmosterol was found to inhibit
inflammatory cascades within macrophages [29]. Moreover, mevalonate, which is another
intermediate in the cholesterol synthesis pathway, was found to be crucial to induce trained
immunity [30]. As with plant sterols, cholesterol precursors are also present in breast
milk [21]. Together, these sterol compounds can be grouped as non-cholesterol sterols.
However, it is important to consider these non-cholesterol sterols in breast milk as nutrients
and not as markers for intestinal cholesterol absorption and endogenous synthesis for
which their serum concentrations have been validated [31].

It is unknown whether the suggested effects of non-cholesterol sterols on immune cell
behavior translate in to a benefit for children when exposed to these compounds in early
life. This raises the question whether the amount of non-cholesterol sterols in breast milk
could influence immune maturation, alter T-helper cell behavior and immune responses in
early life, and thereby prevent allergic diseases. Therefore, this study aimed to determine
the association between non-cholesterol sterol concentrations in breast milk and allergic
outcomes in breastfed children in the first two years of life.

2. Materials and Methods

2.1. Study Population

The cohort used in this study is part of the “Kind, Ouders en gezondheid: Aandacht
voor Leefstijl en Aanleg” (KOALA) Birth Cohort Study, the Netherlands, which has been
described in detail elsewhere [32]. Briefly, recruitment of pregnant women started in
October 2000. Participants with a conventional (N = 2343) or an ‘alternative’ lifestyle
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(N = 491) with regard to, e.g., child rearing practices or diet (organic or vegetarian) were
recruited and enrolled between the 14th and 18th week of gestation. Participants were
followed during gestation and up to several years postpartum and completed relevant
questionnaires during follow-up. From January 2002, we started collecting biosamples,
such as maternal blood at 36 weeks of pregnancy. In this subcohort of the KOALA study
(KOALA-SUB), other samples were also obtained, including a breast milk sample from
the mother one-month postpartum and a venous blood sample from the child at age two.
For this study, we used these two samples and the data collected from questionnaires
until the age of two. The KOALA study was approved by the Medical Ethical Committee
of Maastricht University Medical Center, Maastricht, the Netherlands (MEC 01-139 and
00-182) and the Central Committee on Research Involving Human Subjects, The Hague, the
Netherlands (CCMO P01.1265L). Inclusion criteria for the present study were participation
in KOALA-SUB and an available one-month postpartum breast milk sample. Exclusion
criteria were prematurity (<37 weeks gestation) and diseases or disorders such as cystic
fibrosis, Down’s syndrome, and arthritis. The current study included N = 311 children
(N = 141 mothers with conventional lifestyle, N = 166 mothers with alternative lifestyle,
and N = 4 mothers have missing data on lifestyle).

2.2. Study Outcomes

Allergic outcomes of interest were eczema and wheeze during the first two years of
life, and allergic sensitization at age two. At that age, the immune system has had the
opportunity to mature while being exposed to different concentrations of non-cholesterol
sterols in breast milk [33]. The International Study of Asthma and Allergies in Childhood
Questionnaire (ISAAC) was used to determine the presence of eczema and wheeze at 3,
7, 12 and 24 months postpartum, as described previously [34]. In short, if parents ever
reported symptoms of eczema (itchy rash that was coming and going) or wheeze (wheezing
or whistling in the chest) in this questionnaire, the child was defined as a case of eczema
or wheeze, respectively. Children who only had diaper rash, rash around the eyes, or
scalp scaling were not considered to have eczema. Allergic sensitization against hen’s egg,
cow’s milk, peanut, birch, grass pollen, cat, dog, or house dust mite was determined in
a venous blood sample at age two. Allergic sensitization was defined as having specific
serum IgE levels > 0.30 IU/mL against one of the allergens tested. As described earlier, IgE
was measured with a detection limit of 0.10 IU/mL [35,36].

2.3. Breast Milk Sampling and Analysis of Non-Cholesterol Sterols

Methods for breast milk sampling and storage have been described elsewhere [37]. Briefly,
breast milk was collected in the morning in sterile tubes (Greiner Bio-One, Kremsmuenster,
Austria). A sample was collected from the contra-lateral breast since the last feeding,
before breastfeeding the child. The milk samples were kept in the refrigerator (4 ◦C) and
picked up by a researcher on the same day. During transport, the milk samples were
stored in a cooler (Coleman Company, Inc., Breda, the Netherlands) on packed ice (4 ◦C)
until processing on the same day at the Biobank Maastricht. After measuring the volume
of the sample, it was mixed (gently shaking by hand) and five Eppendorf tubes (2 mL)
were filled with whole milk for storage. Two Eppendorf tubes were filled for creamatocrit
measurement. The remaining sample was centrifuged (400× g, 12 min, no brake, 4 ◦C) to
separate the lipid and aqueous fraction. The lipid layer was trimmed off with a pipette and
released in plastic storage vials (Sarstedt, Nümbrecht, Germany) and stored at −80 ◦C in
the Biobank Maastricht until further processing. Creamatocrit was determined as described
previously [38,39]. In short, milk samples were centrifuged for 15 min at 12,000× g. The
length of the total milk column and of the cream layer were measured directly after
centrifuging. Creamatocrit was determined by calculating which percentage of the total
length of the milk sample consisted of cream.

For cholesterol and non-cholesterol sterol analysis, the frozen breast milk samples
were transported on dry ice and delivered on the same day at the Institute of Clinical
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Chemistry and Clinical Pharmacology of the University Hospital Bonn, Germany. Con-
centrations of cholesterol were measured by gas-liquid chromatography flame ionization
detection (GC-FID) on an HP6890 Series GC-System (Agilent Technologies, Waldbronn,
Germany), using 5α –cholestane (Serva Electrophoresis GmbH, Heidelberg, Germany) as in-
ternal standard. Cholesterol and non-cholesterol standards were applied by Sigma-Aldrich
Chemie GmbH, München, Germany. Plant sterol (sitosterol, campesterol, stigmasterol,
brassicasterol), cholestanol and cholesterol precursor (lanosterol, lathosterol and desmos-
terol) concentrations in breast milk were analyzed by gas–liquid chromatography–mass
spectrometry-selected ion monitoring (GC-MS-SIM) (Agilent Technologies 6890 Network
GC coupled with an Agilent Technologies 5975B inert MSD, Agilent Technologies, Wald-
bronn, Germany), using epicoprostanol (sigma-Aldrich Chemie GmbH, München, Ger-
many) as internal standard [40]. Sterol concentrations were corrected for the lipid levels
(creamatocrit) of the breast milk sample by dividing the sterol concentrations by creamat-
ocrit expressed as fraction.

2.4. Statistical Analysis

Two types of exploratory analyses were first conducted to determine which sterols
could be associated with allergic outcomes. First, factor analysis was performed to deter-
mine correlations between sterol concentrations in breast milk. A varimax rotation was
used to maximize between-subject variance and the minimal eigenvalue was set to 1. The
obtained factors were then used in multiple logistic regression analysis to determine factors
associated with the allergic outcomes, and to calculate odds ratios (ORs) and their corre-
sponding 95% confidence intervals (95%CIs). Second, independent-sample t-tests were
performed to determine differences in sterol concentrations between cases and controls
for each allergic outcome. Based on these two exploratory analyses, sterols were selected
for further analysis with p < 0.10 as selection threshold. Sterols were selected when they:
(1) were present in factors that were associated with an allergic outcome in the multiple
logistic regression analyses (trend [p < 0.10] or significant association [p < 0.05]), or (2) dif-
fered in concentration between cases and controls in the independent-sample t-tests (trend
[p < 0.10] or significant association [p < 0.05]). Next, multiple logistic regression models
were made for each selected sterol to determine which sterols were significantly associated
with allergic outcomes (p < 0.05). ORs and corresponding 95%CIs were calculated. A priori,
confounders to be used in these regression models were determined by drawing and analyz-
ing causal diagrams (DAGs). Confounders that were tested in the models included study
group, smoking, season of milk sampling, gestational age, prepregnancy BMI, maternal age,
atopy of parents, maternal education, gender of child, gravidity, duration of breastfeeding,
and birthweight. If confounders changed the regression coefficient β1 by at least 10%, they
were added to regression models. Finally, Spearman correlations were used to explore
relations between non-cholesterol sterol and cholesterol concentrations in breast milk.

A result was considered significantly different when p < 0.05. All analyses were
conducted using IBM SPSS Statistics for Windows, Version 25.0 (Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics and Flow Chart

The selection of participants from the KOALA study is shown in Figure 1. Of the total
cohort (N = 2834), the women with an available breast milk sample were selected (N = 315).
The 311 women who fulfilled the criteria for the current study were selected.
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KOALA participants 
N = 2834 

KOALA-SUB participants 
N = 1355 

KOALA-SUB participants 
Breast milk sample available 

N = 315 

Selected KOALA-SUB 
participants 

N = 311 

Did not participate in 
KOALA-SUB 

N = 1479 

Breast milk sample not 
available 
N = 1040 

Did not fulfil selection 
criteria for this study 

N = 4 

Figure 1. Flow chart of participants included in this study. KOALA = “Kind, Ouders en gezondheid:
Aandacht voor Leefstijl en Aanleg”; KOALA-SUB = subcohort of the KOALA study.

Characteristics of the study population are shown in Table 1. The mean (SD) maternal
age and median BMI (IQR) of the 311 mothers at the start of pregnancy were 32.4 (3.9) years
and 22.4 (20.6–24.5) kg/m2, respectively. In total, 91 children developed eczema and 79 chil-
dren developed wheeze in the first two years of life, and 49 children were allergically
sensitized against common allergens at age two. The baseline characteristics were compa-
rable between the women with either a conventional or alternative lifestyle. Only sitosterol
was higher in the alternative lifestyle group (Table 1).
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Table 1. Baseline characteristics of the KOALA-SUB cohort selected for this study. Data are shown as
the mean (SD) or the median (Q1–Q3), unless otherwise indicated.

Total
(N = 311)

Conventional Lifestyle 1

(N = 141)
Alternative Lifestyle 1

(N = 166)

Maternal age, years (SD) 32.4 (3.9) 31.5 (3.4) 33.1 (4.2)
Prepregnancy BMI, kg/m2 (IQR) 22.4 (20.6–24.5) 23.0 (21.5–25.2) 21.7 (20.1–24.0)

Smoking during pregnancy 2, N (%) 5 (2%) 4 (3%) 1 (1%)
Atopic history parents 1, N (%)

None 113 (37%) 50 (36%) 62 (38%)
Only father 78 (25%) 37 (26%) 40 (24%)

Only mother 64 (21%) 31 (22%) 32 (20%)
Both 52 (17%) 22 (16%) 30 (18%)

Gender child female, N (%) 161 (52%) 74 (53%) 83 (50%)
Duration breastfeeding, N (%)

1–3 months 64 (21%) 46 (33%) 17 (10%)
4–6 months 70 (23%) 40 (28%) 29 (18%)
7–9 months 70 (23%) 28 (20%) 41 (25%)

10–12 months 53 (17%) 17 (12%) 36 (22%)
≥13 months 53 (17%) 10 (7%) 43 (26%)

Maternal education, N (%)
Lower 12 (4%) 7 (5%) 5 (3%)
Middle 96 (31%) 53 (38%) 41 (25%)

Higher vocational 131 (42%) 60 (43%) 69 (42%)
Academic 66 (21%) 19 (14%) 47 (28%)

Other 6 (2%) 2 (1%) 4 (2%)
Season breast milk sampling 1, N (%)

December 2002–February 2003 112 (37%) 64 (45%) 48 (29%)
March–May 2003 120 (39%) 59 (42%) 61 (37%)

June–September 2003 75 (24%) 18 (13%) 57 (34%)
Gravidity, N (%)

1 123 (40%) 65 (46%) 58 (34.9)
2 110 (35%) 51 (36%) 57 (34.3)
≥3 78 (25%) 25 (18%) 51 (30.7)

Eczema in first two years 3, N (%) 91 (30%) 41 (30%) 50 (31.1)
Wheeze in first two years 4, N (%) 79 (26%) 37 (27%) 42 (26%)

Allergic sensitization at age 2 5, N (%) 49 (24%) 25 (28%) 24 (22%)
Creamatocrit value 6, % (IQR) 7 (5–9%) 7 (5–9%) 7 (5–9%)

Cholesterol concentration breast milk,
mmol/L (IQR) 0.35 (0.28–0.42) 0.35 (0.27–0.43) 0.36 (0.29–0.41)

Cholesterol concentration breast milk corrected
for creamatocrit 7, mmol/Lf (IQR) 4.81 (4.14–5.90) 4.81 (4.17–5.93) 4.83 (5.84–6.87)

Non-cholesterol sterol concentrations breast
milk, μmol/L (IQR)

Brassicasterol 0.23 (0.18–0.27) 0.24 (0.19–0.29) 0.22 (0.17–0.25)
Campesterol 7 0.32 (0.20–0.52) 0.37 (0.21–0.60) 0.28 (0.19–0.46)

Cholestanol 1.51 (1.28–1.73) 1.50 (1.26–1.75) 1.52 (1.31–1.73)
Desmosterol 52.2 (37.4–70.3) 51.7 (36.3–68.3) 54.3 (38.1–71.8)
Lanosterol 2.03 (1.43–2.89) 2.01 (1.31–2.85) 2.04 (1.50–2.93)
Lathosterol 0.62 (0.40–0.84) 0.62 (0.38–0.87) 0.62 (0.40–0.84)
Sitosterol 0.70 (0.49–1.41) 0.59 (0.45–0.87) 0.82 (0.55–1.48)

Stigmasterol 0.05 (0.04–0.06) 0.05 (0.04–0.06) 0.05 (0.04–0.06)
Non-cholesterol sterol concentrations breast milk

corrected for creamatocrit, μmol/Lf (IQR)
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Table 1. Cont.

Total
(N = 311)

Conventional Lifestyle 1

(N = 141)
Alternative Lifestyle 1

(N = 166)

Brassicasterol 7 3.18 (2.44–4.16) 3.32 (2.53–4.25) 2.95 (2.31–4.10)
Campesterol 8 4.90 (3.01–7.07) 5.34 (3.50–7.87) 4.27 (2.61–6.13)
Cholestanol 7 21.0 (17.2–27.7) 22.5 (17.3–27.9) 20.5 (17.0–27.9)
Desmosterol 7 776.5 (592.7–997.9) 716.1(561.6–957.0) 807.2 (633.6–1026.5)
Lanosterol 7 29.1 (22.7–37.5) 28.4 (22.8–37.3) 29.7 (22.7–37.5)
Lathosterol 7 8.69 (6.25–11.9) 8.80 (6.47–12.2) 8.31 (5.99–11.6)
Sitosterol 7 10.3 (7.17–18.7) 8.26 (6.60–12.6) 13.7 (7.88–23.8)

Stigmasterol 7 0.68 (0.51–0.93) 0.67 (0.51–0.93) 0.69 (0.51–0.94)

BMI = body mass index; IQR = interquartile range; SD = standard deviation; mmol/Lf = mmol per liter milk fat;
1 Missing data N = 4; 2 Missing data N = 1; 3 Missing data N = 12; 4 Missing data N = 9; 5 Missing data N = 110;
6 Missing data N = 37; 7 Missing data N = 8; 8 Missing data N = 45.

Desmosterol was the non-cholesterol sterol with the highest concentration in breast
milk (median (IQR): 52.2 (37.4–70.3) μmol/L), which was 25 to 1000 fold higher as com-
pared to the other sterols. Stigmasterol was the sterol with the lowest concentration
(0.05 (0.04–0.06) μmol/L). Overall, non-cholesterol concentrations in breast milk were
similar in the women with a conventional lifestyle and an alternative lifestyle.

3.2. Selection Process of Sterols
3.2.1. Exploratory Factor Analysis

To explore which of the eight non-cholesterol sterols that were analyzed in breast milk
were intercorrelated, exploratory factor analysis was performed. Two factors were found
based on the sterol concentration in breast milk corrected for creamatocrit (Table 2). The
two factors separated brassicasterol, stigmasterol, campesterol, and lathosterol (factor 1);
and lanosterol and desmosterol (factor 2). Cholestanol and sitosterol loaded on both factors,
although to a higher extent on factor 1 than on factor 2.

Table 2. Factor loadings after varimax rotation. Non-cholesterol sterol concentrations were corrected
for creamatocrit.

Non-Cholesterol Sterol (μmol/Lf) Factor 1 Factor 2

Cholestanol 0.88 0.34
Brassicasterol 0.83
Stigmasterol 0.78

Sitosterol 0.65 0.31
Campesterol 0.64
Lathosterol 0.37
Lanosterol 0.93

Desmosterol 0.85
μmol/Lf = μmol per liter milk fat; only factor loadings ≥ 0.30 are shown; there were no factor loadings ≤ −0.30.

3.2.2. Multiple Logistic Regression Using the Factors

Multiple logistic regression was performed to explore relations between factors 1 and
2 with the allergic outcomes of interest (i.e., eczema and wheeze in the first two years of
life, and allergic sensitization at age two) (Table 3). None of the factors were significantly
associated with eczema, wheeze, or allergic sensitization. However, trends were observed
for associations between factor 1 and eczema (OR (95%CI): 0.69 (0.46; 1.03), p = 0.07), factor 2
and eczema (0.69 (0.46; 1.04), p = 0.08), and factor 1 and allergic sensitization (0.52 (0.26;
1.07), p = 0.07).

93



Nutrients 2022, 14, 766

Table 3. Results of the multiple logistic regression analyses to determine relations between the factors
and allergic outcomes.

Factor 1 Factor 2

Outcome Variable OR 95% CI p-Value OR 95% CI p-Value

Eczema (N = 256) 1 0.69 0.46; 1.03 0.07 * 0.69 0.46; 1.04 0.08 *
Wheeze (N = 259) 2 1.04 0.77; 1.40 0.82 0.99 0.69; 1.42 0.95

Allergic sensitization
(N = 171) 3 0.52 0.26; 1.07 0.07 * 1.17 0.79; 1.73 0.43

OR: odds ratio; 95% CI: 95% confidence interval; 1: adjusted for season, atopy of parents, maternal education,
and duration of breastfeeding; 2: adjusted for smoking, season, gestational age, prepregnancy BMI, atopy of
parents, maternal education, gender of child, gravidity, and duration of breastfeeding; 3: adjusted for study group,
smoking, season, prepregnancy BMI, atopy of parents, maternal education, gender of child, gravidity, duration of
breastfeeding, and birthweight. * p < 0.10.

3.2.3. Independent-Sample t-Tests

Independent-sample t-tests were performed to explore which of the individual sterols
differed between cases and controls for each allergic outcome (Table 4). Lathosterol
(p = 0.06) and stigmasterol (p = 0.08) concentrations in breast milk tended to be lower
in eczema cases compared to controls. For wheeze, all sterol concentrations were similar
in cases and controls. For allergic sensitization, campesterol concentrations in breast milk
were significantly lower in cases compared to controls (p = 0.03).

Table 4. Results of the independent-sample t-tests to explore differences between non-cholesterol
sterol concentrations in breast milk between cases and controls for eczema (N = 80 cases,
N = 179 controls), wheeze (N = 67 cases, N = 195 controls), and allergic sensitization (N = 41 cases,
N = 130 controls). Non-cholesterol sterol concentrations were adjusted for creamatocrit.

Eczema Wheeze Allergic Sensitization

Sterol
(μmol/Lf)

Mean
Difference

95% CI p-Value
Mean

Difference
95% CI p-Value

Mean
Difference

95% CI p-Value

Brassicasterol −0.11 −0.76; 0.55 0.75 0.16 −0.52; 0.84 0.64 −0.25 −1.06; 0.55 0.54

Campesterol −0.76 −1.85; 0.32 0.17 0.11 −1.03; 1.26 0.84 −1.78 −3.40;
−0.16 0.03 **

Cholestanol −3.19 −7.33; 0.94 0.13 0.3 −4.08; 4.67 0.89 −2.68 −8.04; 2.68 0.33
Desmosterol 1 −0.04 −0.14; 0.06 0.44 0.01 −0.11; 0.13 0.83 −0.05 −0.22; 0.12 0.57

Lanosterol −2.03 −5.55; 1.48 0.26 −0.36 −4.82; 4.10 0.88 0.94 −4.77; 6.65 0.75
Lathosterol −1.18 −2.39; 0.03 0.06 * −0.93 −2.23; 0.36 0.16 −0.53 −2.22; 1.16 0.54
Sitosterol −0.13 −0.28; 0.03 0.11 −0.1 −0.26; 0.07 0.25 −0.13 −0.31; 0.04 0.14

Stigmasterol −0.01 −0.02; 0.00 0.08 * 0 −0.01; 0.01 0.89 −0.01 −0.02; 0.01 0.36

95% CI: 95% confidence interval; μmol/Lf = micromoles per liter milk fat; 1 concentration in mmol/Lf; * p < 0.10;
** p < 0.05.

3.3. Multiple Logistic Regression Using Selected Sterols
3.3.1. Eczema

Based on the multiple logistic regression analysis using the obtained factors (Table 3),
all sterols included in factors 1 and 2 were selected for eczema. In addition, based on
the independent-sample t-tests (Table 4), lathosterol and stigmasterol were selected for
eczema. Thus, all eight sterols were included in the final multiple logistic regression
analyses. Separate models were made for each individual sterol (Table 5). The odds of
eczema in the first two years of life were significantly lower with higher concentrations of
cholestanol (OR (95%CI): 0.98 (0.95; 1.00), p = 0.04), lanosterol (0.97 (0.95; 1.00), p = 0.02),
lathosterol (0.93 (0.87; 0.99), p = 0.02), and stigmasterol (0.51 (0.29; 0.91), p = 0.02) in breast
milk one-month postpartum. The other sterols did not affect the odds of eczema during the
first two years of life.
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Table 5. Results of the multiple logistic regression analyses using the selected sterols for eczema.
Separate models were made for each individual sterol. Non-cholesterol sterol concentrations were
adjusted for creamatocrit.

Sterol (μmol/Lf) N OR 95% CI p-Value

Brassicasterol 1 264 0.95 0.87; 1.03 0.22
Campesterol 2 259 0.95 0.88; 1.03 0.25
Cholestanol 3 264 0.98 0.95; 1.00 0.04 *

Desmosterol a,1 264 0.52 0.22; 1.22 0.13
Lanosterol 4 267 0.97 0.95; 1.00 0.02 *
Lathosterol 5 267 0.93 0.87; 0.99 0.02 *
Sitosterol 6 264 0.98 0.95; 1.00 0.09

Stigmasterol 6 264 0.51 0.29; 0.91 0.02 *
OR: odds ratio; 95% CI: 95% confidence interval; μmol/Lf = micromoles per liter milk fat; a: unit is mmol/Lf;
1: adjusted for season, atopy of parents, maternal education, duration of breastfeeding, and gravidity; 2: adjusted
for season and maternal education; 3: adjusted for atopy of parents and maternal education; 4: adjusted for season,
maternal education, and duration breastfeeding; 5: adjusted for maternal education; 6: adjusted for season, atopy
of parents, and maternal education; * p < 0.05.

3.3.2. Wheeze

None of the factors from exploratory factor analysis were associated with wheeze, nor
were there differences in sterol concentrations in breast milk between cases and controls.
Therefore, none of the sterols were evaluated in further analysis for wheeze.

3.3.3. Allergic Sensitization

Based on the multiple logistic regression analysis using the obtained factors (Table 3),
the sterols included in factor 1 were selected for allergic sensitization. In addition, based on
the independent-sample t-tests (Table 4), campesterol was selected for allergic sensitization.
Thus, brassicasterol, campesterol, cholestanol, lathosterol, sitosterol, and stigmasterol were
included in the final multiple logistic regression analyses. Separate models were made for
each individual sterol (Table 6). The odds of allergic sensitization at age 2 were significantly
lower with a higher concentration of campesterol in breast milk one-month postpartum
(OR (95%CI): 0.81 (0.70; 0.95), p = 0.01). The other sterols did not affect the odds of allergic
sensitization at age 2.

Table 6. Results of the multiple logistic regression analysis using the selected sterols for allergic
sensitization. Non-cholesterol sterol concentrations were adjusted for creamatocrit.

Sterol (μmol/Lf) N OR 95% CI p-Value

Brassicasterol 1 176 0.93 0.78; 1.12 0.47
Campesterol 2 171 0.81 0.70; 0.95 0.01 *
Cholestanol 3 176 0.98 0.95; 1.01 0.26
Lathosterol 4 176 0.99 0.91; 1.07 0.77
Sitosterol 5 176 0.97 0.93; 1.01 0.13

Stigmasterol 5 176 0.77 0.42; 1.40 0.38

OR: odds ratio; 95% CI: 95% confidence interval; μmol/Lf = micromoles per liter milk fat; 1: adjusted for study
group, season, and duration breastfeeding; 2: adjusted for season and duration breastfeeding; 3: adjusted for
smoking; 4: adjusted for smoking, season, and duration breastfeeding; 5: adjusted for smoking and season
* p < 0.05.

3.4. Cholesterol and Allergic Outcomes

Non-cholesterol sterol concentrations were significantly correlated to cholesterol con-
centrations (corrected for creamatocrit) in breast milk, except for lanosterol and lathosterol
concentrations (Table 7). Therefore, relationships between cholesterol concentrations (cor-
rected for creamatocrit) in breast milk and allergic outcomes were also considered. However,
the odds of having eczema or wheeze in the first two years of life were not lower with
higher cholesterol concentrations, nor were the odds for allergic sensitization at age two
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(data not shown). Hence, non-cholesterol sterols did not act as a marker for cholesterol. The
reported associations can instead be attributed specifically to the non-cholesterol sterols.

Table 7. Spearman correlations between cholesterol and non-cholesterol sterols, N = 311.

Sterol (μmol/Lf)
Spearman’s ρ

Cholesterol (mmol/Lf)

Brassicasterol −0.42 **
Campesterol 1 0.40 **

Cholestanol −0.45 **
Desmosterol −0.13 *
Lanosterol −0.07
Lathosterol −0.04
Sitosterol −0.37 **

Stigmasterol −0.51 **

μmol/Lf = micromoles per liter milk fat; 1 N = 303; * p < 0.05; ** p < 0.001.

4. Discussion

The aim of this study was to determine the association between non-cholesterol sterols
in breast milk and allergic outcomes in breastfed children in the first two years of life. We
found that the odds of eczema during the first two years of life were significantly lower
with higher concentrations of cholestanol, lanosterol, lathosterol, and stigmasterol in breast
milk one-month postpartum. We also showed that the odds of allergic sensitization at age
2 were significantly lower with a higher concentration of campesterol in breast milk. None
of the sterols were associated with wheeze during the first two years of life. Study groups
(women with a conventional or ‘alternative’ lifestyle with regard to, e.g., child rearing
practices) were not further compared, since study group did not seem to influence the
reported associations. A priori, we hypothesized that exposure of the immune system to
non-cholesterol sterols through breastfeeding early in life influences the maturation of the
immune system and thereby prevents allergic outcomes later in life. Our results presented
here support this hypothesis and are in line with previous suggestions that non-cholesterol
sterols may play a role in infant health [21].

Non-cholesterol sterols in serum are known for their relationship with cholesterol
metabolism [21,23,24]. This group of sterols can be divided into two subgroups, i.e., some
are diet derived and considered as markers for intestinal cholesterol absorption (brassi-
casterol, campesterol, cholestanol, sitosterol, stigmasterol), while others are endogenously
synthesized and markers for cholesterol synthesis (desmosterol, lanosterol, lathosterol).
However, these two subgroups were not identified when exploratory factor analysis was
performed using concentrations of these non-cholesterol sterols in breast milk (with or
without correction for creamatocrit). This finding is in line with our hypothesis that sterols
provided by breast milk should be considered as nutrients (and not as markers for intestinal
cholesterol absorption and endogenous synthesis), which may have specific effects in the
body in early life, e.g., involvement in the maturation of the immune system. In addition,
studies in adults have also reported effects of non-cholesterol sterols on the immune system.
Brüll and colleagues [25] used antibody production to a hepatitis A vaccine as a measure
for immune function in adult asthma patients that received either plant stanols or placebo.
They reported that daily intake of 4 g of plant stanols increased antibody production by
22% compared to placebo [25]. In addition, changes in serum plant stanol concentrations
were positively correlated to the Th1/Th2 cytokine balance towards more Th1 activity [25].
These results, together with our current findings, indicate that consuming plant sterols and
stanols may not only affect cholesterol metabolism, but may also be related to developing
and sustaining immune function throughout life.

Results of studies evaluating the effect of breastfeeding on allergic outcomes in chil-
dren are inconclusive, and information on the maternal diet during breastfeeding is often
missing [41]. Therefore, a clear recommendation for future studies is to include data about

96



Nutrients 2022, 14, 766

maternal diet composition during pregnancy and breastfeeding, and/or breast milk com-
position. Unfortunately, no studies have related non-cholesterol sterols in breast milk and
infant feeding with allergic outcomes in children, which makes it difficult to compare our
study results. However, results can be compared with studies evaluating the effect of
children’s intake of diets or foods rich in these non-cholesterol sterols on allergic outcomes.
Our results are in accordance with a review, which stated that plant-based diets and diets
similar to the Mediterranean diet, which are generally rich in plant sterols, could reduce
inflammation and asthma symptoms in children [42]. Another study reported a negative
association between fruit and vegetable intake and allergic symptoms in children [43].
Moreover, the results of our study could be compared to studies evaluating the effects of
non-cholesterol sterols on immune-related outcomes in other parts of the body, such as
the gut. Van Gorp and colleagues found that intra amniotic administration of β-sitosterol
and campesterol prevented gut inflammation in fetal lambs that were intra-amniotically
infected with Ureaplasma parvum [44]. Plasma IL-6, influx of mucosal myeloperoxidase-
positive cells, and intestinal damage were all lowered by the intra amniotic administration
of plant sterols [44]. In addition, de Smet and colleagues showed that an acute intake of
plant stanols down-regulated genes regulating T-cell functioning in the jejunum of healthy
volunteers [45]. These two studies also indicate that non-cholesterol sterols are able to
influence immune cell behavior, although the exact mechanisms remain unclear.

Considering our results and the studies described above, it is tempting to suggest
that higher intakes of non-cholesterol sterols via breast milk would result in better health
outcomes. Infant formulas sometimes also contain high concentrations of plant sterols,
especially when produced with vegetable oil as fat source [46], while formula feeding
has not been associated to better health outcomes compared to breastfeeding [47–49].
Claumarchirant and colleagues [46] reported that total plant sterol concentrations (sum
of brassicasterol, campesterol, β-sitosterol, stigmasterol, and sitostanol) in various infant
formulas ranged between 3.1–5.0 mg/100 mL (78.1–132.3 μmol/L). These concentrations
are higher than those reported in our study, where the median total plant sterol concentra-
tion in breast milk (sum of brassicasterol, campesterol, sitosterol, and stigmasterol) was
1.3 μmol/L. However, desmosterol (0.2–0.4 mg/100 mL (6.2–11.1 μmol/L)) and cholesterol
(1.6–5.1 mg/100 mL (0.04–0.1 mmol/L)) concentrations in infant formulas [46] were lower
as compared to the concentrations we found in breast milk (desmosterol: 52.2 μmol/L;
cholesterol 0.35 mmol/L). Hence, not only absolute concentrations, but also ratios between
individual sterols differ between breast milk and infant formula. In more detail, the ratio
between cholesterol and sitosterol concentrations in infant formula ranges from approx-
imately 0.6 to 1.8 [46], whereas in our study the median cholesterol concentration was
500 times higher than the sitosterol concentration (350 μmol/L and 0.70 μmol/L, respec-
tively). The lower concentration of cholesterol in infant formulas as compared to breast milk
induces higher endogenous cholesterol synthesis in formula fed infants, whereas breastfed
infants have a higher intestinal cholesterol absorption [50,51]. To the best of our knowl-
edge, the bioavailability of non-cholesterol in breast milk and infant formula has not been
studied. Therefore, it is currently not completely understood how serum non-cholesterol
concentrations in children are affected by either breastfeeding or formula feeding.

Additionally, it is currently unknown whether the differences in sterol concentrations
between breast milk and infant formula are associated with the difference in the immune
responses of breastfed versus formula fed children. However, it should be kept in mind that
breast milk and infant formula differ in many more aspects that could affect immune system
development than solely non-cholesterol sterol and cholesterol concentrations. For example,
breast milk contains human immune factors, which help forming the neonatal immune
system [52]. Ultimately, the relation between early infant feeding and allergic outcomes
is not fully understood. Future studies should further evaluate: (1) whether the reported
effects of non-cholesterol sterols on allergic outcomes in our study can be attributed to their
concentration in breast milk, (2) whether the ratio between the different sterols could also
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play a role, and (3) whether other components in breast milk are potentially involved in
this association.

Although the associations between sterols in breast milk, eczema, and allergic sensiti-
zation were statistically significant, none of the sterols were significantly associated with
wheeze in the first two years of life. There are several wheezing phenotypes, based on
the age at which wheezing first occurs [53]. For example, phenotypes such as transient
early wheeze and prolonged early wheeze are characterized by wheezing only in the first
years of life, while wheezing disappears as the child gets older. Other phenotypes such as
intermediate onset wheeze or late onset wheeze are characterized by wheezing occurring
at a later age (18–42 months old). The phenotypes characterized by later onset wheeze are
strongest associated with allergic outcomes later in life [53]. For this study, it means some of
the children could have suffered from the phenotypes characterized by early onset wheeze,
which could also be caused by viral infections [54]. It would be interesting to evaluate the
association between non-cholesterol sterols in breast milk and wheezing or even asthma
at a later age, and to take wheezing phenotypes into account. Unfortunately, the number
of late onset wheeze and asthma cases in the subgroup with breast milk samples was
insufficient to allow proper statistics. The associations between non-cholesterol sterols,
wheeze, and asthma should therefore be evaluated in a larger study.

Another limitation of this study was the extensive selection of sterols and that multiple
allergic outcomes were tested. The exploratory nature of this study may have increased
the chance of type I errors. Therefore, data should be interpreted with care and additional
studies are needed to confirm or refute our findings. In addition, future studies should
consider whether there are optimal sterol concentrations in breast milk, whether ratios
between different sterols in breast milk play a role in the prevention of allergic outcomes,
and how breast milk composition fits into this association.

5. Conclusions

In conclusion, our data suggest that exposure to higher non-cholesterol sterol concen-
trations (corrected for creamatocrit) in breast milk may indeed contribute to the prevention
of allergic outcomes, such as eczema and allergic sensitization at the age of two. Evidence
regarding the elaborate role of sterols in human health rapidly grows and should be ex-
plored in further detail. Future studies should consider a role for breast milk composition
and maternal diet during pregnancy and lactation in the association between breastfeeding
and allergic outcomes in children. The effects of sterol intake via breastfeeding versus
bottle feeding on allergic disease prevention should also be studied in more detail.
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Abstract: Cross-sectional studies have shown that obesity is associated with lower intestinal choles-
terol absorption and higher endogenous cholesterol synthesis. These metabolic characteristics have
also been observed in patients with type 2 diabetes, 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 randomized trial, abdominally obese men (N = 54) followed a 6-week very low caloric (VLCD)
diet, followed by a 2 week 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 lipids. 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

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, dyslipidemia and hypertension [2], which all contribute to an increased
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cardiovascular disease risk [1,3]. Recently, we have suggested that overweight and obesity
are associated with lower intestinal cholesterol absorption and higher endogenous choles-
terol synthesis [4]. These metabolic characteristics have also been observed in patients
with type 2 diabetes, 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 desmos-
terol and lathosterol reflect endogenous cholesterol synthesis, while the non-cholesterol
sterols sitosterol, campesterol and cholestanol reflect fractional intestinal cholesterol ab-
sorption [6]. Using these markers, earlier intervention studies in obese individuals with
type 2 diabetes [7,8] or metabolic syndrome [9–11] have indeed suggested that diet-induced
weight loss increases cholesterol absorption and decreases 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 still had a 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 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 compartment on the relationship between body mass
index (BMI) as well as 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 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 three
VLCD formulas, which had to be dissolved in water, on a daily basis. Hereafter, in weeks 5
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and 6, participants consumed three meals of a mixed solid caloric-restricted diet providing
4.2 MJ/day (1000 kcal) daily for one to two weeks. Again, the composition of this diet
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 were 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 the 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).

2.2. Anthropometrics, Fat Distribution and Compartments

Information about overall and abdominal obesity was obtained through 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, was 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 1300× g for 15 min at 4 ◦C to collect plasma
samples. Serum tubes were centrifuged at 1300× g for 15 min at 21 ◦C to collect serum
samples. Aliquots were stored at −80 ◦C 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 Diag-
nostic, 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 × 0.25 mm i.d. × 0.25 μm; Agilent Technologies, Amstelveen, Netherlands). Extrac-
tion of cholesterol and non-cholesterol sterols was performed based on Mackay et al. [19].
Briefly, a 100 μL plasma sample was saponified with 1 ml of 90% ethanolic sodium hydrox-
ide for 1 h at 60 ◦C. 5α-cholestane and epicoprostanol were used as internal standards. After
two rounds of cyclohexane extraction, samples were derivatized with 30 μL of TMS reagent
(pyridine, hexamethyldisilazane and trimethylchlorosilane (9:3:1, v/v/v)). Samples were in-
jected into GC-FID; cholesterol and non-cholesterol sterol peaks were integrated (OpenLab
CDS ChemStation Edition; Agilent Technologies, Santa Clara, CA, USA) and their concen-
trations were calculated relative to the internal standard 5α-cholestane. Non-cholesterol
sterol concentrations were standardized for cholesterol concentrations, as determined
within the same GC run and expressed as μmol/mmol cholesterol.

2.6. Statistics Analyses

Data are presented as means ± standard deviations (SD) unless indicated otherwise.
Normality of the data was assessed using the Kolmogorov–Smirnov test. The differences
at baseline between normal weight and abdominally obese men were compared with an

105



Nutrients 2022, 14, 1546

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 dif-
ferences 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) were 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, OH, 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 previously [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. The characteristics of all participants at baseline have been described previ-
ously [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 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 compared to the normal-weight
men. On the other hand, TC-standardized levels of all three cholesterol-absorption mark-
ers, 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 circum-
ference 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.

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.
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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 sub-
jects that lost weight as compared to normal-weight subjects (p < 0.001 and p < 0.05, respec-
tively), 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 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), hip circumference (p < 0.05) 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.

Table 2. Results of linear regression analyses to investigate the relation between changes in cholesterol
absorption and synthesis markers with changes in anthropometric measures, fat distribution and
IHL after weight loss intervention (n = 23).

Cholesterol Absorption Cholesterol Synthesis

ΔCholestanol ΔCampesterol ΔSitosterol ΔLathosterol

B 95% CI B 95% CI B 95% CI B 95% CI

ΔBW −0.047 (−0.068, −0.025)
*** 0.063 (−0.004, 0.130) 0.030 (0.001, 0.058) * 0.011 (−0.039, 0.060)

ΔBMI −0.149 (−0.223, −0.074)
*** 0.203 (−0.020, 0.427) 0.087 (−0.010, 0.184) 0.044 (−0.119, 0.207)

ΔWaist −0.036 (−0.069, −0.002) ** 0.020 (−0.069, 0.109) 0.009 (−0.029, 0.048) 0.027 (−0.032, 0.086)

ΔHip −0.043 (−0.085, 0.000) * 0.070 (−0.037, 0.177) 0.029 (−0.018, 0.075) 0.005 (−0.070, 0.081)

ΔWaist:Hip −1.329 (−5.557, 2.899) −2.827 (−13.046, 7.391) −0.999 (−5.437, 3.438) 3.867 (−2.900, 10.634)

ΔVF −0.246 (−0.422, −0.069) ** 0.083 (−0.418, 0.585) −0.032 (−0.250, 0.185) 0.074 (−0.266, 0.414)

ΔSF −0.066 (−0.362, 0.229) −0.194 (−0.906, 0.517) −0.049 (−0.359, 0.260) 0.101 (−0.383, 0.585)

ΔIHL † 0.252 (−0.252, 0.755) 0.376 (−0.857, 1.609) 0.314 (−0.206, 0.834) −0.280 (−1.115, 0.555)

ΔBW—changes in body weight; ΔBMI—changes in body mass index; ΔWaist—changes in waist circumference;
ΔHip—changes in hip circumference; ΔWaist: Hip—changes in waist to hip ratio; ΔVT—changes in visceral
fat; ΔST—changes in subcutaneous fat; ΔIHL—changes in intrahepatic lipid content. Significant relationships:
* p < 0.05, ** p < 0.01, *** p < 0.001. † Log transformed.

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, the 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).
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Subcutaneous fat neither fully nor partially mediated the associations between BMI and
markers of cholesterol absorption and synthesis.

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* 

BMI 

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 me-
diator on the relationships between BMI (kg/m2) and markers of cholesterol absorption (A) and
synthesis (B), expressed in μmol/mmol cholesterol. Data are presented as B (bootstrapped 95%
CI). Bold figures indicated for significant effects. VT = visceral fat; IHL = intrahepatic lipid content.
* Log-transformed data.

4. Discussion

Diet-induced weight loss reduced levels of TC-standardized campesterol and lathos-
terol and increased those of TC-standardized cholestanol. After weight loss, TC-standardized
lathosterol and cholestanol levels of the (previously) abdominally obese men were compara-
ble 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 and 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 metabolic syndrome, cholesterol synthesis also decreased
after dietary weight loss of 13 kg, 6 kg and 10 kg, respectively [9–11]. Simonen et al.
conducted two weight-loss studies in obese, type 2 diabetic patients. Lathosterol levels
tended to decrease after a diet-induced weight loss of 15 kg in 3 months [8], and weight
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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 ex-
plained. 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 ab-
sorption 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 choles-
terol absorption. This conclusion is in line with the study by Simonen 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 a 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 a free-living diet with a 500 kcal deficiency in daily energy
intake, followed by 5 weeks of Mediterranean diet under an 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 decreased in obese men with insulin resistance after
consumption of a 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 may 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 the North American control diet [11], while the other study used a diet for-
mula 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 to changes in
visceral fat volume, but not to changes in subcutaneous and intrahepatic lipids. Visceral
fat is a metabolically active fat depot and is more strongly associated with CVD risk than
subcutaneous fat and IHL [12,23,24]. In addition, the amount of visceral fat is positively
associated with cholesterol synthesis in obese subjects [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, the current study did
not find an association between cholesterol synthesis and intrahepatic fat. In the present
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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, in which 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 cross-sectionally investigate 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 synthe-
sis 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 absorp-
tion. Although we found significant roles for some fat compartments in 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 as to 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 associ-
ated with the development of non-alcoholic steatohepatitis (NASH) [30]. These findings
were confirmed by Plat et al., who described 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 interven-
tion. Whether this also suggests a lower risk of developing type 2 diabetes and metabolic
syndrome after weight loss cannot be deduced from these data, but definitely deserves
further attention.

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 in 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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14081546/s1, Figure S1: Consort flow diagram of the study
participation; Table S1: Cross-sectional regression analyses to investigate the relations between
cholesterol absorption and synthesis markers with anthropometric measures, fat distribution and
IHL at baseline in all participants (n = 73).

Author Contributions: S.M.: performed the GC-FID analysis, performed the statistical analyses,
interpreted the data, and wrote the manuscript. S.B.: interpreted the data. J.P. and R.P.M.: designed

111



Nutrients 2022, 14, 1546

the study, interpreted the data. P.J.J., Y.H.A.M.K., A.J.H.M.H., C.D.A.S. and C.G.S.: designed the
study. P.J.J. and Y.H.A.M.K. conducted the study. All authors have read and agreed to the published
version of the manuscript.

Funding: The work was supported by a research grant (CH001) from the Top Institute Food and
Nutrition, a public–private partnership on precompetitive research in food and nutrition. The public
partners were responsible for the study design, data collection and analysis, the decision to publish
and preparation of the manuscript. The private partners contributed to the project through regular
discussions. Sterol analyses were funded by a scholarship from AlBaha University, Saudi Arabia.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
declaration of Helsinki, and approved by the Medical Ethical Committee of Maastricht University
Medical Center (METC 12-30-40), and registered at ClinicalTrials.gov (NCT01675401).

Informed Consent Statement: Informed consent was obtained from all participants prior to the study.

Data Availability Statement: The data presented in this work are fully available without restriction.

Acknowledgments: We would like to thank M.C.J.M. Konings for his technical assistance and our
participants for taking part in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Despres, J.P.; Moorjani, S.; Lupien, P.J.; Tremblay, A.; Nadeau, A.; Bouchard, C. Regional distribution of body fat, plasma
lipoproteins, and cardiovascular disease. Arteriosclerosis 1990, 10, 497–511. [CrossRef] [PubMed]

2. Despres, J.P.; Lemieux, I. Abdominal obesity and metabolic syndrome. Nature 2006, 444, 881–887. [CrossRef] [PubMed]
3. Ritchie, S.A.; Connell, J.M. The link between abdominal obesity, metabolic syndrome and cardiovascular disease. Nutr. Metab.

Cardiovasc. Dis. 2007, 17, 319–326. [CrossRef] [PubMed]
4. Mashnafi, S.; Plat, J.; Mensink, R.P.; Baumgartner, S. Non-Cholesterol Sterol Concentrations as Biomarkers for Cholesterol

Absorption and Synthesis in Different Metabolic Disorders: A Systematic Review. Nutrients 2019, 11, 124. [CrossRef]
5. Miettinen, T.A.; Tilvis, R.S.; Kesaniemi, Y.A. Serum plant sterols and cholesterol precursors reflect cholesterol absorption and

synthesis in volunteers of a randomly selected male population. Am. J. Epidemiol. 1990, 131, 20–31. [CrossRef]
6. Miettinen, T.A.; Gylling, H.; Nissinen, M.J. The role of serum non-cholesterol sterols as surrogate markers of absolute cholesterol

synthesis and absorption. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 765–769. [CrossRef]
7. Simonen, P.; Gylling, H.; Howard, A.N.; Miettinen, T.A. Introducing a new component of the metabolic syndrome: Low cholesterol

absorption. Am. J. Clin. Nutr. 2000, 72, 82–88. [CrossRef]
8. Simonen, P.; Gylling, H.; Miettinen, T.A. Acute effects of weight reduction on cholesterol metabolism in obese type 2 diabetes.

Clin. Chim. Acta 2002, 316, 55–61. [CrossRef]
9. Chan, D.C.; Watts, G.F.; Gan, S.K.; Ooi, E.M.; Barrett, P.H. Effect of ezetimibe on hepatic fat, inflammatory markers, and

apolipoprotein B-100 kinetics in insulin-resistant obese subjects on a weight loss diet. Diabetes Care 2010, 33, 1134–1139. [CrossRef]
10. Chan, D.C.; Watts, G.F.; Ng, T.W.; Yamashita, S.; Barrett, P.H. Effect of weight loss on markers of triglyceride-rich lipoprotein

metabolism in the metabolic syndrome. Eur. J. Clin. Investig. 2008, 38, 743–751. [CrossRef]
11. Richard, C.; Couture, P.; Desroches, S.; Benjannet, S.; Seidah, N.G.; Lichtenstein, A.H.; Lamarche, B. Effect of the Mediterranean

diet with and without weight loss on surrogate markers of cholesterol homeostasis in men with the metabolic syndrome. Br. J.
Nutr. 2012, 107, 705–711. [CrossRef] [PubMed]

12. Fox, C.S.; Massaro, J.M.; Hoffmann, U.; Pou, K.M.; Maurovich-Horvat, P.; Liu, C.Y.; Vasan, R.S.; Murabito, J.M.; Meigs, J.B.;
Cupples, L.A.; et al. Abdominal visceral and subcutaneous adipose tissue compartments: Association with metabolic risk factors
in the Framingham Heart Study. Circulation 2007, 116, 39–48. [CrossRef] [PubMed]

13. Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocr. Metab. 2004, 89, 2548–2556. [CrossRef] [PubMed]
14. Tchernof, A.; Despres, J.P. Pathophysiology of human visceral obesity: An update. Physiol. Rev. 2013, 93, 359–404. [CrossRef]

[PubMed]
15. Joris, P.J.; Plat, J.; Kusters, Y.H.; Houben, A.J.; Stehouwer, C.D.; Schalkwijk, C.G.; Mensink, R.P. Diet-induced weight loss improves

not only cardiometabolic risk markers but also markers of vascular function: A randomized controlled trial in abdominally obese
men. Am. J. Clin. Nutr. 2017, 105, 23–31. [CrossRef]

16. Grundy, S.M.; Becker, D.; Clark, L.T.; Cooper, R.S.; Denke, M.A.; Howard, W.J.; Hunninghake, D.B.; Illingworth, R.; Luepker, R.V.;
McBride, P.; et al. Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III) Final Report. Circulation 2002, 106, 3143–3421.
[CrossRef]

17. Kusters, Y.H.; Schalkwijk, C.G.; Houben, A.J.; Kooi, M.E.; Lindeboom, L.; Op't Roodt, J.; Joris, P.J.; Plat, J.; Mensink, R.P.;
Barrett, E.J.; et al. Independent tissue contributors to obesity-associated insulin resistance. JCI Insight 2017, 2, e89695. [CrossRef]

112



Nutrients 2022, 14, 1546

18. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef]

19. Mackay, D.S.; Jones, P.J.; Myrie, S.B.; Plat, J.; Lutjohann, D. Methodological considerations for the harmonization of non-cholesterol
sterol bio-analysis. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2014, 957, 116–122. [CrossRef]

20. Riches, F.M.; Watts, G.F.; Hua, J.; Stewart, G.R.; Naoumova, R.P.; Barrett, P.H. Reduction in visceral adipose tissue is associated
with improvement in apolipoprotein B-100 metabolism in obese men. J. Clin. Endocrinol. Metab. 1999, 84, 2854–2861. [CrossRef]

21. Ostlund, R.E., Jr. Phytosterols in human nutrition. Annu. Rev. Nutr. 2002, 22, 533–549. [CrossRef] [PubMed]
22. Miettinen, T.A.; Tilvis, R.S.; Kesaniemi, Y.A. Serum cholestanol and plant sterol levels in relation to cholesterol metabolism in

middle-aged men. Metabolism 1989, 38, 136–140. [CrossRef]
23. Despres, J.P. Body fat distribution and risk of cardiovascular disease: An update. Circulation 2012, 126, 1301–1313. [CrossRef]

[PubMed]
24. Liu, J.; Fox, C.S.; Hickson, D.; Bidulescu, A.; Carr, J.J.; Taylor, H.A. Fatty liver, abdominal visceral fat, and cardiometabolic risk

factors: The Jackson Heart Study. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 2715–2722. [CrossRef] [PubMed]
25. Adeli, K.; Taghibiglou, C.; Van Iderstine, S.C.; Lewis, G.F. Mechanisms of hepatic very low-density lipoprotein overproduction in

insulin resistance. Trends Cardiovasc. Med. 2001, 11, 170–176. [CrossRef]
26. Tobin, K.A.; Ulven, S.M.; Schuster, G.U.; Steineger, H.H.; Andresen, S.M.; Gustafsson, J.A.; Nebb, H.I. Liver X receptors as

insulin-mediating factors in fatty acid and cholesterol biosynthesis. J. Biol. Chem. 2002, 277, 10691–10697. [CrossRef]
27. Alphonse, P.A.; Jones, P.J. Revisiting Human Cholesterol Synthesis and Absorption: The Reciprocity Paradigm and its Key

Regulators. Lipids 2016, 51, 519–536. [CrossRef]
28. Quintao, E.; Grundy, S.M.; Ahrens, E.H., Jr. Effects of dietary cholesterol on the regulation of total body cholesterol in man.

J. Lipid Res. 1971, 12, 233–247. [CrossRef]
29. Santosa, S.; Varady, K.A.; AbuMweis, S.; Jones, P.J. Physiological and therapeutic factors affecting cholesterol metabolism: Does a

reciprocal relationship between cholesterol absorption and synthesis really exist? Life Sci. 2007, 80, 505–514. [CrossRef]
30. Simonen, M.; Mannisto, V.; Leppanen, J.; Kaminska, D.; Karja, V.; Venesmaa, S.; Kakela, P.; Kuusisto, J.; Gylling, H.; Laakso, M.;

et al. Desmosterol in human nonalcoholic steatohepatitis. Hepatology 2013, 58, 976–982. [CrossRef]
31. Plat, J.; Hendrikx, T.; Bieghs, V.; Jeurissen, M.L.; Walenbergh, S.M.; van Gorp, P.J.; De Smet, E.; Konings, M.; Vreugdenhil, A.C.;

Guichot, Y.D.; et al. Protective role of plant sterol and stanol esters in liver inflammation: Insights from mice and humans. PLoS
ONE 2014, 9, e110758. [CrossRef] [PubMed]

113





Citation: Paalvast, Y.; Zhou, E.;

Rozendaal, Y.J.W.; Wang, Y.; Gerding,

A.; van Dijk, T.H.; de Boer, J.F.;

Rensen, P.C.N.; van Dijk, K.W.;

Kuivenhoven, J.A.; et al. A Systems

Analysis of Phenotype Heterogeneity

in APOE*3Leiden.CETP Mice

Induced by Long-Term High-Fat

High-Cholesterol Diet Feeding.

Nutrients 2022, 14, 4936. https://

doi.org/10.3390/nu14224936

Academic Editor: Frans Stellaard

Received: 28 September 2022

Accepted: 15 November 2022

Published: 21 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

A Systems Analysis of Phenotype Heterogeneity in
APOE*3Leiden.CETP Mice Induced by Long-Term High-Fat
High-Cholesterol Diet Feeding

Yared Paalvast 1, Enchen Zhou 2,3, Yvonne J. W. Rozendaal 4, Yanan Wang 2,3, Albert Gerding 1, Theo H. van Dijk 1,

Jan Freark de Boer 1, Patrick C. N. Rensen 2,4, Ko Willems van Dijk 3,5, Jan A. Kuivenhoven 1, Barbara M. Bakker 1,

Natal A. W. van Riel 4,6 and Albert K. Groen 1,6,*

1 Department of Pediatrics, University of Groningen, University Medical Center Groningen,
9713 AV Groningen, The Netherlands

2 Department of Medicine, Division of Endocrinology, Leiden University Medical Center,
2300 RC Leiden, The Netherlands

3 Einthoven Laboratory for Experimental Vascular Medicine, Leiden University Medical Center,
2300 RC Leiden, The Netherlands

4 Department of Biomedical Engineering, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

5 Department of Human Genetics, Leiden University Medical Center, 2300 RC Leiden, The Netherlands
6 Laboratory of Experimental Vascular Medicine, University of Amsterdam, Amsterdam UMC, Meibergdreef,

1105 AZ Amsterdam, The Netherlands
* Correspondence: a.k.groen@amsterdamumc.nl

Abstract: Within the human population, considerable variability exists between individuals in their
susceptibility to develop obesity and dyslipidemia. In humans, this is thought to be caused by both
genetic and environmental variation. APOE*3-Leiden.CETP mice, as part of an inbred mouse model
in which mice develop the metabolic syndrome upon being fed a high-fat high-cholesterol diet, show
large inter-individual variation in the parameters of the metabolic syndrome, despite a lack of genetic
and environmental variation. In the present study, we set out to resolve what mechanisms could
underlie this variation. We used measurements of glucose and lipid metabolism from a six-month
longitudinal study on the development of the metabolic syndrome. Mice were classified as mice
with either high plasma triglyceride (responders) or low plasma triglyceride (non-responders) at
the baseline. Subsequently, we fitted the data to a dynamic computational model of whole-body
glucose and lipid metabolism (MINGLeD) by making use of a hybrid modelling method called
Adaptations in Parameter Trajectories (ADAPT). ADAPT integrates longitudinal data, and predicts
how the parameters of the model must change through time in order to comply with the data and
model constraints. To explain the phenotypic variation in plasma triglycerides, the ADAPT analysis
suggested a decreased cholesterol absorption, higher energy expenditure and increased fecal fatty acid
excretion in non-responders. While decreased cholesterol absorption and higher energy expenditure
could not be confirmed, the experimental validation demonstrated that the non-responders were
indeed characterized by increased fecal fatty acid excretion. Furthermore, the amount of fatty acids
excreted strongly correlated with bile acid excretion, in particular deoxycholate. Since bile acids play
an important role in the solubilization of lipids in the intestine, these results suggest that variation in
bile acid homeostasis may in part drive the phenotypic variation in the APOE*3-Leiden.CETP mice.

Keywords: computational modeling; cholesterol; bile acid; energy expenditure; metabolic syndrome;
triglycerides; APOE3; CETP

1. Introduction

Diets characteristic for Western society have spread across the globe, which together
with the development of a mostly sedentary lifestyle, have led to an increase in the preva-
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lence of cardiovascular risk factors, such as obesity, insulin resistance and hypertriglyc-
eridemia [1]. It is generally assumed that the vast differences in the genetic make-up
between individuals results in some individuals being less prone and some individuals
being more prone to developing these risk factors while being subjected to the same en-
vironment. However, genome-wide association studies have to date only been able to
explain 21% of the variation in body weight [2]. On the other hand, a significant proportion
of the variation in body weight is thought to be due to the variation in environmental
variables, such as diet and physical activity. Because of the extreme number of putative
variables and the complexity of metabolic control, it has been extremely difficult to sort out
the interaction between environmental and genetic factors. Nevertheless, when genes are
the dominant drivers of the metabolic syndrome, one would expect inbred animal models
housed under standardized conditions to show little variation in phenotype when fed a
Western diet. Our recent studies have falsified this hypothesis [3].

Using an apolipoprotein E*3-Leiden (APOE*3Leiden).cholesteryl ester transfer protein
(CETP) mouse model ([4]), we showed a human-like variation in phenotypic (obesogenic)
response when these mice were fed a Western-type diet. This mouse model is heterozygous
for the human APOE*3-Leiden variant, conferring a reduced hepatic uptake of triglyceride-
rich lipoprotein remnants from the circulation. Furthermore, the mouse model is het-
erozygous for human CETP under its endogenous promotor. The combination of these
genes results in a ‘humanized’ lipid metabolism with more cholesterol in apoB-containing
lipoproteins and a relatively low HDL cholesterol level [4].

A striking observation in our previous studies was the major variation in important
parameters of the metabolic syndrome, including body weight, plasma triglyceride and
cholesterol as well as insulin resistance, not only in time, but also amongst individual
mice [3]. Given the fact that the mice are inbred and maintained under identical conditions,
this model seems promising to elucidate the mechanism underlying the observed pheno-
typic variation. Instead of using the usual gene-focused mechanism, we reasoned that,
whatever the major source of variation in these animals, the effect must take place through
processes involved in energy metabolism. To help us direct our search, we made use of
a mixed approach in which computational modeling exploited experimentally obtained
longitudinal data to identify the processes most likely involved in explaining the pheno-
typic differences [5]. Recently, we have published an ordinary differential equation based a
computational model called Model INtegrating GLucose and Lipid Dynamics (MINGLeD),
which encompasses the main metabolic pathways involved in energy metabolism [6]. In
the current study, we concentrated on plasma triglyceride in combination with obesity
and used MINGLeD to analyse which processes are altered during the progression of the
metabolic syndrome in male APOE*3-Leiden.CETP mice on a high-fat diet.

2. Methods

2.1. Animals, Diet and Housing

Experimental conditions have been described previously ([3]). In brief, male APOE*3-
Leiden.CETP mice were housed individually and fed a synthetic high-fat and -cholesterol diet
(HFCD) containing 60% of energy from fat and 0.25% of weight from cholesterol (D12429,
Research Diets) in a light- (lights on 7:00 a.m.–7:00 p.m.) and temperature-controlled (21 ◦C)
facility. At the start of the experimental period, the mice were at the age of 4 months. Prior
to the start of the experimental period, mice were co-housed with siblings and fed chow
ad libitum. At least one week prior to the start of the experiment, animals were housed
individually to acclimatize. Experimental procedures were approved by the Ethics Committees
for Animal Experiments of the University of Groningen (Protocol Code 6903).

2.2. Experimental Setup

As previously described [3], four groups of mice were fed HFCDs ad libitum for
4 (n = 20), 9 (n = 19), 13 (n = 20) and 28 weeks (n = 30), respectively. At the end of the
dietary intervention, mice in the respective cohorts were distributed over two groups, to
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either measure VLDL-TG production or to measure hepatic de novo lipogenesis, measure
bile production and collect tissues. In addition, a cohort (n = 16) was used to measure
endogenous glucose production at weeks 3, 9, 15 and 27 and energy expenditure at weeks
1 and 19. In all groups, blood samples were obtained by tail bleeding at 4- to 6-week
intervals, to determine plasma TG, plasma total cholesterol (TC), HDL-C and glucose [3]. In
addition, 24 h feces were collected from all groups at 4- to 6-week intervals. Plasma bile acid
concentrations were determined by liquid chromatography–tandem mass spectrometry
(LC–MS/MS). For quantification, internal standard solution containing D4-cholate, D4-
chenodeoxycholate, D4-glycocholate, D4-taurocholate, D4-glycochenodeoxycholate and
D4-taurochenodeoxycholate was added to the plasma. Bile salt composition of prepared
fecal samples was determined by capillary gas chromatography on an Agilent gas chro-
matograph (HP 6890). All flux measurements and blood sample collections were started at
1 PM under fasting conditions, with food removed at 9 AM.

2.3. The ADAPT Method

ADAPT is a hybrid modelling method combining data assimilation and machine
learning to discover differential equations describing the long-term dynamics of a diet
intervention. ADAPT separates the multiscale behavior of metabolic physiology in time.
The fast metabolic dynamics (minutes to hours, for example, associated with food intake)
are decoupled from the slow dynamics (weeks to months) related to long-term, high-fat
and high-cholesterol diet feeding. ADAPT starts from measurements taken at the fast
time scale; the slow scale system can be assumed to be in steady state. ADAPT first takes
a longitudinal data set and fits a series of polynomial curves and data splines through
points sampled from the normal distribution of the data at the respective time points [7].
Subsequently, ADAPT minimizes the error between the model output and the data splines
from time point to time point using a least-squares algorithm. Since a penalty is put on
changes in the parameter values, the algorithm favors gradual changes in parameters
through time over abrupt changes. By studying predicted changes in parameters that were
not constrained, ADAPT may assist in identifying processes that are likely to be changed
as well, and thus may play an important role in explaining the phenomenon of interest.
For the current work, we used 200 time steps and applied a regularization parameter (λ) of
0.01. Further details on how we arrived at the settings used for ADAPT are described in
Supplemental S1 (Figures S1 and S2).

2.4. Experimental Data and Modeling Constraints

The experimental data have been described in detail previously [3]. Some parameters
for the assessment of VLDL-TG production, de novo lipogenesis, biliary sterol secretion
and liver lipids were obtained cross-sectionally. The number of non-responders in the
VLDL-TG production cohort (n = 2, n = 0, n = 0, n = 4) and in the cohort undergoing bile
cannulation (n = 3, n = 1, n = 1, n = 3) for the respective time points of 4, 9, 13 and 28 weeks
were too small for reliable differentiation with the responders (n = 8, n = 9, n = 9, n = 13
and n = 7, n = 9, n = 8, n = 14) in the respective cohorts. Therefore, while constraints for
food intake, body weight, plasma parameters and fecal samples were directly taken from
the data of responders and non-responders, constraints for liver lipids, biliary secretion,
hepatic de novo lipogenesis and VLDL-TG production were taken as group averages and
therefore were the same for responder and non-responder groups. Further details as to how
experimental data were translated to model constraints may be found in Supplemental S2.

2.5. Choices Concerning Model Design

We designed a model that includes all fluxes relevant for whole body fat and choles-
terol metabolism. Overall, the computational model may be described as a three-link
chain in which the metabolic network within a module is more connected than the number
of interactions between modules (Figure 1). The model was named Model INtegrating
GLucose and Lipid Dynamics (MINGLeD), emphasizing that we have both glucose and
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lipid metabolism integrated into one model [6]. In general, we considered reactions to
be first order. ADAPT uses a data-driven approach to discover a dynamic model. The
rate equations reflect the pathway/network structure (connectivity) and stoichiometry
and are not based on actual enzyme kinetics. The data-based constraints are used, since
ADAPT will change the parameter values to comply with the constraints regardless of
the rate equation. All model equations may be found in the Supplemental Information
(Supplemental S3). We highlight some of the relations here because they require explana-
tion. The rate equation for CETP (j34 in Figure 1) was chosen to be dependent on plasma
triglyceride concentration, since this is generally considered to be the driver behind CETP
action [8]. The trans-intestinal cholesterol excretion (TICE) rate equation (j37 in Figure 1)
was chosen to be dependent on the VLDL-C pool. TICE is the flux of cholesterol that enters
the intestine directly from the plasma. The plasma compartments contributing to TICE are
not completely clear, and may be both coming from apoB-containing lipoproteins as well as
from erythrocytes. Therefore, it was decided to make it dependent on VLDL-C only, since
erythrocytes were out of the scope of this study [9].

Figure 1. Schematic of the MINGLeD model. The MINGLeD model consists of four compartments
(liver, plasma, periphery and intestinal lumen), 18 states and 41 fluxes. Food intake is modeled as
glucose entering the plasma (j1), triglyceride (TG, j11) and cholesterol (C, j24) entering the intestinal
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lumen, whereas amino acids from protein are distributed to liver and periphery at the level of
glucose-6-phosphate (G6P, gluconeogenic) or acetyl-CoA (AcoA, ketogenic) (j6, j7, j8, j9). Glucose
in the plasma is absorbed by liver (j2) and periphery (j3) to enter the Krebs cycle (j16, j17) or to be
used for biosynthetic processes, such as de novo lipogenesis (j19) or cholesterol (j26, j29) and bile
acid synthesis (j30). TG from the intestinal lumen can be absorbed by the liver (j12) or periphery (j13)
and be used for beta-oxidation (j14, j15) or redistribution as VLDL (j20) or free fatty acids (FFA, j22).
Absorbed dietary cholesterol first enters the liver (j41) where it can be used for bile acid synthesis
(j30) or redistributed to the periphery in the form of VLDL-C (j33, j13). Peripheral cholesterol pools
can return to the liver through HDL-C (j31, j32) or VLDL-C after action of cholesteryl ester transfer
protein (j34, j12). Cholesterol can be cleared from the body through biliary cholesterol secretion (j37)
or trans-intestinal cholesterol secretion (j35).

2.6. Validation Experiment

In two institutions (UMCG and LUMC), 13 male APOE*3-L.CETP mice were fed
the same HFCD with 60% of energy from fat and 0.25% of weight from cholesterol for
8 weeks and fractional cholesterol absorption was measured as described previously [10].
Animal experiments were approved by the responsible ethics committees. Fecal FFAs were
measured as described previously [11].

3. Results

3.1. Stratification to Responder and Non-Responder Phenotypes

We have shown previously that the APOE*3L.CETP mice show great variability in
response to treatments with an HFCD [3]. Data on basic parameters, such as body weight
and food intake, are presented in [3]. To be able to differentiate the response of the mice
to the HFCD, we stratified the individual mice into the responder and non-responder
groups by classifying the animals with a plasma TG < 1.0 mM at the baseline (chow diet)
as non-responders. Since non-responders have lower body weights, this also selected
mice with lower body weights. This stratification procedure yielded 36 responders and
11 non-responders. As shown in Figure 2, the plasma TG in the non-responding group
remained low during the full course of the experiment. In contrast, the plasma TG in the
responding mice started to increase at week 4, reached a maximum at week 20 and then
decreased sharply to reach a new steady state at week 24. The responding group showed a
similar response in the plasma total cholesterol (TC) levels. Interestingly, much less of a
difference was observed in the peripheral fat content as well as the plasma HDL-C levels.
In agreement with the observed differences in plasma TG and body weight, insulin levels
were lower in non-responders as well. (Figures S3 and S4).

3.2. Application of ADAPT

To address the question which processes are responsible for the observed kinetics
in Figure 2, we used the newly developed MINGLeD model of lipid and carbohydrate
metabolism [6]. The model contains 18 state variables, 39 parameters and 41 fluxes. In
order to find the underlying mechanisms by which the differences between the responders
and non-responders can be explained, ADAPT was applied to the MINGLeD model. As
depicted in Figure 2, Figures S5 and S6, the modeling is able to describe the complex
evolution in the measured parameters involved in lipid, glucose and energy metabolism.
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Figure 2. Plasma TG (A) and peripheral fat (Per. TG (B)), plasma total cholesterol (TC) (C), HDL
cholesterol (HDLC) (D), fecal neutral sterol secretion (E) (Fec. NS Secr) and fecal bile acid secretion
(F) (Fec. BA Secr) for responders (RESP) and non-responders (NONRESP), respectively, with their
respective fits in the ADAPT model simulation. Note that non-responders are marked by lower
plasma TG and less peripheral fat. Error bars represent data with standard deviation, bold lines
represent the median solution of all ADAPT simulations and the areas represent 30% around the
median solution.
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3.3. ADAPT Predicts Decreased Cholesterol Absorption for Non-Responders

Since non-responders presented with both lower plasma cholesterol values and a
higher level of fecal sterol excretion (Figure 2), we inspected which fluxes ADAPT predicted
pertaining to cholesterol homeostasis. We then found that ADAPT predicted slightly lower
cholesterol absorption for non-responders as compared to responders (Figure 3A), which
makes sense in light of the higher observed level of fecal cholesterol excretion and lower
plasma TC for the non-responders. While cholesterol synthesis is expected to be decreased
with increases in cholesterol absorption [12], no differences in prediction were found for de
novo hepatic or peripheral cholesterol syntheses (data not shown).

Figure 3. Cholesterol absorption (Chol. Abs.) as predicted by ADAPT (A) for responders (RESP)
and non-responders (NONRESP); note that ADAPT predicts lower level of cholesterol absorption
for non-responders. Fractional cholesterol absorption (B) in two cohorts (black and blue) of mice
after 8 weeks of HFCD. Note there is no correlation between fractional cholesterol absorption and
plasma TG.

3.4. Validation Experiment of Decreased Cholesterol Absorption

Since ADAPT predicted a lower level of cholesterol absorption in the non-responders
compared to responders, we performed a validation experiment in which we measured the
cholesterol absorption after feeding the APOE*3-Leiden.CETP mice HFCDs for eight weeks.
We reasoned that if the prediction of ADAPT was correct, we would find a positive corre-
lation between the cholesterol absorption and plasma TG. To make sure any effect found
would not be site- or cohort-dependent, two independent experiments were performed
with different cohorts of mice at two different facilities. As depicted in Figure 3B, this
prediction was falsified; no correlation between the cholesterol absorption and plasma TG
levels was observed. Furthermore, there was no clear negative correlation between plasma
TG and fecal neutral sterol excretion (Figure S7). These findings indicate that cholesterol
absorption is not consistently decreased in the non-responder animals.

3.5. ADAPT Predicts Higher Glucose Oxidation Rates in Non-responders

Next, we looked for parameter and flux trajectories that may explain the lower body
weight observed in the non-responders compared to responders (Figures 2 and S3). Since
body weight is the result of the balance between energy absorption and expenditure, any dif-
ferences must be explained by either. Looking at energy expenditure, we found that ADAPT
predicted that non-responders would have higher glucose oxidation rates, while the fat
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oxidation rates were predicted to be equal between the two groups (Figure 4A,B). This
model prediction implies both a higher total energy expenditure for the non-responders,
and more glucose stored as fat and enhanced peripheral de novo lipogenesis in the re-
sponders. Indeed, if we look at the flux trajectories for these processes, we see that this is
also predicted (Figure S8). Since we had put mice in metabolic cages that were monitored
at least during the initial period of the experiment, we could compare how the energy
expenditure as measured by indirect calorimetry was connected to having a responder or
non-responder status. Interestingly, we observed no difference in the energy expenditure
between the groups (Figure 4C,D). Of note, even when adjusting for body weight [13],
the non-responder animals had a near-average energy expenditure compared to that of
the responders.

Figure 4. Predictions for glucose oxidation (Gluc. Ox.) (A) and fat oxidation (Fat Ox.) rate (B) in
responders and non-responders, respectively. The line represents the median values, whereas the area
around the line denotes 30% of solutions around the median. Energy expenditure (C) and respiratory
exchange ratio (RER) (D) for animals after 1 and 19 weeks of HFCDs. Note how the non-responders
(blue) are not necessarily marked by increased energy expenditure.

3.6. ADAPT Predicts Lower Fat Absorption in Non-responders

Interestingly, we found that ADAPT predicted a higher level of fat excretion in the
non-responders (Figure 5C). This was further highlighted by predictions of a higher TG
content in the intestinal lumen and lower parameter values for fat absorption (Figure 5B,D).
This prediction was validated by measuring the amount of fatty acids (FFA) still contained
in the feces. The FFA content in the feces from the non-responders was indeed higher than
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that of the responders, suggesting impaired fat absorption in these mice (Figure 6A). While
the cumulative fecal fat excretion was significantly different between the groups, not all
the non-responders presented with an increased level of fecal FFA excretion, suggesting
that, in these animals, the plasma TG is low for another reason. Interestingly, the fecal FFA
excretion also negatively correlated with the body weight and plasma TG (Figure 6E,F).
However, the correlation between the body weight and fecal FFA excretion was much more
evident than that for the plasma TG, whose additional variation obviously must be from
another factor.

Figure 5. Predictions for fat absorption (Fat Abs.) (A), fat absorption rate (Fat Abs. Rate) (B), fecal fat
excretion (Fat Exc.) (C) and intestinal lumen fat content (Lum. TG) (D) in responders (RESP) and
non-responders (NONRESP), respectively. The bold line represents the median values, whereas the
area around the line denotes 30% of solutions around the median. Note how the fat absorption rate is
predicted to be slower, while fat excretion and intestinal fat content are predicted to be increased in
non-responders.
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Figure 6. Fecal fatty acid excretion (Fec. FFA) (A) and hydrophobicity index (HFI) of fecal bile acids
(B) over time. Correlations between fecal fatty acid excretion and HFI (C), fecal bile acids (Fec. BA)
(D), body weight (E) and plasma TG (F). Responders are marked in red and non-responders are
marked in blue.
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3.7. Decreased Fat Absorption Is Associated with a Lower Hydrophobicity Index of Fecal Bile Acids

Since cholesterol absorption and fat absorption are more promoted by hydrophobic
than hydrophilic bile acids [13–15], we compared the bile acid composition profiles in the
feces, plasma and bile between the responders and non-responders. We reasoned that the
higher observed level of fecal FFA excretion may be related to the hydrophobicity of bile
acids. Indeed, regardless of responder or non-responder statuses, the hydrophobicity index
of the fecal bile acids was correlated with the fecal FFA excretion (Figure 6C). Furthermore,
the fecal hydrophobicity index was positively associated with the fecal bile acid excretion
as well. In fact, we found fecal FFA excretion to be more strongly correlated with fecal bile
acid excretion than with the hydrophobicity index (Figure 6D). Interestingly, we found that
the fecal deoxycholic acid was especially highly correlated with the fecal FFA (Figure S9).
Surprisingly, comparing the biliary bile acid profiles of the responders from all time points
with those of the non-responders, neither a difference in the total biliary bile acid secretion
nor in the individual bile acids was found (Figures S10–S13). However, there was a
trend of a lower hydrophobicity index of the biliary bile acids for the non-responders
(p = 0.12). Interestingly, when only the biliary bile acid profiles of the first three months
were compared, when the level of fat excretion was the highest, the hydrophobicity index
of the biliary bile acids was indeed lower in the non-responders (p = 0.001). Moreover, the
mice with low plasma TG, in which the fractional cholesterol absorption was measured after
eight weeks of the HFCDs, also showed biliary bile acid profiles with lower hydrophobic
indexes than those with higher plasma TG (p = 0.01). Furthermore, both cholic acid- and
chenodeoxycholic acid-derived bile acids were higher in the plasma of the non-responders
(Figures S14–S16). Together, these data suggest that the difference in the fecal FFA excretion
in non-responders is driven by changes in the bile acid metabolism.

4. Discussion

The major result of this study is that by using the computational modeling method
ADAPT, it is possible to analyze in detail the pathways that induce the progression of
comorbidities in complex diseases. In this study, we applied the method to explain the
phenotypic variation induced by long-term HFCDs in APOE*3-Leiden.CETP mice. The
application of ADAPT for adjusting parameters in the MINGleD model allowed an accurate
modelling of the phenotypic changes in long-term experiments. The ADAPT analysis
suggested different pathways, such as decreased cholesterol absorption, increased energy
expenditure and an increased level of fecal fat excretion to explain the phenotypic variability
in body, hepatic and plasma TG. Subsequent validation experiments failed to confirm a
decreased cholesterol absorption and an increased energy expenditure to explain the lack
of response in a subset of the mice. In contrast, an increased level of fecal fat excretion in
the non-responders could be confirmed. Furthermore, we found that the increased level
of fecal fat excretion was associated with a decreased level of fecal bile acid excretion,
suggesting that a decrease in bile acid production may, at least in part, drive the lower body
weight and plasma TG in non-responders. A similar relation between deoxycholic acid and
body weight loss was reported by [16] However, they observed the interaction of intestinal
fat with GPR119, causing an increased satiety signal. In our study, we did not observe a
decreased level of food intake in the non-responder mice.

4.1. Hybrid Modeling Using ADAPT

ADAPT is a hybrid modelling method that employs the power of data-driven and
mechanistic modelling techniques to estimate the long-term dynamics of metabolic phys-
iology. ADAPT uses concepts somewhat similar to physics-informed neural networks
(PINNs) and other data assimilation methods emerging in cardiovascular modeling [17].
The network structure of the metabolic system imposes strong constraints on the solution
space of the mathematical model, which ADAPT combines into equations for kinetics and
fluxes with time-series data. The trade-off between the bias variance is controlled by the
hyperparameter λ. Lambda was tuned to provide enough flexibility to discover possible
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explanations underlying the phenotype heterogeneity in APOE*3-Leiden.CETP mice in-
duced by long-term HFCDs (Supplemental S1). For higher values of λ, the fluctuations
in the model dynamics could be dampened, but with too high values of λ, the goodness
of fit decreases and a bias emerges. The stochastic data model and spline interpolation to
take into account experimental and biological uncertainties also contribute to the variation
in model predictions. Other types of data, e.g., transcriptomics, can also be included
in ADAPT to further constrain the model predictions. Gene expression data have been
incorporated by expanding the regularization function in ADAPT [18].

4.2. Fat Absorption and Energy Expenditure

In line with the major impact of fat absorption in the model, we found that the non-
responders are marked by an increased level of fecal fat excretion. However, while the
cumulative fat excretion varied between 0.5 and 5 g, the body weight difference amounted
up to 36 g, and is thus roughly ten times as large. This indicates that any differences
in absorption must be accompanied by a difference in energy expenditure. In fact, we
predicted that the energy expenditure in the non-responders is increased compared to the
responders, which ADAPT mainly attributed to a difference in glucose oxidation. Indirect
calorimetry, however, showed no statistical significant differences in the respiratory ratio
(RER) or increases in energy expenditure. Our results are in agreement with findings of
Tarasco et al., who failed to find differences in energy expenditure between responder and
non-responder APOE*3-Leiden.CETP mice as well [19].

A possible explanation is that indirect calorimetry may not be sensitive enough to
detect the difference in energy expenditure between the responders and non-responders.
The mean difference in the weight increase between non-responders and responders in the
first 12 weeks was 5 g. This difference in weight would amount to an energy imbalance,
presuming the weight difference is on account of fat (0.6 kcal/day), which, assuming a daily
energy expenditure of 12 kcal/day, would be 5% of the energy expenditure. Coincidentally,
5% of the energy expenditure is about the threshold to detect differences in energy expen-
diture using indirect calorimetry [20,21]. Furthermore, while a two-fold higher glucose
oxidation rate was predicted for the non-responders compared to the responders, the RER
data from the non-responders are not in agreement with this prediction. However, it should
also be considered that, given the number of responders and non-responders and the
expected difference in RER if the glucose utilization was 10% for the responders and 20%
for the non-responders, the power to detect this difference would be less than 50%. All in
all, despite a lack of observed differences using indirect calorimetry, the non-responders
likely have an increased level of energy expenditure in addition to a decreased level of
fat absorption.

It is tempting to speculate that a decrease in fat absorption also leads to a higher
level of energy expenditure. While the mechanism behind this is unclear, it has been
proposed that this effect may be due to a shift towards absorption more distally in the small
intestine, leading to less chylomicron production and with a smaller size. These smaller
chylomicrons are then believed to tip the scale more towards utilization than storage,
explaining the higher energy expenditure [22]. In humans, bariatric surgery also leads
to increased nutrient availability in the distal small intestine. The weight loss associated
with bariatric surgery, however, is neither due to the increased energy expenditure nor
malabsorption per se, but attributable to the decrease in food intake in response to the
increased production of incretins, such as GLP-1 [23,24]. Since in this study no decrease in
food intake was observed (Figure S5), such a mechanism is likely not relevant here.

4.3. Bile Acid Metabolism

An important result of this study was that apart from the tight association in male
APOE*3-Leiden.CETP mice between body weight and fecal fat excretion, there is also a
tight connection between fecal fat excretion and bile acid metabolism. However, what
drives the observed differences in bile acid homeostasis remains unclear. Tarasco et al.
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reported that the livers of non-responder APOE*3-Leiden.CETP mice were found to have
more inflammation and less steatosis, and occasionally formed neoplasms [19]. In the
current study, though no significantly increased inflammation was found, we did observe
less steatosis in non-responder mice, and found (pre)neoplastic deformations in two out of
the nine non-responder mice whose histology was available. However, the difference in the
response to the HFCDs was present from the moment the TG levels rose in the responding
mice, probably in part caused by the difference in bile acid excretion which was much lower
in the non-responding mice (Figure 2) at the onset of the experiments. Together this makes
liver injury as an explanation for the difference in bile acid homeostasis not very likely. We
conclude that the altered fecal bile acid profile and concurrent changes in the fat uptake
dynamics may contribute substantially to the observed decrease in the plasma lipids and
the lower body weight found in the non-responders. While the correlation between the fecal
deoxycholic acid level and body weight was strong, it should be noted that deoxycholic
acid is mainly produced in the colon and is therefore not likely to significantly contribute
to fat uptake in the small intestine. Rather, fecal deoxycholic acid is likely a sensitive
marker for the availability of cholic acid in the small intestine, through the interaction
with the microbiome [25,26]. Cholic acid in the small intestine then drives the observed fat
uptake dynamics. The question arises whether our results in a mouse with a humanized
lipid profile can be translated to development of the metabolic syndrome in humans. The
efficiency of fat absorption in humans is comparable to that in mice, hence a small decrease
may also substantially affect the progression of obesity in humans. Although bile acid
homeostasis differs substantially between mice and humans, in both species the level of
the excretion of deoxycholic acid is high, hence similar mechanisms could play a role. The
pharmacological perturbation of bile acid metabolism may prove successful in combating
obesity and dyslipidemia in humans.

5. Conclusions

This study demonstrates how a systems analysis may be used to explore heterogeneity
in the propensity to develop the metabolic syndrome. Using ADAPT, we show that there
is increased level of fecal fat excretion and that there must be an increased level of energy
expenditure in APOE*3-Leiden.CETP-mice that do not respond to a HFCD. Finally, we
show that these differences appear to be coupled to a decreased production of bile acids
and a decrease in the fecal excretion of deoxycholic acid. Further studies should address
whether similar mechanisms may be responsible for the differences in susceptibility in
developing dyslipidemia and obesity in the human population.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14224936/s1, S1: Finding appropriate settings within the
ADAPT procedure for the model; S2: Translation of Experimental Data to Modeling Constraints; Table
S1: Description of model states; Table S2: Description of model parameters; Table S3: Description of
model fluxes; Figure S1: The data fit error and regularization error for different lambdas (logarithmic
scale); Figure S2: The Data fit error and regularization error for different amount of time steps;
Figure S3: Metabolic parameters; Figure S4: Evolution of insulin sensitivity of responders (red)
and non-responders (blue); Figure S5: Simulation results for food intake (FI), hepatic TG (HepTG),
total cholesterol (HepTC) and free cholesterol (HepFC); Figure S6: Simulation results; Figure S7:
Correlations between plasma TG and sterol parameters; Figure S8: Predictions for hepatic and
peripheral glucose oxidation; Figure S9: Correlations between individual bile acid species and fecal
FFA concentrations; Figure S10: Biliary bile acid secretion rate and hydrohobicity index of biliary
bile acids; Figure S11: Individual bile acids in responders and non responders; Figure S12: Effect of
HFCD on bile acids; Figure S13: Bile acid production; Figure S14: Total plasma bile acds; Figure S15:
Total plasma bile acids used in calcula-tions; Figure S16: Total bile acids in for all animals used in the
longitudinal (6 months) cohort and validation study.

127



Nutrients 2022, 14, 4936

Author Contributions: Conceptualization, Y.P. and A.K.G.; Methodology, Y.P. and Y.J.W.R.; Formal
Analysis, Y.P.; Investigation, Y.P., E.Z., J.F.d.B., A.G. and T.H.v.D.; Writing—Original Draft, Y.P.;
Writing—Review and Editing, E.Z., Y.W., Y.J.W.R., P.C.N.R., K.W.v.D., J.A.K., B.M.B., N.A.W.v.R. and
A.K.G.; Funding Acquisition, A.K.G., J.A.K. and N.A.W.v.R.; Supervision, A.K.G., J.A.K., B.M.B.,
N.A.W.v.R. and Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by grants from the European Union, grant FP7-HEALTH n 305707;
acronym RESOLVE (YP, JAK, YJWR, NAWR and AKG) and FP7-603091; Acronym TransCard as
well as the Netherlands CardioVascular Research Initiative: “the Dutch Heart Foundation, Dutch
Federation of University Medical Centers, the Netherlands Organization for Health Research and
Development and the Royal Netherlands Academy of Sciences” (CVON2017-2020; Acronym Genius2
to JAK and PCNR). JAK and PCNR are Established Investigators of the Netherlands Heart Foundation
(2015T068 and 2009T038).

Institutional Review Board Statement: Experimental procedures were approved by the Ethics
Committees for Animal Ex-periments of the University of Groningen (Protocol Code 6903).

Data Availability Statement: Data have been published in part in [3] and Supplemental Report.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grundy, S.M. Hypertriglyceridemia, Atherogenic Dyslipidemia, and the Metabolic Syndrome. Am. J. Cardiol. 1998, 81, 18B–25B.
[CrossRef]

2. Locke, A.E.; Kahali, B.; Berndt, S.I.; Justice, A.E.; Pers, T.H.; Day, F.R.; Powell, C.; Vedantam, S.; Buchkovich, M.L.; Yang, J.; et al.
Genetic studies of body mass index yield new insights for obesity biology. Nature 2015, 518, 197–206. [CrossRef] [PubMed]

3. Paalvast, Y.; Gerding, A.; Wang, Y.; Bloks, V.W.; van Dijk, T.H.; Havinga, R.; Willems van Dijk, K.; Rensen, P.C.; Bakker, B.M.;
Kuivenhoven, J.A.; et al. Male apoE*3-Leiden.CETP mice on high-fat high-cholesterol diet exhibit a biphasic dyslipidemic
response, mimicking the changes in plasma lipids observed through life in men. Physiol. Rep. 2017, 5, e13376. [CrossRef]

4. Westerterp, M.; van der Hoogt, C.C.; de Haan, W.; Offerman, E.H.; Dallinga-Thie, G.M.; Jukema, J.W.; Havekes, L.M.; Rensen, P.C.
Cholesteryl ester transfer protein decreases high-density lipoprotein and severely aggravates atherosclero-sis in APOE*3-Leiden
mice. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2552–2559. [CrossRef]

5. Tiemann, C.A.; Vanlier, J.; Hilbers, P.A.; van Riel, N.A. Parameter adaptations during phenotype transitions in progressive
diseases. BMC Syst. Biol. 2011, 5, 174. [CrossRef] [PubMed]

6. Rozendaal, Y.J.W.; Wang, Y.; Paalvast, Y.; Tambyrajah, L.L.; Li, Z.; Van Dijk, K.W.; Rensen, P.C.N.; Kuivenhoven, J.A.; Groen,
A.K.; Hilbers, P.A.J.; et al. In vivo and in silico dynamics of the development of Metabolic Syndrome. PLOS Comput. Biol. 2018,
14, e1006145. [CrossRef] [PubMed]

7. Tiemann, C.A.; Vanlier, J.; Oosterveer, M.H.; Groen, A.K.; Hilbers, P.A.J.; van Riel, N.A.W. Parameter Trajectory Analysis to
Identify Treatment Effects of Pharmacological Interventions. PLoS Comput. Biol. 2013, 9, e1003166. [CrossRef]

8. Rye, K.-A.; Barter, P.J. Regulation of High-Density Lipoprotein Metabolism. Circ. Res. 2014, 114, 143–156. [CrossRef]
9. Vrins, C.L.; Ottenhoff, R.; van den Oever, K.; de Waart, D.R.; Kruyt, J.K.; Zhao, Y.; van Berkel, T.J.; Havekes, L.M.; Aerts, J.M.;

van Eck, M.; et al. Trans-intestinal cholesterol efflux is not mediated through high density lipo-protein. J. Lipid Res. 2012, 53,
2017–2023. [CrossRef]

10. van der Veen, J.N.; van Dijk, T.H.; Vrins, C.L.; van Meer, H.; Havinga, R.; Bijsterveld, K.; Tietge, U.J.; Groen, A.K.; Kuipers, F.
Faculty Opinions recommendation of Activation of the liver X receptor stimulates trans-intestinal excretion of plasma cholesterol.
J. Biol. Chem. 2009, 284, 19211–19219. [CrossRef]

11. Van den Kamer, J.H.; Huinink, B.O.; Weyers, H.A. Method for the determination of fat in feces. J. Biol. Chem. 1949, 177, 347–355.
[CrossRef]

12. Siperstein, M.; Guest, M. Studies on the site of the feedback control of cholesterol synthesis. J. Biol. Chem. 1960, 39, 642–652.
[CrossRef] [PubMed]

13. Heuman, D.M. Quantitative estimation of the hydrophilic-hydrophobic balance of mixed bile salt solutions. J. Lipid Res. 1989, 30,
719–730. [CrossRef]

14. Wang, D.Q.H.; Tazuma, S.; Cohen, D.E.; Carey, M.C. Feeding natural hydrophilic bile acids inhibits intestinal choles-terol
absorption: Studies in the gallstone-susceptible mouse. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 285, G494–G502. [CrossRef]

15. Chevre, R.; Trigueros-Motos, L.; Castaño, D.; Chua, T.; Corlianò, M.; Patankar, J.V.; Sng, L.; Sim, L.; Juin, T.L.; Carissimo, G.; et al.
Therapeutic modulation of the bile acid pool by Cyp8b1 knockdown protects against nonalcoholic fatty liver disease in mice.
FASEB J. 2018, 32, 3792–3802. [CrossRef] [PubMed]

16. Higuchi, S.; Ahmad, T.R.; Argueta, D.A.; Perez, P.A.; Zhao, C.; Schwartz, G.J.; DiPatrizio, N.V.; Haeusler, R.A. Bile acid
composition regulates GPR119-dependent intestinal lipid sensing and food intake regulation in mice. Gut 2020, 69, 1620–1628.
[CrossRef]

128



Nutrients 2022, 14, 4936

17. Regazzoni, F.; Chapelle, D.; Moireau, P. Combining data assimilation and machine learning to build data-driven models for
unknown long time dynamics—Applications in cardiovascular modeling. Int. J. Numer. Methods Biomed. Eng. 2021, 37, e3471.
[CrossRef]

18. van Riel, N.A.W.; Tiemann, C.A.; Hilbers, P.A.J.; Groen, A.K. Metabolic Modeling Combined with Machine Learning Integrates
Longitudinal Data and Identifies the Origin of LXR-Induced Hepatic Steatosis. Front. Bioeng. Biotechnol. 2021, 8, 536957.
[CrossRef]

19. Tarasco, E.; Pellegrini, G.; Whiting, L.; Lutz, T.A. Phenotypical heterogeneity in responder and nonresponder male
ApoE*3Leiden.CETP mice. Am. J. Physiol. Liver Physiol. 2018, 315, G602–G617. [CrossRef]

20. Butler, A.A.; Kozak, L.P. A recurring problem with the analysis of energy expenditure in genetic models express-ing lean and
obese phenotypes. Diabetes 2010, 59, 323–329. [CrossRef]

21. Even, P.C.; Nadkarni, N.A. Indirect calorimetry in laboratory mice and rats: Principles, practical considerations, interpretation
and perspectives. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R459–R476. [CrossRef] [PubMed]

22. Buhman, K.K.; Smith, S.J.; Stone, S.J.; Repa, J.J.; Wong, J.S.; Knapp, F.; Burri, B.J.; Hamilton, R.L.; Abumrad, N.A.; Farese, R.V., Jr.
DGAT1 Is Not Essential for Intestinal Triacylglycerol Absorption or Chylomicron Synthesis. J. Biol. Chem. 2002, 277, 25474–25479.
[CrossRef] [PubMed]

23. Carswell, K.A.; Vincent, R.P.; Belgaumkar, A.P.; Sherwood, R.A.; Amiel, S.A.; Patel, A.G.; Le Roux, C.W. The effect of bari-atric
surgery on intestinal absorption and transit time. Obes. Surg. 2014, 24, 796–805. [CrossRef]

24. Gribble, F.M.; Reimann, F. Enteroendocrine Cells: Chemosensors in the Intestinal Epithelium. Annu. Rev. Physiol. 2016, 78,
277–299. [CrossRef] [PubMed]

25. Ridlon, J.M.; Alves, J.M.; Hylemon, P.B.; Bajaj, J.S. Cirrhosis, bile acids and gut microbiota: Unraveling a complex relationship.
Gut Microbes 2013, 4, 382–387. [CrossRef] [PubMed]

26. Ridlon, J.M.; Kang, D.-J.; Hylemon, P.B.; Bajaj, J.S. Gut Microbiota, Cirrhosis, and Alcohol Regulate Bile Acid Metabolism in the
Gut. Dig. Dis. 2015, 33, 338–345. [CrossRef]

129





Citation: Stellaard, F.; Baumgartner,

S.; Mensink, R.; Winkens, B.; Plat, J.;

Lütjohann, D. Serum Low Density

Lipoprotein Cholesterol

Concentration Is Not Dependent on

Cholesterol Synthesis and

Absorption in Healthy Humans.

Nutrients 2022, 14, 5370. https://

doi.org/10.3390/nu14245370

Academic Editor: Maria Luz

Fernandez

Received: 26 November 2022

Accepted: 15 December 2022

Published: 17 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Serum Low Density Lipoprotein Cholesterol Concentration Is
Not Dependent on Cholesterol Synthesis and Absorption in
Healthy Humans

Frans Stellaard 1,2,*, Sabine Baumgartner 1, Ronald Mensink 1, Bjorn Winkens 3, Jogchum Plat 1

and Dieter Lütjohann 2

1 Department of Nutrition and Movement Sciences, NUTRIM (School of Nutrition and Translational Research
in Metabolism), Maastricht University Medical Center, 6200 MD Maastricht, The Netherlands

2 Institute of Clinical Chemistry and Clinical Pharmacology, University Hospital Bonn, Venusberg-Campus 1,
53127 Bonn, Germany

3 Department of Methodology and Statistics, CAPHRI (Care and Public Health Research Institute),
Maastricht University, 6200 MD Maastricht, The Netherlands

* Correspondence: f.stellaard@maastrichtuniversity.nl; Tel.: +31-652579392

Abstract: Introduction. Pharmacological reduction of cholesterol (C) synthesis and C absorption
lowers serum low-density lipoprotein C (LDL-C) concentrations. We questioned whether high
baseline C synthesis or C absorption translates into high serum LDL-C concentrations or if there was
no connection. Therefore, we studied the association between serum LDL-C and C synthesis or C
absorption in healthy subjects. Methods. Three published data sets of young subjects on different
diets (study 1), mildly hypercholesterolemic subjects without cardiovascular disease (study 2) and
healthy controls of the Framingham study (study 3) were used. The three study populations varied
in sex, age, and weight. C synthesis and C fractional absorption rate (FAR) were measured with
fecal sterol balance and stable isotope techniques (studies 1 and 2). Additionally, serum lathosterol
and campesterol concentrations corrected for the serum total C concentration (R_lathosterol and
R_campesterol) were used as markers for hepatic C synthesis and C FAR, respectively (studies 1–3).
Linear regression analysis was applied to evaluate associations between LDL-C, C synthesis, and
C absorption. Results. Seventy-three, 37, and 175 subjects were included in studies 1, 2, and 3,
respectively. No statistically significant associations were found between LDL-C and the measured C
synthesis and C FAR, nor for R_lathosterol and R_campesterol in any of the study groups. This lack
of associations was confirmed by comparing the male subjects of studies 1 and 2. Study 1 subjects
had a 50% lower serum LDL-C than the study 2 subjects (p < 0.01), but not a lower C synthesis, C
FAR, R-lathosterol, or R_campesterol. Conclusions. Under physiological conditions, C synthesis and
C FAR are not major determinants of circulating serum LDL-C concentrations in healthy subjects.
The results need to be confirmed in large-scale studies in healthy subjects and patients at risk for
cardiovascular disease.

Keywords: LDL cholesterol; synthesis; absorption; lathosterol; campesterol

1. Introduction

Patients with elevated total serum cholesterol (TC) and in particular low-density
lipoprotein C (LDL-C) in combination with additional risk factors for cardiovascular disease
(CVD), such as obesity, diabetes mellitus type 2 (DM2), hypertension (HT), and family
history with cardiovascular events, are treated by cholesterol-lowering therapies. First,
patients need to achieve sufficient reductions in serum LDL-C concentrations and patients
with high-risk scores require even more extensive LDL-C lowering to reach LDL-C levels
below 1.5 mmol/L or 55 mg/dL [1,2]. LDL-C lowering requires upregulation of the hepatic
LDL-receptor, which can be established by a reduction of the hepatic free C pool. The

Nutrients 2022, 14, 5370. https://doi.org/10.3390/nu14245370 https://www.mdpi.com/journal/nutrients
131



Nutrients 2022, 14, 5370

first treatment of choice is a statin treatment, which aims to reduce cholesterol synthesis
in the liver by blocking 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
activity in the mevalonate pathway. In the case of insufficient serum LDL-C reduction,
even after a dosage increase and/or change in statin, it is generally concluded that the
patient’s C synthesis is too low to react sufficiently to statin treatment. As an alternative,
ezetimibe treatment may be started to inhibit C absorption, as a high C absorption rate
is a second potential cause of elevated serum C. Ezetimibe inhibits the Niemann-Pick
C1-Like 1 (NPC1L1) protein that transports sterols into the intestinal cell and reduces the
absorption of dietary and biliary C and therewith the hepatic C influx [1]. To maximize the
C-lowering effect, a statin and ezetimibe may be combined [3]. It is generally known that
C-lowering drugs, and in particular statins, may have significant side effects. Increasing the
dose using single drug treatment enhances the side effects. During combination treatment,
low dosages of both drugs can be used. Twenty mg of statin is combined with 10 mg of
ezetimibe daily. A low-dose combination treatment is more effective than a high-dose single
treatment of statin or ezetimibe acid [4,5]. In the case of statin intolerance, statins can be
replaced by bempedoic acid [6]. Patients with familial hypercholesterolemia have high
serum LDL-C levels, i.e., >5 mmol/L or >190 mg/dL [7]. This may be caused by mutations
encoding the LDL-receptor leading to very low receptor activity [8,9] or by hyperactivity
or a higher number of proprotein convertase subtilisin/kexin type 9 (PCSK9) [10], which
catabolizes the LDL-receptor [11]. In this case, statin and ezetimibe treatments are not
sufficient. PCSK9 inhibition is then added [12–14].

An interesting observation was made in the Framingham study as described by
Matthan et al. [15]. Cases with defined CVD and not taking lipid-lowering drugs were
compared with control subjects. The serum LDL-C concentrations were normal to mildly
increased and identical in both groups. Thus, in this study, the cardiovascular events
were not related to elevated LDL-C concentrations. The authors found that the cases had
enhanced serum concentrations of campesterol, sitosterol, and cholestanol corrected for
the TC concentration (R_campesterol, R_sitosterol, R_cholestanol), which represent surro-
gate markers for C absorption [15]. The serum lathosterol concentration corrected for the
TC concentration (R_lathosterol), as a surrogate marker for C synthesis was found to be
reduced. These results [12] suggest that increased C absorption possibly initiates cardio-
vascular events without increasing serum LDL-C. This leads to the question of whether
LDL-C is related to C synthesis and C absorption. Pharmacological treatment demonstrates
that inhibition of synthesis and particular hepatic synthesis by statins and inhibition of
absorption by ezetimibe reduces serum LDL-C dose-dependently [3]. However, does the
relationship also apply under physiological conditions? The result of the Framingham
study may also have been affected by the fact that surrogate serum markers for absorption
and synthesis were used instead of a direct measurement of whole-body C synthesis and C
absorption. The association between absorption markers and directly measured fractional
absorption was questioned under physiological conditions [16]. Do the markers reflect the
actual function in the physiological situation or only during pharmacological treatment?

It must be realized that hepatic C synthesis and C absorption affect the hepatic C pool.
Reduction of this pool by means of statin and ezetimibe treatment initiates serum LDL-C
lowering. However, C synthesis and C absorption are not the only fluxes affecting the
hepatic C pool. Other C influxes such as HDL-C and effluxes such as very low density
lipoprotein C (VLDL-C), biliary C secretion, and bile acid synthesis, play important roles.
Therefore, hepatic C homeostasis is a complex multifactorial process, and, as a consequence,
the establishment of the serum LDL-C concentration is also complex. This accentuates the
question of whether C synthesis and C absorption play dominant roles in the establishment
of the serum LDL-C concentration. Therefore, we aimed to determine the associations
between serum LDL-C and C synthesis and C absorption. To study the effects of physiolog-
ical parameters such as age, sex, and BMI on the potential relationships, we restricted our
study population to healthy subjects in order to exclude confounding effects introduced
by pathological events. Furthermore, we needed to differentiate between the methods
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of measuring C synthesis and C absorption. At first, we used the classical fecal sterol
balance method [17] and the stable isotope technique [3], respectively. These techniques
have been applied only in a limited number of small studies. Secondly, surrogate marker
techniques [18,19] have been developed that can be used on a larger scale. In this study, we
validated the marker technology for association studies.

2. Materials and Methods

Data from three earlier published studies were re-evaluated for these new research
questions. In the first study, serum lipids as well as C absorption and C synthesis were
measured with original stable isotope tracer techniques and side-by-side with surrogate
marker concentrations in young omnivores, lacto-ovo vegetarians, lacto vegetarians, and
vegans [20]. The diet compositions have been described in detail in the original publica-
tion [17]. Shortly, omnivores ate all kinds of foods. Lacto-ovo vegetarians consumed no
meat, fish, or dairy products. Lacto vegetarians did not eat meat, fish, or eggs. Vegans did
not consume meat, fish, eggs, dairy products, or honey. Subjects under any medication or
intake of dietary supplements fortified with cholesterol-lowering agents such as plant sterol
or stanol esters were excluded. In the second study, the same parameters were measured
in older mildly hypercholesterolemic subjects under placebo and cholesterol-lowering
conditions [21]. Only the data obtained under placebo conditions were included in this
study. Both studies were performed at the Institute of Clinical Chemistry and Clinical
Pharmacology, University Hospital Bonn, Bonn, Germany. All serum lipids, whole-body
cholesterol synthesis, and the fractional cholesterol absorption rate, as well as surrogate
plasma markers, were measured in the Laboratory for Special Lipid Analysis at the same
institute. Fecal neutral and acidic sterol excretion was measured by gas chromatography-
flame ionization detection (GC-FID) [17,18]. C absorption was measured with stable isotope
methodology applying GC-mass spectrometry (MS) [17,18,22]. Synthesis and absorption
markers in serum were measured with GC-MS [23,24]. The third study was part of the
Framingham study [15]. From this study, only the data of controls who did not suffer
from diabetes or hypertension were selected. Serum lipids and C synthesis and absorption
marker concentrations and their ratios to enzymatically determined cholesterol were an-
alyzed at the Lipid Metabolism Laboratories of the Tufts University School of Medicine,
Boston, USA. Synthesis and absorption markers were measured by GC-FID. Studies 1 and 2
allow us to study the associations between LDL-C and synthesis and absorption measured
with the original stable isotope tracer methods and with marker technology (lathosterol,
campesterol, R_Lathosterol and R_Campesterol), while in study 3, only the synthesis and
absorption markers could be used to relate to serum LDL-C.

3. Statistical Analysis

Within each study group, the association between LDL-C (dependent variable) and
the individual parameters C synthesis, C FAR, and the marker concentrations and ratios
(independent variables) were determined by applying linear regression analysis. In study 1,
associations were tested in all four diet groups separately: omnivores, lacto-ovo vegetarians,
lacto vegetarians, and pure vegans. In studies 1 and 3, associations were also tested in
males and females separately. In study 3, the effects of age and BMI on the associations
were studied. At first, it was determined whether the slope was significantly different from
zero (p ≤ 0.05) and whether the slope was positive or negative. Secondly, the R square was
determined in order to measure the goodness of fit and to express the potential overall
contribution of the tested parameter to the establishment of the height of serum LDL-C
concentration. In studies 1 and 2, the mean measured C FAR, synthesis rates, and marker
concentrations and ratios were calculated in all subjects. As both studies were performed
at the same institute, the data of the males of study 1 were compared with the data of study
2 which was composed of males only. These groups were compared to check whether
there was a difference in LDL-C between the groups, which might be accompanied by a
difference in C synthesis, C FAR, their marker concentrations and/or ratios to TC. Group
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comparison was performed using the Mann Whitney U test. p ≤ 0.05 was considered
significant. GraphPad Prism 8.0.2 was used for all statistical analyses.

4. Results

Subject characteristics including serum lipid and lipoprotein concentrations are pre-
sented in Table 1. Differences in age, weight, BMI, and serum lipids are observed. Most
strikingly, the subjects in study 1 were the youngest, had the lowest weight and BMI, as
well as the lowest serum lipid concentrations. Otherwise, subjects in study 3 were the
oldest and had the highest BMI and serum triglyceride levels. In Table 2, the results from
linear regression analyses are summarized. In a number of study groups, but not all, the
lathosterol and/or campesterol concentrations were positively and significantly associated
with LDL-C. However, the marker ratios R_lathosterol and R_campesterol, as well as the C
FAR and C synthesis rates, were not significantly associated with LDL-C. These lacking
associations were not affected by gender, age, and BMI, as subgroup analyses based on
these variables showed similar results. The highest R square value was 0.22, found for C
FAR. This indicates that neither C FAR nor C synthesis relevantly contributes to serum
LDL-C concentrations.

Table 1. Subject characteristics of the three study populations. The data are expressed as number of
subjects or as mean ± standard deviation. TC = total cholesterol, LDL-C =low density lipoprotein
cholesterol, HDL-C =high density lipoprotein C, TG = triglycerides).

Study 1 Study 2 Study 3

N 73 37 175
Sex 37 F, 36 M M 50 F, 125 M

Age (years) 25 ± 3 41 ± 8 64 ± 8
Weight (kg) 67 ± 13 84 ± 10 82 ± 16

BMI (kg/m2) 22 ± 3 25 ± 2 28 ± 5
TC (mg/dL) 179 ± 28 233 ± 28 204 ± 34

LDL-C (mg/dL) 105 ± 22 157 ± 22 129 ± 31
HDL-C (g/dL) 57 ± 14 53 ± 13 48 ± 15
TG (mg/dL) 89 ± 28 118 ± 43 141 ± 101

Table 2. R_square data for the linear regression evaluating associations between serum LDL-C
concentrations and various parameters expressing C synthesis and C absorption.

Lathosterol Campesterol R_Lathosterol R_Campesterol Synthesis FAR

Study 1 Omnivores (n = 19) 0.32 (+) 0.13 0.04 0.03 0.06 0.01
Study 1 Lacto-ovo vegetarians (n = 18) 0.27 (+) 0.20 0.01 0.04 0.02 0.01

Study 1 Lacto vegetarians (n = 17) 0.03 0.03 0.12 0.09 0.02 0.22
Study 1 Pure vegans (19) 0.09 0.03 0.03 0.04 0.18 0.04

Study 1 Females (37) 0.03 0.12 (+) 0.01 0.01 0.06 0.05
Study 1 Males (36) 0.03 0.00 0.03 0.01 0.04 0.03

Study 2 All subjects (n = 37) 0.00 0.20 (+) 0.04 0.06 0.02 0.10
Study 3 All subjects (n = 171) 0.05 (+) 0.13 (+) 0.00 0.00

Study 3 Females (n = 49) 0.00 0.01 0.07 0.05
Study 3 Males (n = 171) 0.10 (+) 0.19 (+) 0.00 0.00

Study 3 Age 30 to 59 years (n = 48) 0.20 (+) 0.16 (+) 0.00 0.02
Study 3 Age 70 to 82 years (n = 53) 0.06 0.26 (+) 0.00 0.03

Study 3 BMI 20 to 25 (n = 48) 0.01 0.06 0.01 0.04
Study 3 BMI 30 to 47 (n = 54) 0.04 0.10 (+) 0.03 0.00

Bold numbers indicate that the slope was significantly different from zero. (+) indicates a positive association
with LDL-C. R square varies from 0 (no fit between line and points) to 1 (perfect fit). FAR = fractional absorption
rate (%). Due to the large number of participants in study 3, we were able to test the effects of age, sex and BMI on
the linear regression data.
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The measured C synthesis and C FAR values, as well as the absolute marker concen-
trations and ratios to the TC concentration in studies 1 and 2, are included in Table 3 where
the males of study 1 are compared with the males of study 2. Significant differences were
found for age, weight, BMI, and serum lipids with the exception of high density lipoprotein
C (HDL-C). The participants in study 2 had a 50% higher serum LDL-C concentration
than the male participants in study 1, and both lathosterol and campesterol concentrations
were higher. However, the marker ratios R_lathosterol and R_campesterol, C FAR and C
synthesis were not significantly different between both groups. These observations are
in agreement with the lack of associations found with linear regression analysis in the
individual study groups.

Table 3. Comparison of subject characteristics, serum lipids, marker concentrations, marker ratios,
FAR and synthesis for male subjects of study 1 and 2. Data are expressed as number of subjects or
as median and interquartile range (25th and 75th percentile). The statistical difference was tested
with the Mann Whitney U Test. TC = total cholesterol, LDL-C =low density lipoprotein cholesterol,
HDL-C =high density lipoprotein C, TG = triglycerides), Lath = lathosterol, Camp = campesterol,
FAR = fractional absorption rate (%).

Study 1 Study 1 Males Study 2 p

N 73 36 37
Sex 37 F, 36 M 36M 37M

Age (years) 25 (23 to 27) 25 (24 to 26) 41 (37 to 47) <0.01
Weight (kg) 64 (58 to 74) 73 (65 to 81) 84 (75 to 91) <0.01

BMI (kg/m2) 21 (20 to 23) 22 (20 to 24) 25 (24 to2 7) <0.01
TC (mg/dL) 180 (159 to 200) 171 (149 to 191) 231 (213 to 252) <0.01

LDL-C (mg/dL) 100 (89 to 124) 101 (84 to 121) 155 (139 to 174) <0.01
HDL-C (g/dL) 54 (47 to 67) 50 (43 to 56) 50 (46 to 54) 0.98

TG (mg/dL) 91 (67 to 107) 93 (64 to 114) 109 (88 to 144) <0.01
Lath (mg/dL) 0.26 (0.18 to 0.35) 0.28 (0.19 to 0.36) 0.37 (0.29 to 0.44) <0.01

Camp (mg/dL) 0.34 (0.24 to 0.42) 0.34 (0.24 to 0.43) 0.58 (0.33 to 0.70) <0.01
R_Lath (mg/g) 1.5 (1.1 to 1.9) 1.6 (1.3 to 2.2) 1.7 (1.1 to 2.1) 0.56

R_Camp (mg/g) 1.9 (1.5 to 2.6) 2.2 (1.6 to 2.7) 2.5 (1.4 to 2.9) 0.79
FAR (%) 46 (40 to 57) 47 (41 to 58) 52 (43 to 58) 0.59

Synthesis (mg/d) 917 (752 to 1126) 1049 (832 to 1360) 854 (686 to 1328) 0.14

5. Discussion

In this study, we tested the associations between serum LDL-C and C synthesis and
C absorption under physiological conditions in healthy subjects. In studies 1 and 2, the
associations could be studied using measured C synthesis and C absorption, as well as
using the marker ratios R_lathosterol and R_campesterol. Applying linear regression, no
significant associations could be detected, not for the measured values, nor for the marker
ratios. Additionally, a comparison of the male population of study 1 with the subjects of
study 2 showed a 50% higher serum LDL-C in study 2. However, the measured C synthesis
and C absorption data as well as the marker ratio data were not significantly different
in both studies. Studies 1 and 2 were performed in the same hospital and also the same
analytical techniques were used. Study 3 was included in order to test the hypothesis in a
larger and independent study population. Study 3 was performed in different clinical and
laboratory settings. Therefore, we did not perform a group comparison between studies
3 and 1 or 2. It was important to find similar low associations in studies 1 and 2 for the
measured synthesis and absorption data and the marker ratios. This process proved the
validity of the marker ratios for testing the hypothesis and allowed the interpretation of
the regression data for the marker ratios in study 3. Furthermore, in study 3, no significant
associations were found between serum LDL-C and the marker ratios R_lathosterol and
R_campesterol. The associations were assessed in the whole study group and in males
and females, as well as in subjects with different ages and BMIs. The lack of associations
was not affected by sex, age, and BMI. The subjects in studies 1 and 2 were all Caucasian.
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Unfortunately, no data were available for the ethnic background of the subjects of the
Framingham study (study 3). This could potentially affect the results. As indicated in
Table 2, in some groups, significant positive associations were found between serum
LDL-C and the serum lathosterol and/or campesterol concentrations. These associations
may be explained by the fact that the markers and C are transported and comparably
distributed in the same lipoprotein particles and are similarly affected by the hepatic LDL-
receptor activity. Linear regression statistics for the marker ratios need special attention.
The marker ratio (Y/X) expresses the ratio between the serum marker concentration (Y)
and the serum TC concentration (X). The serum TC concentration is strongly positively
associated with the LDL-C concentration as the majority of TC consists of LDL-C. Thus,
LDL-C and 1/TC exhibit a negative spurious correlation. As a consequence, a negative
relationship between the marker ratio and LDL-C may be expected, even if synthesis and
absorption are not associated with LDL-C. However, a lacking association between marker
ratio and LDL-C directly proves that C synthesis or C absorption are not determinants of
the LDL-C concentration. The R square value obtained with linear regression statistics
permits testing whether the X-value adds a relevant contribution to the establishment
of the (variation in) Y-value. R square varies from 0 (no fit between the regression line
and individual points) to 1 (complete fit). As shown in Table 2, the R square values
of all parameters expressing C absorption and C synthesis were low and indicate that
FAR and synthesis are not relevant determinants of serum LDL-C under physiological
conditions. The lathosterol and campesterol concentrations scored higher R squares, but
the highest value of 0.31 for lathosterol is still too low to ascribe a relevant contribution
to the size of the serum LDL-C concentration. The relationship between synthesis or
FAR with LDL-C has been frequently documented under treatment with a C synthesis
or C FAR reducing agent [21,25]. Under physiological conditions and particularly in
healthy humans, relationships have not been studied systematically. Surprisingly, our
study appears the first to specifically address this important question. Miettinen et al.
studied the plant sterols and cholesterol precursors as markers for C FAR and C synthesis
in volunteers of a randomly selected Finnish male population [26]. Applying their ratios
to total C, no associations were found between the ratios and LDL-C. In another study,
Miettinen et al. related the serum cholestanol/cholesterol ratio as a marker for C absorption
to lipoprotein C concentrations in 50-year-old-men and found no correlation with LDL-
C [27]. Silbernagel et al. described the relationships between C absorption markers and the
ATP-binding cassette sub-family G member 5 and G member 8 (ABCG5/G8) alleles in the
Ludwigshafen Risk and Cardiovascular health study (LURIC) and the Young Finns Study
(YFS) cohorts [28]. In both cohorts, strong associations between frequencies of alleles and
the serum marker ratios were found (p < 0.0001). However, associations with serum LDL-C
were much weaker, being p = 0.02 for LURIC and 0.28 for YFS. This indicates a missing
link between absorption and serum LDL-C concentrations. Kesäniemi et al. studied the
effect of C FAR on serum C in the Finnish population [29] and found a high LDL-C to be
associated with a high C FAR and a low C synthesis. C FAR was measured with stable
isotope technology. These results were confirmed by Miettinen et al. [26] in 50-year-old-
men. The results of the last two studies appear to contradict our results as well as those of
the other Finnish studies by the same research group. In vegetarians, reduced cholesterol
intake results in only small changes in C FAR, enhanced C synthesis, and reduction of LDL-
C [20,30]. This identifies the intestinal C flux as an additional parameter. We considered it
important to test the associations using measured whole-body synthesis and FAR values
first and in a second line with non-cholesterol sterols as markers for synthesis and FAR.
The validity of markers may be dependent on many experimental conditions, as shown by
Quintao [31].

Whole body C synthesis and C absorption are the two influxes into the endogenous C
pool. They are considered to be determinants of serum LDL-C concentration. The serum
TC concentration is the result of the C homeostasis process [32]. Absorbed C enters the liver
via chylomicron remnant particles formed from chylomicrons secreted by the intestinal
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cells. Also, C extracted by the liver from VLDL remnants, LDL and HDL, enters the liver.
Thirdly, the liver is the main contributor to whole-body C synthesis. The hepatic C effluxes
are biliary C secretion and bile acid synthesis. The liver must coordinate the influxes and
effluxes to keep the whole-body C pool constant. C synthesis is controlled in order to
balance variation in C absorption. This statement has been proven by pharmacological data
showing increased synthesis under ezetimibe treatment [19] and under extreme situations
under physiological conditions. Excessive high dietary C intake and absorption may be
compensated by reduced C absorption and C synthesis, as well as an increased bile acid
synthesis, as shown elegantly in a man consuming 25 eggs every day [33] not suffering
from hypercholesterolemia. A very low dietary C intake as in pure vegans leads to only a
moderately lower serum LDL-C caused by an increased compensatory synthesis [20]. The
mechanism by which the regulation takes place has still not been clarified and may not
function efficiently in all subjects. Enhanced C absorption results in an increased hepatic
C pool, which may be compensated by decreased hepatic C synthesis. However, also
hepatic LDL-C uptake may be decreased, and VLDL-C secretion, biliary C secretion, and
bile acid synthesis increased. In this extreme situation, hepatic C synthesis may remain
unaltered. The sequence and extent of responsive events are unknown (for a general
review of the hepatic C homeostasis, see reference [32]). The serum LDL-C concentration is
established by a number of C fluxes, such as hepatic VLDL secretion, conversion of VLDL
to LDL, exchange of C ester with HDL, and hepatic and extrahepatic uptake of LDL by
the LDL-receptor. The hepatic C pool may be the regulator in hepatic LDL uptake [23].
Statin treatment and ezetimibe treatment share the fact that the hepatic C influx is reduced
and therewith the hepatic C pool. Under statin treatment, two compensating effects to
restore this pool is to lower hepatic VLDL-C secretion and enhance C extraction from
the blood by upregulation of the LDL-receptor activity. Ezetimibe treatment reduces the
hepatic influx of chylomicron-derived absorbed C. This effect is compensated by enhanced
LDL uptake and enhanced hepatic C synthesis [23]. The original publication of study
2 [18] and the follow-up studies show that the effects of 20 mg simvastatin daily and
10 mg ezetimibe [23,34] daily have different effects on whole-body C synthesis and on
R_lathosterol. R_lathosterol has been defined as a marker of hepatic C synthesis, as it
reflects the expected effects of simvastatin and ezetimibe on hepatic C synthesis more
closely. This also predicts that hepatic and extrahepatic synthesis are affected differently.
Extrahepatic C synthesis appears increased under both simvastatin and ezetimibe treatment.
It is unclear whether this hepatic balancing plays any role under physiological conditions
in healthy subjects. In our study, we did not observe conflicting data for whole-body C
synthesis and R_lathosterol in the relationship with serum LDL-C. The Framingham data
indicated enhanced C absorption and reduced hepatic C synthesis in the case group [15].
This combination of data might explain the normal serum LDL-C concentration. However,
on average, the absorption markers were only 6 to 16 % higher in the cases compared
with controls, and R_lathosterol was only 15% lower. It remains unclear whether such
small changes in C absorption can introduce cardiovascular events. The cases group had a
statistically significantly higher number of patients with diabetes and beta-blocker users.
These uninvestigated factors may have played a potentially causal role in the increased
development of cardiovascular disease. Diabetes is a known risk factor for the development
of atherosclerosis. Beta-blockers have been developed to treat abnormal heart rhythms and
are also effective in the treatment of high blood pressure, which is also a known risk factor
for cardiovascular disease. The direct effects of beta-blockers on cardiovascular disease are
not clearly defined [35].

Our study aimed to test the hypothesis that synthesis and absorption are determinants
of LDL-C concentration under physiological conditions. Our results do not support this
notion. A high C synthesis or a high C absorption were not linked to a high serum LDL-C
concentration. The lacking associations may be explained by the inversed relationship
between synthesis and absorption. Our findings may be restricted to the healthy condition
of our study populations. A drawback of our study is also the small sample size. Repetition
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of our calculations in a much larger group of healthy subjects is necessary. However,
the associations must also be tested in less healthy subjects with an increased risk to
develop cardiovascular diseases in whom the balance between synthesis and absorption is
potentially disturbed.

It may be expected that patients with a high C synthesis are more able to reduce
their synthesis rate under statin therapy, while patients with high C absorption may more
strongly reduce their FAR under ezetimibe treatment. Whether these enhanced reductions
directly lead to enhanced serum LDL-C reductions cannot be predicted. Using literature
data from studies involving statin and ezetimibe treatment, Descamp et al. could not
prove this concept [36]. As indicated by the Framingham data, cardiovascular events may
be caused by a factor independent of the serum LDL-C level [15]. Thus, serum LDL-C-
lowering and the prevention of CVD development may be two different goals that can be
reached in parallel in many, but not all patients.

6. Conclusions

This study indicates that C synthesis and C absorption are not major determinants
of the serum LDL-C concentration in healthy subjects, which means that either a high C
synthesis or high C absorption does not automatically translate into a high serum LDL-C
concentration. The results need to be confirmed in large-scale studies in healthy subjects
and patients at risk for cardiovascular disease.
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Abstract: We hypothesized that consumption of high-fat (HF) ground beef (24% fat) would not affect
plasma concentrations of high-density lipoprotein cholesterol (HDL-C) or low-density lipoprotein
(LDL-C), whereas low-fat (LF) ground beef (5% fat) would decrease HDL-C and LDL-C concentrations.
In a randomized 2-period crossover, controlled feeding trial, 25 men (mean age and body mass index,
40 years and 31.2) consumed 115-g HF or LF patties, 5/week for 5 weeks with a 4-week washout.
The HF treatment increased % energy from fat (p = 0.006) and saturated fat (p = 0.004) and tended
(p = 0.060) to depress % energy from carbohydrates. The HF and LF treatments decreased the plasma
concentrations of HDL-C (p = 0.001) and LDL-C (p = 0.011). Both ground beef treatments decreased
the abundance of HDL3a and increased the abundance of HDL3 (p ≤ 0.003); the LF treatment also
decreased the abundance of HDL2b and HDL2a (p ≤ 0.012). The HF and LF treatments decreased
the abundance of LDL3 and LDL4 (p ≤ 0.024) and the HF treatment also decreased LDL5 (p = 0.041).
Contrary to our hypothesis, the HF treatment decreased plasma HDL-C and LDL-C concentrations
despite increased saturated fat intake, and both treatments decreased the abundance of smaller,
denser LDL subfractions.

Keywords: ground beef consumption; saturated fat intake; lipoprotein cholesterol

1. Introduction

Beef is a popular food worldwide, and the United States (U.S.) consumes 21% of
the world’s beef production, with China, the European Union, and Brazil consuming
16%, 13%, and 13%, respectively, of the world’s production (https://www.fas.usda.gov/)
(accessed on 2 December 2022). It is estimated that ground beef constitutes 40–45% of
the beef consumed in the U.S.; when beef is prepared for meals at home, ground beef is
used 60% of the time (https://beef2live.com/story-ground-beef-united-states-128-104332)
(accessed on 2 December 2022). Ground beef containing less than 5–9% fat, 10% fat, and
20% fat accounts for 20, 42, and 20% of retail sales, respectively; the remaining 18% is com-
prised primarily of ground beef containing 30% fat (https://www.beefitswhatsfordinner.
com/retail/sales-data-shopper-insights/ground-beef-at-retail-and-foodservice) (accessed
on 2 December 2022). Palmitic acid (16:0) and stearic acid (18:0) are the most abundant
saturated fatty acids (SFA) in beef, and oleic acid (18:1n-9) is the most abundant monoun-
saturated fatty acid (MUFA) in ground beef [1–5]. Beef also contains significant amounts
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of naturally occurring trans-fatty acid (TFA), primarily eladic acid (18:1trans-9) and trans-
vaccenic acid (18:1trans-11), and conventional, 20% fat ground beef (22.8 g fat/114-g patty)
contains 5 g palmitic acid, 3 g stearic acid, 8 g oleic acid, and 1.7 g TFA [1]. However, TFA
derived from ruminal sources (e.g., dairy products and beef) does not affect the risk for
cardiovascular disease (CVD) [6].

As indicated above, ground beef is a popular component in U.S. diet, and as such,
ground beef constitutes one of the primary dietary sources of saturated fatty acids. In
addition, the total fat and saturated fatty acid content can be changed readily and ac-
curately during the formulation of ground beef preparations. Therefore, we conducted
several randomized, controlled trials with men and/or postmenopausal women in which
we tested the effects of ground beef differing in fatty acid composition on risk factors
for CVD. Adams et al. [1] reported that high-density lipoprotein cholesterol (HDL-C)
and low-density lipoprotein cholesterol (LDL-C) concentrations decreased from baseline
when mildly hypercholesterolemic men were fed 35% fat, 114-g ground beef patties (40 g
fat/patty; 15.7 g SFA/patty) (5 patties/week for 5 weeks). In a randomized controlled trial
with normocholesterolemic men, consumption of 24% fat, 114-g patties (27 g fat/patty;
14.4 g SFA/patty) (5 patties/week for 5 weeks) had no effect on HDL-C or LDL-C con-
centration [2]. In a subsequent randomized controlled trial with postmenopausal women,
consumption of 21% fat, 114-g patties (24 g fat/patty; 10.5 g SFA/patty) (5 patties/week
for 6 weeks) had no effect on HDL-C or LDL-C concentration [3]. Choi et al. [4] reported
that in a randomized controlled trial including postmenopausal women and older men,
consumption of 22% fat, 114 g patties (25 g fat/patty; 10.5 g SFA/patty) (5 patties/week
for 5 weeks) had no effect on HDL-C or LDL-C concentration. When data were pooled
across the four trials (n = 42 men, 24 women), we established that intakes of 114-g high-
fat/high-SFA ground beef patties 5 times per week for 5 or 6 weeks did not significantly
affect HDL-C or LDL-C concentration [5].

Our previous studies also demonstrated that ground beef interventions elicit differ-
ences in lipoprotein particle sizes. LDL particle diameter decreased in men following a
35% fat ground beef intervention [1], and HDL2 and HDL3 particle diameter decreased
in men following a 24% fat ground beef intervention [2]. In contrast to [1], LDL particle
diameter increased in men and women following consumption of 25 g fat/patty ground
beef, which was reflected in a greater concentration of cholesterol occurring in the LDL1
and LDL2 subfractions [4]. Because our previous studies indicated that ground beef con-
sumption could affect lipoprotein particle size, a feature that varies inversely with flotation
density, a secondary outcome of the current trial was to document the effects of LF (5% fat)
and HF (25% fat) ground beef consumption on the density distributions for LDL and HDL
subfractions. We previously determined particle density distributions using isopycnic
density profiling of lipoproteins pre-stained with a lipophilic fluorescent probe [7]. In that
method, the density distribution of labeled lipoproteins was analyzed as the area under the
curve (AUC), where the image area was measured as pixels (i.e., number of pixels within
a lipoprotein density interval). This study demonstrated that in a randomized controlled
crossover study, both LF and HF ground beef consumption depressed plasma HDL-C and
LDL-C concentrations as well as AUC for most HDL and LDL subfractions, providing new
insight into the effects of beef consumption on the risk for CVD.

The primary outcome of the current randomized controlled trial was to document
the effects of high-fat (HF) ground beef (27 g/patty, 24% fat by weight) and low-fat (LF)
ground beef (6 g/patty, 5% fat by weight) on voluntary nutrient intake, and to establish if
changes in major macronutrient intake were responsible for any changes we observed in
lipoprotein cholesterol concentrations. We hypothesized that consumption of HF ground
beef for 5 weeks would reduce the voluntary intake of carbohydrates but have no effect on
HDL-C or LDL-C concentrations. Conversely, consumption of LF ground beef for 5 weeks
would depress HDL-C and LDL-C concentrations.

142



Nutrients 2023, 15, 337

2. Materials and Methods

2.1. Ethics Statements and Participant Recruitment

This randomized, controlled, 2-period crossover trial was conducted in accordance with
the Declaration of Helsinki guidelines [8]. The trial was registered at www.clinicaltrials.gov
as NCT04841460 accessed on 12 April 2021. All procedures involving human participants
were approved by the Texas A&M University Institutional Review Board for use of human
participants in research (Protocol number IRB2018-0755). Participants were recruited in
October and November 2019, and the ground beef treatments were initiated in February
2020. The final blood samples were collected in July 2020. The study staff were not blinded,
but the statistician was blinded to treatment during the initial analyses by identifying the
diet conditions as A and B. All subjects were provided with detailed instructions, including
potential risks of participation.

Seventy-five healthy males between the ages of 25 and 60 years participated in one
of two informational meetings (Figure 1). Four individuals did not meet the inclusion
criteria, and 25 men declined to participate. Forty-six men signed Informed Consent forms,
and 14 men later declined to participate. Thirty-two men were assigned at random to two
treatment groups, LF and HF ground beef, and were provided test ground beef patties.
Seven men who left the study were excluded due to inability to comply (did not provide
all diet records, n = 3; did not provide all blood samples, n = 4), and 25 men completed all
phases of the study.

 
Figure 1. Recruitment flow diagram.

2.2. Inclusion Criteria

The participants had to be non-smoking males, not be on any restrictive diets or
cholesterol-lowering medications, and not have a total cholesterol (TC) above 350 mg/dL.
The participants were requested not to change their habitual diet or level of physical activity.
Due to limited funding, we chose to recruit men only, and not women only or a combination
of men and women. Statistical power calculations were based on changes in HDL-C
concentration in normocholesterolemic men in response to a ground beef intervention ([2],
described below). Unpublished data from previous trials in our laboratory [1–4] indicated
that women had much greater variation in HDL-C concentration at entry (47–120 mg/dL)
than men (36–76 mg/dL). The range of HDL-C concentrations at entry in the current study
(39–73 mg/dL; Figure 2) was similar to the variation in our previous studies with men.
The lesser variation in HDL-C concentration for men improved the power of our statistical
analyses, and for this reason, men only were chosen for this trial.
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Figure 2. Plasma LDL-C and HDL-C concentrations as a function of plasma total cholesterol concen-
tration. LDL-C, r2 = 0.947; HDL-C, r2 = 0.022.

2.3. Study Design

The study design was a two-period, randomized crossover design in which each
participant completed two 5-week ground beef interventions in a randomly assigned
order, with a 4-week washout period [9] between the test periods. All blood samples were
taken from the fasting subjects. Four blood samples were drawn at baseline immediately
before treatment assignment (entry), immediately after the ground beef interventions,
and following the 4-week washout period, immediately before the second ground beef
intervention. During the 5-week intervention, the men consumed 5 ground beef patties
per week for 5 weeks for each ground beef type, LF and HF (total of 25 patties for each
type). The participants were assigned to one of two groups, which were balanced based on
plasma HDL-C concentrations measured at the initial screening. Before the first ground
beef intervention, the men assigned to the LF group had a mean HDL-C concentration of
51 ± 3 mg/dL, and the men assigned to the HF group had a mean HDL-C concentration
of 48 ± 3 mg/dL. Of the 25 men who completed the study, 12 men consumed LF ground
beef, and 13 men consumed HF ground beef during the first intervention phase. After the
washout period, the groups of 12 and 13 men were rotated to the other test ground beef.

2.4. Source of Ground Beef

The source of raw materials for the production of LF and HF patties were the beef
pectoralis muscle and 75:25 coarse ground beef, respectively, purchased from a local
supplier (Readfield Meats, Bryan, TX, USA). The muscle raw materials were ground,
and 4-ounce (115 g) patties were formed in a patty maker, individually vacuum-packaged,
and stored at −20 ◦C. Prior to the initiation of each phase of the ground beef interventions,
each participant received an unlabeled box containing 25 frozen, vacuum-packaged patties.

Chemical analysis of the ground beef after patty formation indicated that raw LF
patties contained 5% fat (6 g fat/patty) and HF patties contained 24% fat (27 g fat/patty)
(Table 1). Diet records from previous studies [1–4] indicated that most study participants
pan-broiled the ground beef patties intact, so samples of the LF and HF patties were pan-
broiled [10], and total fat and fatty acid composition of the cooked patties were measured.
Cooking losses for LF and HF patties were 3% and 41%, respectively. The total lipid and
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fatty acid composition of the drained pan-broiled patties were used to calculate the daily
intake of dietary fats.

Table 1. Fatty acid composition and lipid content of raw and pan-broiled low-fat and high-fat ground
beef patties 1.

Fatty Acid Low-Fat High-Fat

Raw Pan-Broiled Raw Pan-Broiled

g fatty acid/114-g beef patty
Myristic, 14:0 0.16 ± 0.02 0.15 ± 0.01 0.80 ± 0.04 0.46 ± 0.02
Palmitic, 16:0 1.49 ± 0.16 1.45 ± 0.06 6.37 ± 0.35 3.74 ± 0.48

Palmitoleic, 16:1n-7 0.21 ± 0.02 0.20 ± 0.01 0.98 ± 0.05 0.56 ± 0.02
Stearic, 18:0 0.79 ± 0.08 0.77 ± 0.08 3.53 ± 0.19 2.11 ± 0.08

Oleic, 18:1n-9 2.52 ± 0.27 2.17 ± 0.01 9.70 ± 0.53 5.55 ± 0.20
cis-Vaccenic, 18:1n-7 0.11 ± 0.01 0.13 ± 0.01 0.52 ± 0.03 0.33 ± 0.01

Linoleic, 18:2n-6 0.27 ± 0.03 0.27 ± 0.03 0.65 ± 0.04 0.41 ± 0.02
α-Linolenic, 18:3n-3 0.01 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 0.02 ± 0.01

Total SFA 2 2.44 ± 0.26 2.37 ± 0.23 10.70 ± 0.58 6.32 ± 0.22
Total MUFA 2 2.84 ± 0.30 2.50 ± 0.11 11.29 ± 0.71 6.44 ± 0.23
Total PUFA 2 0.28 ± 0.03 0.28 ± 0.01 0.71 ± 0.04 0.43 ± 0.02
MUFA:SFA 1.16 ± 0.01 1.06 ± 0.01 1.05 ± 0.01 1.02 ± 0.01
PUFA:SFA 0.11 ± 0.01 0.12 ± 0.01 0.07 ± 0.01 0.07 ± 0.01

Total trans-fatty acids 3 0.17 ± 0.02 0.16 ± 0.02 1.44 ± 0.08 0.84 ± 0.03
Total lipid per patty 4 6.4 ± 0.7 6.2 ± 0.3 26.9 ± 1.5 15.9 ± 0.6

1 Values are means ± SE, n = 3 batches of ground beef for each study. 2 Total SFA (saturated fatty acids), sum of
myristic, palmitic, and stearic acid. Total MUFA (monounsaturated fatty acids), sum of palmitoleic, oleic acid, and
cis-vaccenic acid. Total PUFA (polyunsaturated fatty acids), sum of linoleic and α-linolenic acid. Eicosapentaenoic
acid (20:5n-3) and docosahexaenoic acid (22:6n-3) were too low to quantify in the ground beef patties. 3 Sum of
eladic acid (18:1trans-9) and trans-vaccenic acid (18:1trans-11). 4 Determined gravimetrically before and after
cooking. Includes additional minor fatty acids not included in the table.

2.5. Diet Records

The participants were required to complete a 3-day diet record before the diet inter-
ventions and once during each intervention to establish nutrient intakes and encourage
compliance. Daily intake of major nutrients and dietary exchanges were analyzed by a
registered dietitian nutritionist (RDN) using ESHA’s Food Processor Nutrition Analysis
software (ESHA, Salem, OR, USA). The participants were trained in the use of myfitnesspal
(myfitnesspal.com) to record daily intakes, which were forwarded to the RDN. All partici-
pants received instructions from the RDN for the preparation of the ground beef, including
recipes, but the participants were not restricted to specific cooking methods for the test
ground beef. The RDN also contacted the participants at regular intervals to encourage
compliance and provide information about completing diet records.

2.6. Body Composition

The body composition of all subjects was assessed at the beginning and at the end of
the study using dual-energy X-ray absorptiometry (DXA) (General Electric Lunar Prodigy
Advance, Madison, WI, USA). Derived variables of interest from the DXA scans were total
body mass, lean body mass, android fat, gynoid fat (all in kg), and percent fat mass. Body
mass index (BMI) was calculated for each individual (Table 2).
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Table 2. Physiological demographics and DXA-measured body composition for men at baseline
and after consumption of ground beef patties (5 patties/week for 5 weeks) initially containing 6 g
fat/patty and 27 g fat/patty 1.

Item Entry (Range) Final p-Values

Age, years 39.9 ± 2.2 (24–58) 40.0 ± 2.2 0.489
Height, cm 177.4 ± 1.4 (168–191) 177.8 ± 1.3 0.409
Weight, kg 97.3 ± 5.0 (76–178) 97.4 ± 5.0 0.499
BMI 31.2 ± 1.8 (23–58) 30.9 ± 1.7 0.461
DXA measurements
Fat, kg 30.6 ± 3.9 (14–83) 29.6 ± 3.8 0.425
Lean, kg 64.5 ± 1.9 (52–95) 66.9 ± 1.9 0.200
Body fat, % 30.6 ± 3.8 (18–59) 29.6 ± 3.8 0.425
Android fat, % 35.8 ± 2.8 (20–68) 32.0 ± 2.3 0.160
Gynoid fat, % 31.0 ± 2.0 (16–60) 29.7 ± 1.5 0.247

1 Values are means ± SEM, n = 25. Range of values for each item is indicated for entry.

2.7. General Blood Sampling and Analyses

Blood sampling and assay procedures were published previously [11]. On the day of
blood sampling (at entry and immediately following the 5-week ground beef interventions
and 4-week washout), the subjects were asked to report to the laboratory after an overnight
fast (approximately 10 h) restricted to water only. The evening meal was not standardized
prior to the study visits; rather, throughout this trial, participants consumed their habitual
diets, except for the inclusion of the ground beef patties during the ground beef interven-
tions. Blood was collected after 5 min of seated rest via venipuncture from the antecubital
fossa region into serum separator tubes using standard sterile phlebotomy procedures.
After collection, the blood was allowed to clot at room temperature for 2 h or chilled at
4 ◦C for serum and plasma separation, respectively, prior to centrifugation in a refrigerated
centrifuge for 20 min (2000× g). One serum separator vacutainer was couriered the same
day to a commercial Clinical Laboratory Improvement Amendments-certified laboratory
for determination of TC, HDL-C, LDL-C, and triglyceride (TG) using standard clinical
chemistry analyses. Plasma LDL-C concentration was calculated using the Friedwald
equation, which is based primarily on TC (LDL-C = TC − HDL-C − TG/5). Aliquots of
serum and plasma from additional vacutainers were transferred into separate 2 mL freezer
vials, and the vials were stored frozen at −80 ◦C until analyzed.

2.8. Lipoprotein Density Profiles

Density profiles for circulating lipoproteins were determined by imaging 6 μL serum
following NBD-C6-ceramide labeling of lipoproteins, as described [7]. The overall lipopro-
tein density profile was analyzed as absolute AUC where image area was measured as
pixels (i.e., number of pixels within a density interval). Eleven lipoprotein subclasses
were identified by their density intervals and quantified by pixel values. The major
lipoprotein subclasses were triacylglycerol-rich lipoproteins (TRL; d < 1.019 g/mL), LDL1
(d = 1.019–1.023 g/mL), LDL2 (d = 1.023–1.034 g/mL), LDL3 (d = 1.034–1.044 g/mL), LDL4
(d = 1.044–1.055 g/mL), LDL5 (d = 1.055–1.063 g/mL), HDL2b (d = 1.063–1.091 g/mL), HDL2a
(d = 1.091–1.110 g/mL), HDL3a (d = 1.110–1.133 g/mL), HDL3b (d = 1.133–1.156 g/mL) and
HDL3c (d = 1.156–1.179 g/mL) [12]. Lipoprotein density profiles for the participants
(not indicated) were essentially identical to those reported previously for men by the
co-author Walzem, R.L. [7].

The average percent relative standard deviation in AUC for different lipoprotein
subfractions was 4.45% (within-day) and 7.37% (day-to-day). Data were also used to
express HDL subfractions as percentages of total HDL AUC:

%LDLx AUC = 100 ∗ %LDLx AUC/total LDL AUC

%HDLx AUC = 100 ∗ %HDLx AUC/total HDL AUC
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2.9. Statistics

Power calculations were conducted to estimate the required sample size based on
HDL-C concentrations from our previous studies with normocholesterolemic men [2].
Plasma HDL-C concentrations increased by 2.8 mg/dL on consumption of 24% fat ground
beef [2] compared to habitual diets. Analyses used the following assumptions: power was
set at 0.8 and α = 0.05, 2-sided. It was estimated that a sample size of 18 was sufficient to
test the hypothesis that HF ground beef would change HDL-C concentrations.

Ground beef effects were analyzed using a repeated measures mixed model to assess
the effects of diet (LF vs. HF), sequence (entry, first LF/HF intervention, washout, and
second LF/HF intervention), and the diet-by-sequence interaction. Entry BMI and age were
included as covariates in the initial model but were insignificant for all dependent variables
and were dropped from the final model. The NORM.DIST model of Excel (Microsoft
Excel of Mac version 16.16.27) was used to test for normality, and the data were normally
distributed. Pairwise comparisons were assessed by Fisher’s Protected LSD method when
there was a significant effect of diet or sequence. Associations among plasma lipids were
assessed using Pearson’s correlations. Absolute change from baseline was calculated by
subtracting measurements taken at entry from post-dietary intervention period values.
Data are reported as means ± standard error of the mean (SEM) (n = 25 men who completed
all phases of the study). Differences among means were considered significant at p ≤ 0.05,
but tendencies among treatments (p ≤ 0.08) will be noted.

3. Results

3.1. Ground Beef Composition and Participant Nutrient Intake

The LF patties did not lose a detectable amount of fat following pan frying, but the HF
patties lost nearly 41% fat after frying. The drained, pan-fried HF patties contained more
total SFA, MUFA, and polyunsaturated fatty acids (PUFA) than the pan-fried LF patties
(Table 1). Eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3) were not
detectable in the raw or cooked ground beef patties. MUFA:SFA and PUFA:SFA ratios of
the LF and HF ground beef were unaffected by pan broiling.

Energy intake did not differ among treatment phases, although energy intake during
the LF intervention tended (p = 0.071) to be lower than at entry (Table 3). The LF treatment
increased % energy from protein relative to entry, washout, and HF treatment (p = 0.002).
There was a tendency (p = 0.062) of the HF treatment to decrease % energy from carbohy-
drates. The HF treatment increased % energy from fat and SFA relative to entry, washout,
and LF treatment (p ≤ 0.006).

Table 3. Intakes of major nutrients for men at entry, following washout, and during consumption of
ground beef patties initially containing 6 g fat/patty (Low-fat) or 27 g fat/patty (High-fat) 1.

Item 2 Entry Washout Low-Fat High-Fat p-Value

Total, MJ/d 8.7 ± 0.4 8.1 ± 0.3 7.9 ± 0.4 8.6 ± 0.4 0.071
%MJ/d
Protein 18.2 ± 0.7 b 19.1 ± 0.9 b 21.9 ± 1.0 a 18.2 ± 1.1 b 0.002
Carbohydrate 42.3 ± 1.7 41.9 ± 1.5 40.9 ± 1.6 38.5 ± 1.7 0.060
Fat 38.4 ± 1.1 b 36.7 ± 1.4 b 36.5 ± 1.4 b 42.4 ± 1.7 a 0.006
SFA 3 12.6 ± 0.6 b 12.3 ± 0.5 b 12.6 ± 0.7 b 14.7 ± 0.7 a 0.004
MUFA 6.5 ± 0.6 b 6.7 ± 0.9 b 7.1 ± 0.5 b 9.8 ± 0.9 a 0.003
PUFA 3.6 ± 0.3 3.5 ± 0.4 3.5 ± 0.4 3.4 ± 0.3 0.376
Intake, g/d
Protein 93.8 ± 5.5 91.3 ± 4.2 102.2 ± 6.2 93.2 ± 7.5 0.078
Carbohydrate 217.4 ± 12.2 a 203.4 ± 9.9 ab 190.5 ± 9.8 b 197.0 ± 12.6 ab 0.048
Dietary fiber 17.8 ± 1.2 17.4 ± 1.5 15.4 ± 0.9 15.3 ± 1.2 0.062
Soluble fiber 0.8 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.334
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Table 3. Cont.

Item 2 Entry Washout Low-Fat High-Fat p-Value

Insoluble fiber 2.0 ± 0.4 2.6 ± 0.6 2.5 ± 0.4 2.4 ± 0.4 0.175
Total sugars 68.6 ± 7.0 58.9 ± 5.7 65.6 ± 5.5 64.5 ± 7.9 0.140
Added sugars 8.6 ± 3.1 10.5 ± 3.8 14.6 ± 3.9 14.0 ± 4.3 0.114
Total fat 89.2 ± 5.1 ab 80.2 ± 4.9 bc 76.7 ± 4.4 c 96.6 ± 6.0 a 0.006
SFA 29.2 ± 1.8 ab 26.9 ± 1.8 b 26.5 ± 1.7 b 33.7 ± 2.5 a 0.013
MUFA 15.4 ± 1.6 b 14.1 ± 1.7 b 15.2 ± 1.4 b 22.2 ± 2.2 a 0.002
PUFA 8.1 ± 0.8 7.6 ± 0.9 7.4 ± 1.0 7.6 ± 0.7 0.293
trans-Vaccenic acid 0.7 ± 0.2 a 0.5 ± 0.1 ab 0.3 ± 0.1 b 0.6 ± 0.2 ab 0.011
Linoleic acid 5.9 ± 0.8 5.4 ± 0.7 5.1 ± 0.9 4.9 ± 0.5 0.152
α-Linolenic acid 0.7 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.053
Cholesterol, mg/d 415 ± 57 335 ± 34 328 ± 39 314 ± 33 0.066

1 Values are means ± SEM, n = 25. 2 Data were derived from 3-day diet records collected during each
test period, to include one weekend day. 3 SFA = saturated fatty acids, primarily palmitic and stearic acid.
MUFA = monounsaturated fatty acids, primarily oleic acid. PUFA = polyunsaturated fatty acids, primarily
linoleic acid and α-linolenic acid. A repeated measures mixed model was used to assess the effects of diet,
sequence, and the diet-by-sequence interaction. abc Pairwise comparisons were assessed by Fisher’s Protected
Least Squares Difference method when there was a significant diet effect.

Protein intake (g/d) tended (p = 0.078) to be greatest during the LF treatment (Table 3).
Carbohydrate intake was less during the LF intervention than at entry (p = 0.048), and
dietary fiber intake tended (p = 0.062) to be greater at entry and during washout than
during the LF and HF treatments. The intakes of soluble fiber, insoluble fiber, total sugars,
and added sugars were not affected by the ground beef treatments (p ≥ 0.114). Total fat
and SFA intakes were greater during the HF treatment than during the washout or LF
treatment (p ≤ 0.013), but not different from entry. MUFA intake was greatest during the
HF treatment (p = 0.002) and TFA intake was least during the LF treatment. Intakes of PUFA
and linoleic acid were not affected by ground beef consumption (p ≥ 0.152), but intake of
α-linolenic acid tended (p = 0.053) to be depressed during the HF treatment. Cholesterol
intake tended (p = 0.066) to be lower during washout and during the LF and HF treatments
than at entry.

There were significant (p ≤ 0.05) absolute changes from entry for % energy from total
fat, SFA, MUFA (which increased), and carbohydrate (which decreased) during the HF
intervention (Figure 3). The increase from entry for % energy from protein during the
LF intervention also was significant (p < 0.05). The mean absolute decreases from entry
for cholesterol intake during washout, LF treatment, and HF treatment were 72 mg/d
(p = 0.119), 95 mg/d (p = 0.067), and 101 mg/d (p = 0.024), respectively.

 
Figure 3. Absolute change (final – entry) in %MJ/d during consumption of ground beef patties initially
containing 6 g fat/patty (Low fat) and 27 g fat/patty (High fat). Fat, total fat; SFA, saturated fat; MUFA,
monounsaturated fat; PUFA, polyunsaturated fat; CHO, carbohydrate. Bars are means (n = 25) with
pooled SEM attached. Change statistically different from 0, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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3.2. Plasma Lipid Concentrations

As indicated above, plasma LDL-C concentration was calculated by the Friedwald
equation, which is based primarily on TC (LDL-C = TC − HDL-C − TG/5). For this
reason, there was a high correlation between TC and LDL-C concentration (r2 = 0.941)
(Figure 2). There was greater variation in plasma concentrations of TC (126–319 mg/dL)
and LDL-C (56–223 mg/dL) than HDL-C (36–73 mg/dL). At entry, 20 out of 25 participants
had TC concentrations < 225 mg/dL. There was no correlation between TC and HDL-C
concentration (r2 = 0.022) (p > 0.25).

Plasma TG concentration tended (p = 0.058) to be greatest following the HF treatment
(Table 4). The LF treatment decreased TC, HDL-C, and LDL-C concentrations relative to
entry, and the HF treatment decreased TC, HDL-C, and LDL-C concentrations relative
to entry and washout. Absolute changes from entry were significant (p < 0.05) for TC
and HDL-C following the LF treatment, and absolute changes from entry were significant
(p < 0.05) for TG, TC, HDL-C, and LDL-C following the HF treatment (Figure 4).

Table 4. Lipoprotein cholesterol and triglyceride concentrations and area under the curve for lipopro-
tein subfractions for men at entry and after consumption of ground beef patties initially containing
6 g fat/patty (Low-fat) and 27 g fat/patty (High-fat) 1.

Item Entry Washout Low-Fat High-Fat p-Value

TG, mg/dL 2 111.4 ± 9.6 114.6 ± 10.9 110.1 ± 8.6 123.0 ± 11.1 0.058
TC, mg/dL 203.0 ± 8.2 a 197.4 ± 8.5 ab 191.5 ± 8.8 bc 188.5 ± 8.1 c 0.008
HDL cholesterol,
mg/dL 49.3 ± 2.0 a 47.6 ± 2.2 ab 46.0 ± 1.9 bc 45.4 ± 1.8 c 0.001

LDL cholesterol,
mg/dL 131.2 ± 8.1 a 126.9 ± 7.9 ab 123.6 ± 8.5 bc 118.5 ± 7.5 c 0.011

Total AUC 1920 ± 46 a 1844 ± 44 b 1815 ± 51 b 1811 ± 48 b 0.003
TRL AUC 150 ± 14 b 165 ± 18 ab 173 ± 17 a 159 ± 15 ab 0.050
Total LDL AUC 827 ± 34 a 772 ± 31 b 752 ± 34 b 746 ± 32 b 0.001
LDL1 AUC 29 ± 1 28 ± 2 29 ± 2 30 ± 2 0.225
LDL2 AUC 50 ± 3 48 ± 28 48 ± 3 48 ± 3 0.450
LDL3 AUC 170 ± 11 a 159 ± 9 b 155 ± 12 b 152 ± 9 b 0.024
LDL4 AUC 387 ± 25 a 354 ± 22 b 341 ± 24 b 341 ± 22 b 0.002
LDL5 AUC 189 ± 15 a 181 ± 15 ab 178 ± 10 ab 173 ± 13 b 0.041
Total HDL AUC 942 ± 29 a 906 ± 25 b 884 ± 301 b 905 ± 28 b 0.003
HDL2b AUC 225 ± 18 a 209 ± 174 b 211 ± 20 b 212 ± 18 ab 0.012
HDL2a AUC 245 ± 11 a 230 ± 8 b 225 ± 11 b 234 ± 10 ab 0.007
HDL3a AUC 278 ± 8 a 268 ± 5 ab 259 ± 7 b 264 ± 6 b 0.002
HDL3b AUC 135 ± 4 133 ± 4 128 ± 4 130 ± 5 0.058
HDL3c AUC 58 ± 1 b 64 ± 1 a 62 ± 1 a 64 ± 2 a 0.003

1 Values are means ± SEM, n = 25 in a crossover design. 2 AUC, area under the curve (unitless) of all lipid-rich
fractions; TRL, triglyceride-rich lipids; LDL, low-density lipoprotein; HDL, high-density lipoprotein. A repeated
measures mixed model was used to assess the effects of diet and sequence, and the diet-by-sequence interaction.
abc Pairwise comparisons were assessed by Fisher’s Protected Least Squares Difference method when there was a
significant diet effect.

3.3. Lipoprotein Density Distributions

TRL AUC was greater following the LF intervention than at entry (p = 0.050) (Table 4).
LDL4 AUC represented the greatest proportion of AUC, indicating that LDL was predomi-
nantly small and dense. AUC for HDL3c was very low, indicating that HDL3c particles are
less numerous than for other HDL subfractions. LDL1 and LDL2 AUC were not affected by
the ground beef treatments, but total AUC and LDL AUC, LDL3 AUC, LDL4 AUC, and
total HDL AUC were lower following washout and the LF and HF treatments than at entry
(p ≤ 0.024). LDL5 AUC was less following the HF intervention than at entry (p = 0.041) and
HDL2b AUC and HDL2a AUC were less following washout and the LF intervention than at
entry (p ≤ 0.012). HDL3a AUC was less following the LF and HF interventions than at entry
(p = 0.002), and HDL3b AUC tended (p = 0.058) to be less following the LF treatment than at
entry. HDL3c AUC was greater following washout and the LF and HF treatments than at
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entry (p = 0.003). The HF treatment increased %LDL1 AUC (p = 0.021) and %LDL2 AUC
(p = 0.023), and the LF and HF treatments increased %HDL3c AUC (p = 0.001) (Table 5).

Figure 4. Absolute change (final – entry) in triglyceride and lipoprotein cholesterol following
consumption of ground beef patties initially containing 6 g fat/patty (Low fat) and 27 g fat/patty
(High fat). TG, triglyceride; TC, total cholesterol; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol.
Bars are means (n = 25) with pooled SEM attached. Change statistically different from 0, * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001.

Table 5. Percent area under the curve for lipoprotein fractions for men at entry and after consumption
of ground beef patties initially containing 6 g fat/patty (Low-fat) and 27 g fat/patty (High-fat) 1.

Item Entry Washout Low-Fat High-Fat p-Value

%LDL1 AUC 2 3.7 ± 0.2 b 3.7 ± 0.2 b 4.0 ± 0.2 ab 4.1 ± 0.2 a 0.021
%LDL2 AUC 6.1 ± 0.3 b 6.3 ± 0.3 ab 6.4 ± 0.3 ab 6.5 ± 0.2 a 0.023
%LDL3 AUC 20.6 ± 0.9 20.5 ± 0.8 20.5 ± 0.9 20.2 ± 0.7 0.534
%LDL4 AUC 46.3 ± 1.8 45.7 ± 1.7 45.0 ± 1.9 45.4 ± 1.6 0.229
%LDL5 AUC 23.3 ± 1.8 23.7 ± 1.8 24.1 ± 1.7 23.7 ± 1.8 0.325
%HDL2b AUC 23.3 ± 1.2 22.5 ± 1.2 23.0 ± 1.3 22.8 ± 1.2 0.164
%HDL2a AUC 25.9 ± 0.5 25.4 ± 0.4 25.3 ± 0.5 25.7 ± 0.5 0.125
%HDL3a AUC 29.8 ± 0.7 29.9 ± 0.7 29.8 ± 0.9 29.6 ± 0.7 0.256
%HDL3b AUC 14.7 ± 0.6 15.0 ± 0.5 14.8 ± 0.6 14.7 ± 0.6 0.472
%HDL3c AUC 6.3 ± 0.2 b 7.2 ± 0.3 a 7.1 ± 0.3 a 7.3 ± 0.3 a 0.001

1 Values are means ± SEM, n = 25 in a crossover design. 2 AUC, area under the curve of lipid-rich subfractions;
LDL, low-density lipoprotein; HDL, high-density lipoprotein. %LDLx AUC = 100 ∗ (%LDLx AUC/total LDL
AUC); %HDLx AUC = 100 ∗ (%HDLx AUC/total HDL AUC). A repeated measures mixed model was used
to assess the effects of diet and sequence, and the diet-by-sequence interaction. ab Pairwise comparisons were
assessed by Fisher’s Protected Least Squares Difference method when there was a significant diet effect.

3.4. Pearson Correlation Coefficients

Plasma HDL-C concentration was negatively correlated with TRL AUC (r = −0.383;
p < 0.001) and HDL3b AUC (r = −0.277; p < 0.01) and was highly, positively correlated with
HDL2b AUC (r = 0.914; p < 0.0001), HDL2a AUC (r = 0.905; p < 0.0001), and total HDL AUC
(r = 0.658; p < 0.0001) (Table 6). The correlation of HDL-C concentration with HDL3c AUC
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was not significant (r = −0.046; p > 0.25). LDL-C concentration was not correlated with
TRL AUC (r = −0.208; p > 0.05) but was positively correlated with LDL1 AUC (r = 0.322;
p < 0.001), LDL2 AUC (r = 0.600; p < 0.0001), LDL3 AUC (r = 0.731; p < 0.0001), LDL4 AUC
(r = 0.736; p < 0.0001), LDL5 AUC (r = 0.251; p < 0.05), and total LDL AUC (r = 0.911;
p < 0.0001).

Table 6. Pearson correlations among plasma HDL-C and LDL concentrations and area under the
curve for HDL and LDL subfractions 1,2.

Item Area under the Curve

TRL HDL2b HDL2a HDL3a HDL3b HDL3c Total HDL
HDL-C −0.383 *** 0.914 **** 0.905 **** 0.128 −0.277 ** −0.046 0.658 ****

TRL LDL1 LDL2 LDL3 LDL4 LDL5 Total LDL
LDL-C −0.208 0.332 *** 0.600 **** 0.731 **** 0.736 **** 0.251 * 0.911 ****

1 Values are simple correlation coefficients, n = 100 (entry, washout, low-fat and high-fat values). 2 HDL-C,
high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; Total HDL and LDL, total area
under the curve for HDL and LDL subfractions, respectively. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

4. Discussion

4.1. Energy and Macronutrient Intake and Composition of Patties

The primary outcome of this study was to document which voluntary changes in
macronutrient intake were responsible for any observed changes in lipoprotein cholesterol
concentrations. The current study confirmed significant increases in % energy from total
fat, saturated fatty acids, and monounsaturated fatty acids during the HF treatment. We
also calculated absolute change from baseline as previously reported by others [13–16], and
there was an absolute increase from entry for % energy from total fat, saturated fatty acids,
and monounsaturated fatty acids during the HF treatment and an increase in % energy from
protein during the LF treatment. These findings indicate that the participants voluntarily
altered macronutrient intake in response to the fat content of the ground beef treatments.

The calculations of daily fat intake during the LF and HF interventions assumed
that, regardless of the method of cooking, drippings were not included in the final food
product. We previously reported that pan-broiled, 25% fat ground beef lost 44–49% fat,
depending on the degree of doneness [17], and the 41% fat loss of the 24% fat, HF ground
beef following pan broiling was similar to our previous results. We also assumed that the
fatty acid composition (g fatty acid/100 g total fatty acids) of the pan-fried ground beef
patties (drippings not included) would be similar to the composition of raw patties, based
on earlier studies from this laboratory [17,18]. As indicated above, the MUFA:SFA and
PUFA:SFA ratios were similar in raw and pan-broiled LF and HF patties, indicating that
neither monounsaturated fatty acids nor polyunsaturated fatty acids were preferentially lost
during cooking. Additionally, polyunsaturated fatty acid intake during ground beef intake
was unchanged, indicating that changes observed in lipoprotein cholesterol subfractions
were not due to changes in polyunsaturated fatty acid intake.

Many randomized studies have provided set guidelines for nutrient intake during the
treatment phases and/or provided baseline diets before initiating dietary interventions [13–16].
The design of previous studies [1–4] and the current study differ in that we tested the effects
of ground beef interventions on lipoprotein cholesterol concentration following free choice
consumption of habitual diets at entry, during the washout period, and during the ground
beef interventions. Simple regression over all data (entry, washout, LF, and HF, n = 100)
indicated that % energy from saturated fatty acids increased as % energy from fat increased
(r = 0.810; p < 0.0001) and % energy from carbohydrate decreased as % energy from fat
increased (r = −0.544; p < 0.0001) (data not shown in tabular form). We conclude from
these correlations that participants consuming HF ground beef voluntarily reduced carbo-
hydrates in the diet. In addition, increasing beef fat intake markedly increased saturated
fatty acid intake, reflecting the fatty acid composition and content in the HF ground beef.
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Saturated fatty acid intake by participants in this study exceeded dietary recommen-
dations of less than 10% energy intake from saturated fatty acids; approximately 73% of
U.S. males exceed this recommendation [19]. The men in the current study on average
consumed 12–13% energy as saturated fatty acids during entry, washout, and LF treatment,
and 15% energy as saturated fatty acids during the HF treatment. Maki et al. [20] recently
concluded that although the effects of saturated fatty acids on risk factors for CVD remain
uncertain, it is prudent to accept the current recommendation [19] of less 10% energy from
saturated fatty acids. Despite the reduction in LDL-C concentration caused by the HF
intervention in the current study, we also do not recommend exceeding the recommen-
dations [19] for saturated fatty acid intake. We also do not recommend this high level of
ground beef intake (i.e., 5 patties/week for 5 weeks). As indicated above, we have chosen
to test the effects of ground beef on lipoprotein cholesterol metabolism because total fat
and saturated fatty acid composition can be altered accurately during the formulation of
ground beef preparations.

4.2. High-Density Lipoprotein Cholesterol Concentrations

HDL particles carry out reverse cholesterol transport and possess antioxidative and
anti-inflammatory activities through associated proteins and bioactive lipids [21]. These
functional properties are variable and can be ascribed to particles of specific diameter
ranges [22]. HDL3 are small and vary in diameter from approximately 6 to 9.5 nm; HDL2
vary in diameter from approximately 9.5 to 13 nm [22,23]. Some have concluded that
HDL3 includes both the most beneficial and the most detrimental species of HDL [24,25].
Increased amounts of sphingosine-1-P (S1P) and Apo-A1 in HDL3 are associated with a
robust ability to stabilize LDL against oxidation and attenuate apoptosis in endothelial
cells [26]. However, greater plasma concentrations of HDL3c-C are associated with greater
probability of mortality [27].

Scott et al. [13] reported that a diet containing lean beef (diet = 31% energy as fat; 8%
energy as saturated fatty acids) depressed HDL-C concentration in hypercholesterolemic
men by 2.4 mg/dL, relative to a high-fat/high saturated fatty acid stabilization diet
(diet = 40% energy as fat; 18% energy as saturated fatty acids). Roussell et al. [14] demon-
strated that a Beef in an Optimal Lean Diet (BOLD) and a BOLD+ diet (which contained
extra beef; both diets = 28% energy as fat; 6% energy as saturated fatty acids) depressed
HDL-C concentration in men and women by 3.2 mg/dL, relative to a Healthy American
Diet (HAD; diet = 33% energy as fat; 12% energy as saturated fatty acids). In the current
study, the LF treatment reduced HDL-C concentration by 3.3 mg/dL, relative to the entry
diet, similar to the results of Scott et al. [13] and Roussell et al. [14]. Furthermore, the HF
treatment depressed HDL-C concentration by 3.9 mg/dL in spite of the greater total dietary
% energy from fat (42%) and saturated fatty acids (15%) relative to the entry diet. It is
difficult to understand why the HF treatment elicited results similar to the LF treatment
and previous studies [13,14].

4.3. Low-Density Lipoprotein Cholesterol Abundance

Each LDL particle contains one apolipoprotein B (apoB), and the larger, less dense
LDL1 and LDL2 are comprised of a greater proportion of cholesterol, whereas the smaller,
denser LDL3, LDL4 and LDL5 carry less cholesterol per particle [28]. Reductions in apoB are
thought to be as or more beneficial for reducing atherosclerotic CVD risk than reductions
in LDL-C concentration [29], and a predominance of small, dense LDL particles (LDL3-5)
is associated with a greater risk of CVD [29–31], in part because apoB comprises a greater
proportion of these particles. The reduction in LDL-C concentration reported in the current
trial might not be beneficial if caused by a decrease in cholesterol content of the larger, more
buoyant LDL particles (LDL1 and LDL2).

Wang et al. [16] reported that a lower-fat diet decreased TC, LDL-C, and HDL-C
concentration relative to an Average American Diet. Moreover, the lower-fat diet caused
reductions for cholesterol in the LDL1-C and LDL2-C subfractions, had no effect on choles-
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terol content of the LDL3-C subfraction, and increased cholesterol content of the LDL4-C
subfraction [16]. We previously demonstrated that approximately 75% of the total LDL-C
is contained in the LDL1 plus LDL2 subfractions [4]. In addition, ground beef treatments
containing 18% or 25% fat increased the cholesterol content of LDL1 plus LDL2-C subfrac-
tions but did not increase the cholesterol content of LDL3-C or LDL4-C subfractions [4].
We did not measure cholesterol content or apoB amounts in the LDL subfractions in the
current study, but we have demonstrated that our ground beef treatments did not affect
LDL1 or LDL2 AUC, but depressed LDL3-5 AUC (described below), suggesting that more
LDL cholesterol was carried in larger, less dense LDL particles.

4.4. Lipoprotein Area under the Curve

NBD-C6-ceramide labels the surface of lipoprotein particles and can be used to in-
dicate particle diameter associated with a specific density interval [32], and can indicate,
within that discrete density interval, relative particle abundance in treatment compar-
isons. Both ground beef interventions depressed HDL3a AUC (hereafter referred to as
abundance) and increased HDL3c abundance. The LF treatment also depressed HDL2b
and HDL2a abundance. HDL-C concentration was highly correlated with HDL2b abun-
dance (r = 914; p < 0.0001) and HDL2a abundance (r = 0.905; p < 0.001). A recent study by
the co-author Walzem, R.L. reported similar correlations between HDL2 abundance and
HDL-C concentration [12].

Wang et al. [16] reported that a lower-fat diet depressed the number of small HDL
particles in addition to decreasing HDL-C concentration, and we conclude that the LF and
HF treatments in the current study also decreased HDL particle abundance. Because HDL3
abundance increased from entry, the data suggest that HDL3a and HDL3b particles became
denser following HF and LF treatments, shifting their particle densities into the HDL3c
density interval. %HDL3c (calculated as a percentage of total HDL AUC) also increased
from entry, corroborating a shift from less dense to more dense HDL3 particles following
the ground beef interventions. As described above, diet analysis during the LF and HF
interventions indicated that our participants consumed a much greater % energy from
fat/SFA and less % energy from carbohydrates than the BOLD/BOLD+ studies [12,14],
which likely explains many of the differences in responses to our dietary interventions.

Small, dense LDL particles have the strongest association with the risk for CVD [33].
Wu et al. [12] reported a reduction of %LDL4 (a small, dense LDL subfraction) following
the BOLD+ intervention, suggesting that the BOLD+ diet improved the LDL density
profile. These results were similar to the current study, in which the LF treatment decreased
abundance for small, dense LDL4 and the HF treatment decreased abundance for small,
dense LDL4 and LDL5. Wu et al. [12] also reported a decrease in LDL2 abundance following
the BOLD diet, whereas we observed no change LDL1 and LDL2 abundance and increased
%LDL1 and %LDL2 abundance following the HF treatment.

4.5. Nutrient Intake and Lipoprotein Cholesterol

The LF treatment increased % energy from protein, and the HF treatment increased %
energy from fat and saturated fat, and decreased % energy from carbohydrate. However,
the LF and HF treatments caused similar reductions in HDL-C and LDL-C concentrations
from entry. This seemingly would rule out % energy from protein, fat, or carbohydrate as
causative for the reductions in HDL-C and LDL-C concentrations. However, as indicated
above, cholesterol intake during washout and the LF and HF treatments was lower than at
entry, especially for the HF treatment. Dietary interventions designed to reduce saturated
fat intake typically reduced cholesterol intake [13,14,16], and these studies uniformly
decreased HDL-C and LDL-C concentrations. We propose that the reduction in cholesterol
intake during washout and both ground beef interventions in the current study may have
contributed to a general decline in circulating cholesterol concentrations and HDL and LDL
subfraction abundance. It is not known why cholesterol intake declined following entry,
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but we are currently analyzing dietary sources of cholesterol during entry, washout, and
ground beef interventions to provide a basis for this observation.

4.6. Limitations

Several limitations of the present study should be considered. Because of the nature of
the study treatments, the study staff were not blinded, which leads to the potential for bias
associated with lack of blinding. The short duration of the intervention, 35 days, may also
be considered a limitation, but previous research conducted by the authors has shown that
changes in HDL-C and LDL-C concentrations were evident at 5 weeks of making dietary
changes [1,2]. The demonstration of a significant carryover effect for some of the lipid AUC
values and cholesterol intake should be considered a limitation of not prescribing diets
preceding entry or during the washout period. Another limitation is that the participants
were men only. Previous trials in our laboratory that included postmenopausal women [3,4]
indicated that their responses to ground beef interventions were more variable than for
men [1,2]. Moreover, women have greater HDL-C concentration than men, and restricting
the study to one gender increased the power of our analyses by reducing the variability
inherent between men and women. Finally, we do not recommend the high level of ground
beef intake used in this study for the general population.

5. Conclusions

In summary, the LF and HF ground beef interventions differently affected voluntary
nutrient intake, but the LF and HF treatments similarly depressed lipoprotein cholesterol
concentrations. The LF and HF treatments improved the LDL density profile by decreas-
ing abundance for small, dense LDL (LDL4 and LDL5), and increasing %AUC for large,
less dense LDL (LDL1 and LDL2), relative to entry levels. However, both ground beef
interventions increased abundance and %AUC for HDL3c, potentially increasing the risk
of CVD. Despite frequent moderate ground beef intake (114 g/d), cholesterol intake de-
clined, especially during the HF intervention. For this reason, care should be taken in the
interpretation of studies that compare low-fat and low-cholesterol diets to higher-fat and
higher-cholesterol diets.
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Abstract: Phytosterols (PSs) have been proposed as dietary means to lower plasma LDL-C. How-
ever, concerns are raised that PSs may exert atherogenic effects, which would offset this benefit.
Phytosterolemia was thought to mimic increased plasma PSs observed after the consumption of
PS-enriched foods. This expert statement examines the possibility of specific atherogenicity of PSs
based on sterol metabolism, experimental, animal, and human data. Observational studies show no
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evidence that plasma PS concentrations would be associated with an increased risk of atherosclerosis
or cardiovascular (CV) events. Since variants of the ABCG5/8 transporter affect the absorption of
cholesterol and non-cholesterol sterols, Mendelian randomization studies examining the effects of
ABCG5/8 polymorphisms cannot support or refute the potential atherogenic effects of PSs due to
pleiotropy. In homozygous patients with phytosterolemia, total PS concentrations are ~4000% higher
than under physiological conditions. The prevalence of atherosclerosis in these individuals is variable
and may mainly relate to concomitant elevated LDL-C. Consuming PS-enriched foods increases
PS concentrations by ~35%. Hence, PSs, on a molar basis, would need to have 20–40 times higher
atherogenicity than cholesterol to offset their cholesterol reduction benefit. Based on their LDL-C low-
ering and absence of adverse safety signals, PSs offer a dietary approach to cholesterol management.
However, their clinical benefits have not been established in long-term CV endpoint studies.

Keywords: plant sterols; phytosterols; phytosterolemia; atherosclerosis; cardiovascular disease;
cholesterol absorption

1. Introduction

Phytosterolemia, formerly also known as sitosterolemia, is a rare, autosomal-recessively
transmitted inborn disorder of metabolism caused by mutations of the genes encoding
the adenosine triphosphate (ATP)-binding cassette (ABC) G5/8 co-transporter [1,2]. The
disease is often advocated to illustrate the possible consequences of an increased plasma
concentration of phytosterols (PSs), also known as plant sterols and stanols, due to an
increased dietary intake from foods with added PSs. Typically, daily PS intake is about
300 mg with a habitual diet and can be as high as 600 mg/d in vegetarians [3]. The recom-
mended intake of PSs to lower LDL-C is around 2 g/d. The two most common PSs are
sitosterol and campesterol.

Selective observations of individual cases with severe atherosclerosis, especially in
children and adolescents affected by phytosterolemia, have provided reasonable grounds
to suspect that PSs may advance atherosclerosis as much as or even more severely than
LDL-cholesterol (LDL-C), a causal risk factor for atherosclerosis and cardiovascular dis-
ease (CVD) [4]. While PSs reduce LDL-C concentrations [3], concerns remain that their
atherogenic effects may outweigh their benefits.

In fact, homozygous defects in the genes encoding the ABCG5/G8 tandem transporter,
which causes phytosterolemia, modulate the absorption of about forty sterols, including
cholesterol and non-cholesterol sterols (also known as xenosterols) with various complex
effects on sterol and lipid metabolism and other tissue and organ functions. All these effects
are unlikely to be associated with only a single sterol [5]. Furthermore, since the phenotype
of phytosterolemia is highly variable, modifying influences must be considered.

This expert statement discusses the hypothesis of a specific atherogenicity of PSs based
on the analysis of the current understanding of sterol metabolism, experimental and animal
studies, epidemiological data from observational studies, and clinical experience in patients
with phytosterolemia.

2. Regulation of Intestinal Absorption and Biliary Excretion of Phytosterols

The absorption and excretion of PSs, as well as of cholesterol (both from dietary and
biliary sources), involves several membrane transporters and intracellular proteins. In
principle, the organism is protected from absorption and accumulation of xenosterols
such as PSs by redundant mechanisms [6]. Plasma concentrations of total PSs (mainly the
sum of sitosterol and campesterol) are generally between 7–24 μmol/L (0.3–1.0 mg/dL),
which is approximately 500-fold lower than circulating concentrations of total cholesterol;
subsequently, PSs account for less than 1% of total plasma sterols [3].

The reason for the considerable difference between the plasma concentrations of
cholesterol and PSs is twofold. First, PSs—in contrast to cholesterol—cannot be synthesized
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by mammalian cells, and second the selectivity of at least five successive absorption
and excretion processes mediated via complex and not yet fully understood mechanisms
prefer PSs over cholesterol [7]. As an example, the Niemann-Pick C1-like1 (NPC1L1)
protein located on the membrane of the enterocytes binds cholesterol with a higher affinity
than PSs [8–10]. PSs that are absorbed despite this first selection process are inhibited
from incorporation into chylomicrons due to the specificity of two subsequent processes.
Acyl-CoA cholesterol acyl transferase 2 (ACAT2) prefers cholesterol over PSs so that
cholesteryl esters are predominantly formed and subsequently preferentially incorporated
into chylomicrons [11,12]. Thus, the majority of PS remains unesterified for transfer back
from the enterocytes into the intestinal lumen by the ABCG5/G8 transporter, which prefers
PS over cholesterol [13,14]. This results in a total absorption rate of PSs of less than 5% [14].
In contrast, the average cholesterol absorption is about 54%, with a range from 20 to
80% [15,16].

The PSs remaining in the enterocytes are esterified with fatty acids in the same way as
cholesterol by ACAT2 and then incorporated into chylomicrons. Next, PSs in chylomicrons
and their remnants or in HDL particles are predominantly taken up into the liver. Here,
PSs once again encounter the ABCG5/G8 transporter, which transfers them into the bile
ducts for secretion with the bile. Some of the secreted PSs can be reabsorbed back into
the liver through the NPC1L1 protein of the bile ducts. However, as in the intestine, there
is a higher affinity for cholesterol than PS reabsorption [17]. These redundant protective
selection mechanisms are so efficient that even heterozygous mutations in one of the
heterodimers of the ABCG5/G8 transporter will result in only a modest increase in plasma
PS concentrations of around 0.034 mmol/L (approx. 1.4 mg/dL) [18,19]. Even in the
case of homozygous or combined heterozygous mutations of the ABCG5/G8 transporter,
such as in phytosterolemia, PS plasma concentrations remain at about 0.3–1.2 mmol/L
(approx. 12–48 mg/dL) [20,21]. Hence, PS concentrations never reach the level of plasma
cholesterol concentrations despite a comparable dietary intake. The main steps involved in
the intestinal absorption and biliary secretion of sterols (cholesterol and PSs) are depicted
in Figure 1.

PSs are found in free and, more so, esterified forms in all serum lipoprotein fractions
and in the bile [22–24]. Approximately two-thirds of plasma PSs are found in LDL particles,
while HDL seems to make the largest contribution to the transport of PSs from the intestine
to the liver [25].

 

Figure 1. Flux and homeostasis of sterols (cholesterol and non-cholesterol sterols) with a focus on in-
testinal absorption and biliary secretion (adopted and modified from [26]. ABCA1, ATP binding cassette
transporter A1; ABCG5/8, ATP binding cassette co-transporters G5 and G8; ACAT2, acetylcoenzyme-A
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cholesterol acyl transferase 2; CM, chylomicron; HDL, high-density lipoprotein; LDL-R, low-density
lipoprotein receptor; MTP, microsomal triglyceride transfer protein; NPC1L1, Niemann Pick C1-like 1
protein; SRBI, scavenger receptor class B type 1.

3. Phytosterolemia—An Inherited Disorder of Sterol Transport

Clarification of the pathophysiology of phytosterolemia has improved our under-
standing of phytosterol metabolism [2]. Phytosterolemia is caused by homozygous or
compound heterozygous defects in the genes ABCG5/sterolin-1 and ABCG8/sterolin-2
on chromosome 2p21 [27–32]. These genes encode the obligate heterodimeric ABC trans-
porters, ABCG5 and ABCG8, with the result that a defect in one of the two monomers
may cause a malfunction of the entire heterodimer. The ABCG5/G8 transporter pumps
sterols, such as cholesterol, but preferably PSs, from the apical surface of the enterocytes
back into the small intestine, as well as cholesterol and PSs from hepatocytes into the bile
ducts [5,33]. The excretion of PSs from the hepatocytes into the bile canaliculi is necessary
since, in mammalians, most PSs cannot be converted into bile acids and are subsequently
excreted [34,35].

Phytosterolemia has been considered a rare inherited disease. Worldwide, only some
100 phytosterolemia cases have been described limiting possible correlations to clinical man-
ifestations. However, based on recent advances in genetics, the prevalence of individuals
with detrimental mutations in ABCG5/G8 genes may be more than 1 in 200,000 individ-
uals [1]. Phytosterolemia may also be underdiagnosed because clinically it is difficult to
distinguish clinically from familial hypercholesterolemia (FH).

3.1. Plasma Sterol Concentrations and Cardiovascular Disease in Phytosterolemia

Characteristic symptoms of phytosterolemia, including severe hypercholesterolemia,
xanthomas, aortic stenosis, as well as fatal and non-fatal cardiac events, have been re-
ported predominantly in infants/children up to the age of adolescence, whereas these
complications are apparently not as frequent with increasing age. In adults, mostly low to
average plasma cholesterol concentrations have been reported, but LDL-C levels similar to
those in heterozygous FH have also been observed in some cases [36]. The pronounced
cardiovascular (CV) manifestations of homozygous phytosterolemia in children and ado-
lescents are possibly the result of extremely high plasma cholesterol concentrations of up to
more than 20 mmol/L (770 mg/dL). It has been suggested that the very high cholesterol
concentrations in childhood are caused by the immaturity of the mechanisms that limit
sterol intake [37]. Apparently, the effect is accentuated by a higher cholesterol burden in
breast-fed infants and high consumption of dairy products in childhood [38]. High LDL-C
during childhood has been described in several case reports as reviewed previously [14].
For example, in an 11-year-old with phytosterolemia, the plasma sitosterol concentration
was 0.7 mmol/L (approx. 28 mg/dL), but the tendinous and tuberous xanthomas were
similar to homozygous FH. The total plasma sterol concentration was 555 mg/dL and was
reduced to 221 mg/dL with a cholesterol-lowering diet [39]. Treatment with cholestyramine
resulted in total sterols of 173 mg/dL, the tuberous xanthomas disappeared, and the tendi-
nous xanthomas decreased, while plasma PSs remained elevated. A similar experience was
reported in two Japanese sisters with phytosterolemia whose xanthomas disappeared after
a cholesterol-lowering diet alone [40]. These cases underpin that cholesterol concentrations
can be extremely high in childhood phytosterolemia and are most likely responsible for the
atherosclerosis and CVD encountered in these patients [29,41].

The hypothesis of temporarily high blood cholesterol levels in phytosterolemia is
supported by the observation of several adult patients with phytosterolemia without
symptoms of atherosclerotic CVD whose plasma concentrations of cholesterol could be
well controlled, while their plasma PS concentrations were reduced by ezetimibe but not
normalized [42]. In a German outpatient lipid clinic, two clinically inconspicuous brothers
with phytosterolemia were monitored until their ninth decade, whereas another brother
died at the age of 20 of suspected FH [personal communication Frank-Ulrich Beil].
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After the first description in 1974 [22], more and more reports have been published
on patients with xanthomas and macrothrombocytopenia, homozygous or compound
heterozygous for mutations in the ABCG5 or ABCG8 gene, and thus biochemically and ge-
netically diagnosed phytosterolemia, but without evidence of clinically relevant atheroscle-
rosis [33,43–54]. Even in a family of a 13-year-old boy with phytosterolemia and severe
atherosclerotic disease who died from sudden cardiac death, some, but not all, affected rel-
atives developed premature ischemic heart disease [55]. In two sisters and three unrelated
patients with suspected homozygous FH at the ages of 4–8 years, phytosterolemia was di-
agnosed. Plasma concentrations of total cholesterol were between 409 and 805 mg/dL (10.6
and 20.8 mmol/L), and LDL-C was between 372 and 630 mg/dL (9.6 and 16.3 mmol/L) [56].
All these patients had xanthomas, and some had thrombocytopenia. While changes in the
diet and treatment with cholestyramine and ezetimibe resulted in LDL-C concentrations of
58 and 96 mg/dL [1.5 and 2.5 mmol/L), sitosterol and campesterol remained approximately
10 times higher than normal, ranging between 12 and 29 mg/dL (0.48 and 1.9 mmol/L).
However, up to the ages of 17–33 years, no clinical signs of atherosclerosis were found by
ultrasound examinations of the carotids, by coronary angiography or by cardiac computed
tomography (CT) calcium score. The carotid intima-media thickness (IMT) of the carotids
remained approximately constant at 0.45–0.54 mm [56]. This may suggest that any dam-
aging potential of plant sterols may be harnessed once LDL-C cholesterol is sufficiently
controlled by drug treatment, but obviously, systematic and challengeable evidence for this
is lacking.

A case of a 33-year-old female with chronic tendosynovitis, xanthoma, and elevated
LDL-C had campesterol and sitosterol concentrations of 7–12-fold and 20–38-fold higher,
respectively, above the upper limit of normal but showed no clinical evidence of premature
atherosclerosis [54]. The absence of atherosclerosis may again suggest that phytosterolemia
is not necessarily accompanied by premature vascular disease.

The mechanism underlying the high LDL-C concentrations in phytosterolemia has
not been understood. Possibly, the inability to limit cholesterol absorption due to defective
re-secretion of absorbed cholesterol into the gut lumen may increase the flux of intestinal
cholesterol into the liver, which may, in turn, down-regulate hepatic LDL receptor expres-
sion. Typical for phytosterolemia, plasma cholesterol concentrations decrease drastically
with a cholesterol-lowering diet. This was regarded as a diagnostic sign at the time before
PSs were measured, and phytosterolemia was named pseudo-homozygous FH [40,55,57].
A Korean infant, exclusively breast-fed, presented with phytosterolemia and developed
extensive intertriginous xanthomas in the third month of life. The infant’s serum total
cholesterol (675 mg/dL or 17.5 mmol/L) and LDL-C (540 mg/dL or 14 mmol/L) decreased
dramatically following a cholesterol-lowering diet and cholestyramine treatment. At three
years of age, LDL-C was 118 mg/dL (3.1 mmol/L), but the plasma sitosterol concentration
remained increased at 19 mg/dL (0.76 mmol/L, while the xanthomas had completely
disappeared [58]. The infant’s five-year-old sister with the same PS phenotype was asymp-
tomatic, suggesting that mechanisms other than the PS concentration should be responsible
for the clinical manifestation of the disease.

The observed extreme plasma cholesterol elevations seen in childhood may not be
encountered when the initial diagnosis is made later in life. It is conceivable that the devel-
opment of atherosclerosis is initiated during childhood, resulting in CV events in childhood
and young adulthood, at a time at which plasma PSs and cholesterol concentrations have
already declined so that a definite correlation between events and plasma sterol concentra-
tions is not apparent [42]. At an adult age, the regulatory mechanisms of sterol intake will
become effective, resulting in a decrease of both PS and cholesterol intake and enabling
the normalization of the plasma cholesterol concentration through dietary changes and
targeted therapy. For example, a normocholesterolemic phytosterolemia patient with a total
cholesterol concentration of 192 mg/dL (5.0 mmol/L) had to undergo bypass surgery at the
age of 29. He was primarily diagnosed with FH, suggesting that he had very high LDL-C
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concentrations in his younger years and that during that time, major vascular damage had
occurred [45].

Clinically, infants heterozygous for phytosterolemia are not affected, while homozy-
gous infants may develop xanthomas of the patella and Achilles tendons, the extensor
tendons of the hand, and tubero-eruptive xanthomas at the elbows, or other pressure-
bearing areas. These xanthomas, however, may disappear with increasing age in response
to diet and, if necessary, medical therapy [6,48,59]. Next, fatal and non-fatal coronary
events, as well as aortic stenoses, have been reported, mainly in children from the age of
five up to young adulthood [14,22,55,60].

3.2. Heterozygous Phytosterolemia and Plasma Phytosterol Concentrations

Due to the redundant defense mechanisms outlined above, heterozygotes for mu-
tations in the genes of the ABCG5/G8 transporter are clinically asymptomatic, despite
slightly elevated plasma PSs [6]. Whether plasma PS concentrations increase in affected
individuals, who consume PS-enriched foods with their diet, has been repeatedly examined.
For example, two studies with obligate heterozygotes for phytosterolemia consuming a
low-fat diet (American Heart Association Step 1 Diet) containing 2.2 g/day of PSs reported
an increase in average plasma PS concentrations from 0.9 mg/dL to 1.7 mg/dL (0.04 to
0.07 mmol/L), whereas LDL-C decreased by about 16 mg/dL (0.41 mmol/L) [61]. The
individually highest levels for campesterol plus sitosterol of about 2 mg/dL (0.08 mmol/L)
increased after intake of PS-enriched margarine to about 3.4 mg/dL (0.14 mmol/L). On
average, campesterol concentrations roughly doubled, while sitosterol concentrations in-
creased by about 50%. Similar results were also found in other studies with individuals
heterozygous for phytosterolemia [62,63]. These changes are in the range of those reported
for individuals without evidence of heterozygous phytosterolemia (an increase in sitosterol
of 17–50% and in campesterol of 72–114%) [61].

At the same time, the effect of dietary PS intake on plasma LDL-C lowering in heterozy-
gotes for phytosterolemia is comparable to that of non-genetically affected individuals and
can even be significantly higher in the presence of certain mutations in the ABCG5/G8 and
NPC1L1 genes [63]. For instance, in the ABCG8 1289 C > A (T400 K) polymorphism, the A
allele carriers with high basal plasma PS concentrations demonstrated a 3.9-fold greater
reduction in LDL-C than their low basal plasma PS counterparts [63]. It can therefore be
speculated that individuals with increased intestinal sterol absorption due to heterozygous
mutations in the ABCG5/G8 genes may benefit from a higher dietary PS intake at the extent
of any unaffected individual (or even more) due to the reduction of cholesterol absorption.
This is supported by the finding that individuals with high cholesterol absorption may
benefit more from the inhibition of cholesterol absorption by PS supplementation [18,64,65].

In a recent study, rare heterozygous loss-of-function (LoF) variants in ABCG5 or
ABCG8 were associated with blood lipids and CVD risk [66]. Compared to non-carriers, car-
riers of heterozygous LoF variants in ABCG5 had higher plasma sitosterol and ~25 mg/dL
higher LDL-C and were at a two-fold higher risk of CAD [66]. Moreover, the impact of
heterozygous LoF carrier status on CVD risk was proportional to the effect on LDL-C ele-
vation. Therefore, LDL-C rather than sitosterol may have been the key driver of accelerated
atherosclerosis.

Taken together, accumulating evidence, including cases of infants with phytosterolemia
and elevated LDL-C as well as progression/regression of xanthomas, reveal that the ele-
vation of LDL-C may be the major cause for the development of atherosclerosis, and not
elevated PS concentrations [1].

3.3. Phytosterol Concentrations in Tissues and Risk of Atherosclerosis

Interestingly, an increase in plasma PSs does not lead to specific enrichment of PSs
in tissues, as the PS-to-cholesterol ratio is identical in plasma and in all tissues examined,
including xanthomas, arterial walls, and aortic valves [22,67]. An exception is the hu-
man brain since it is not or only marginally accessible for PS [47]. Feeding mice with
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a PS-enriched diet over 6 weeks resulted in an increase in the concentration mainly of
campesterol in the brain [68]. However, this does not correspond to the results in humans.
In autopsies of patients with phytosterolemia, the brain was explicitly excluded from PS
accumulation [47]. In line with these observations, there are no neurological dysfunctions
reported in patients with phytosterolemia.

Plasma and tissue from elective endarterectomies of patients, who had consumed
foods enriched with PSs, showed, as expected, a slightly higher PS content, while the
PS-to-cholesterol ratio corresponded to that of plasma [69]. This observation holds even
for individuals with homozygous phytosterolemia. While plasma PS concentrations are
significantly increased in these patients, cholesterol still accounts for 80% of sterols. Hence,
PSs are not over-represented in xanthomas of phytosterolemia patients; rather, they contain
about 80% of sterols as cholesterol, in parallel to their plasma concentrations [22,47,60].

These findings indicate that the tissue PS concentrations merely passively follow the
plasma levels, as is also the case for other lipids like fatty acids. Interestingly, despite high
circulating levels, at least at a young age, sterols do not accumulate in parenchymal organs
in patients with phytosterolemia but only in vessel walls, cardiac valves, tendons, and the
skin [47].

The study by Horenstein et al. [70] valuated the association of being a carrier of the
heterozygous G574R in ABCG8 with sub-clinical atherosclerosis as assessed by ultrasound
measurement of carotid IMT. ABCG8 G574R carriers have moderately elevated plasma
PS, but compared with non-carriers, decreased carotid IMT, suggesting that a moderate,
life-long elevation in plasma PS is not associated with accelerated atherosclerosis and may
even be protective.

In summary, there is no evidence that PSs are deposited preferentially of cholesterol
in the vessel wall, nor is there evidence for a stronger atherogenicity of PSs compared
to cholesterol. Epidemiologic and genetic studies in humans without phytosterolemia or
heterozygous variant carriers revealed no evidence of an increased risk of atherosclerosis
in individuals with moderately elevated plasma PS concentrations.

3.4. Phytosterolemia to Evaluate Effects of Dietary Phytosterol Intake

As outlined above, phytosterolemia has often been advocated as a model to infer
the possible effects of dietary PSs. The changes in blood lipids seen in affected patients,
however, mainly appear to be due to a compromised biliary secretion of PSs and choles-
terol rather than an increased intestinal uptake of PS. This has been learned from studies
following liver transplantation as a treatment of phytosterolemia [71]. Increased cholesterol
absorption and impaired biliary cholesterol secretion in phytosterolemia may be compen-
sated by a markedly diminished to non-measurable endogenous cholesterol biosynthesis
with unchanged bile acid synthesis, which counteracts hypercholesterolemia at least in
adults [45].

In individuals with phytosterolemia, plasma PS concentrations increase relatively
more than plasma cholesterol concentrations. So, what can be learned from cases with
phytosterolemia, except that the possible effects of dietary PSs are debatable? First, plasma
PS concentrations of 10–65 mg/dL (0.3–1.2 mmol/L) have never been reached by the
consumption of foods enriched with PS. Next, phytosterolemia leads to the accumulation
not only of the two main PS sitosterol and campesterol but also of other xenosterols such as
stigmasterol, brassicasterol, and avenasterol, which may have various effects on their own,
even at low concentrations [19].

In phytosterolemia, the circulating concentration of cholesterol quantitatively prepon-
derates and can reach considerable levels. This phenomenon is especially prominent in
infant and child cases, as discussed above. In children with homozygous phytosterolemia,
extremely high cholesterol levels have been observed in the range similar to those with
severe homozygous FH, which can lead to fatal myocardial infarction as early as 5 years
of age [10,14,29,36,72]. Therefore, phytosterolemia has also been referred to as pseudo-
homozygous FH [40,57].
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In a study of untreated children and adolescents with homozygous phytosterolemia
aged six months to eleven years, the mean plasma sitosterol concentration was 25.5 mg/dL
(0.61 mmol/L) and that of campesterol 12.8 mg/dL (0.32 mmol/L) [14]. In contrast, total
cholesterol was about 490 mg/dL (12.7 mmol/L), hence a considerably stronger relative
increase than that of PSs. In adults with homozygous phytosterolemia, total cholesterol
concentrations were significantly lower than those of younger patients [73].

More recently, cases of phytosterolemia have increasingly been diagnosed in adults
without manifest vascular disease due to other consequences of PS accumulation, mostly
hematological changes. Rare exceptional cases with arthralgia, endocrine and hepatic dys-
functions have been described as well as one case of a xanthoma in the spinal canal [73,74].

3.5. Can Thrombocytopenia Be Used to Define a Threshold of Phytosterol Toxicity?

Hematological manifestations of phytosterolemia, such as macrothrombocytopenia with
bleeding tendency, hemolytic anemia with stomatocytes and splenomegaly, have been de-
scribed in children and adults because of symptoms or incidental findings [22,33,43–49,51].
Apparently, these symptoms are direct consequences of the alteration of the cell membrane
by very high PS concentrations, as has been demonstrated experimentally [50]. In plants,
PSs are the equivalent of cholesterol, from which they differ only by modifications in the
aliphatic side chain. The incorporation of PS into cell membranes may lead to increased
rigidity, which may explain particularly the hematological sequels of pathologically high
PS concentrations, but not necessarily all their effects [13,52,72,75–84].

Macrothrombocytopenia appears to be a sensitive marker for increased PS concentra-
tions. In 13 Chinese adult patients with phytosterolemia and a mean age of 44 years (23 to
61 years) from eight unrelated families, common leading symptoms included macrothrom-
bocytopenia and hemolytic anemia with stomatocytes. In eight of these patients, xanthomas
were found, and only two had coronary heart disease, although serum sitosterol and stig-
masterol concentrations averaged 58 and 55 mg/dL, respectively. Also, five of these patients
had LDL-C concentrations of 200 mg/dL and higher, i.e., in the range of heterozygous
FH [36,53]. These symptoms improved following cholesterol reduction with cholestyramine
and a diet with reduced PS intake.

A reduction of circulating PSs with ezetimibe can increase platelet count and decrease
platelet volume. Based on clinical experience and experimental studies, macrothrombocy-
topenia normalizes around a PS concentration of ≤15 mg/dL, while pathological changes
are observed at levels of >15 mg/dL [50,85]. The pharmacological reduction of PSs, in
addition to the reduction of cholesterol, is certainly useful once plasma levels reach the toxic
range >15 mg/dL [86,87]. However, ezetimibe may not fully normalize thrombocytopenia
in every case. In addition, ezetimibe does not appear to be effective in infants and young
children, possibly due to insufficient glucuronidation at this age [59].

The threshold of >15 mg/dL plasma concentration is so high that an intake of PSs
with enriched foods is not likely to have an influence on thrombocytes or on the osmotic
fragility of erythrocytes [88]. In homozygous phytosterolemia, the toxic concentration of
PSs between 15 and 30 mg/dL, according to clinical criteria, can usually be undercut by
appropriate nutrition and other adequate therapy, thanks to the apparent change in the
response to the genetic predisposition in adulthood [86]. In heterozygous individuals, this
toxic range is never reached, just as in the case of non-affected individuals, even if the
consume a PS-enriched diet [20,27,28,61,62].

4. Phytosterols in Animal Models for Atherosclerosis

A possible relationship between circulating PS concentrations and CV risk was also
investigated in various animal models [3,89]. Mice with a defect of the ABCG5/G8 trans-
porter do not develop atherosclerosis [90]. Feeding of very high doses of PS to LDL receptor
knockout mice (LDR +/−) and apolipoprotein E knockout mice (ApoE−/−) was associ-
ated with reduced development of atherosclerotic plaques [91–93]. The experimental PS
application in this mouse model corresponded to an intake in humans of 200–250 g per day,
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which makes it difficult to compare with the effects possibly achievable with PS intakes
of 2–3 g daily in humans. Severe toxic effects are reported only in mice with a double
knockout of both the ABCG5 and the ABCG8 transporter, in which plasma PS levels rose
to 250 mg/dL by feeding a PS-rich chow diet and in which PSs constituted 75% of the
total sterols [83]. Toxic reactions under those artificial conditions are not surprising since,
otherwise, nature would not have designed multiple mechanisms for the elimination of
PSs from mammals.

Nevertheless, the effectiveness of PS consumption for reducing atherosclerosis is
supported by the results of animal experiments [89], which would not occur if PSs were
more atherogenic than cholesterol. Still, PSs may be as atherogenic as cholesterol on a molar
basis since ezetimibe administration which lowers PSs to some extent, appears to be more
effective than PS feeding in reducing the development of atherosclerotic plaques at equal
total cholesterol concentrations in mice [92]. However, the concentrations of atherogenic
lipoproteins have not been determined in those experiments. Furthermore, no additional
effect of ezetimibe beyond that mediated via LDL-C reduction has been observed in clinical
trials in humans [94,95].

There are yet other reasons that the results from animal experiments cannot be extrapo-
lated to humans; in rodents, most xenosterols and cholesterol are transported in HDL rather
than in LDL, and LDL may not be the major atherogenic particles in these animals. Further,
not all aspects of murine atherosclerosis are identical to humans [96], and the regulation
of lipoprotein metabolism differs vastly from that in humans in that, e.g., mice respond
conversely to drugs like statins and fibrates [96,97]. Apart from that, many experiments
have been carried out with excessively high PS doses.

5. Are plasma Phytosterol Concentrations Associated with Cardiovascular Risk?

5.1. Evidence from Observational Studies

Based on the suspicion of increased CV risk in individuals with phytosterolemia [47],
several observational studies utilizing different cohorts assessing the association between
plasma PS concentration and CV risk were carried out. The PROCAM (PROspective CAr-
diovascular Münster) study revealed a positive correlation between plasma sitosterol but
not campesterol concentrations and CV risk [98]. In contrast, in the LASA (Longitudinal
Ageing Amsterdam) study [99], the CORA (The COronary Risk factors for Atheroscle-
rosis in women study) study [100], a Finnish study [101], and the Spanish EPIC cohort
study [102], increasing plasma PS concentrations were correlated with a low CV risk. In
a study with younger participants, an increasing PS-to-cholesterol ratio was associated
with lower IMT of the carotid arteries as a surrogate marker of atherosclerosis [103]. The
LURIC (Ludwigshafen Risk and Cardiovascular Health) study [104,105] and the Framing-
ham Offspring Study [106] both found a weak positive correlation between plasma PS
concentrations and CV risk. In contrast, in the Finland Helsinki Businessmen cohort study,
higher PS concentrations in middle-aged men predicted a longer life expectancy [101]. A
meta-analysis including 17 studies (sample size ranging from 40 to 2440, with 11,182 study
participants in total) revealed no consistent correlation between plasma PS concentrations
and CV risk [107].

The heterogeneity of these observational findings may be explained by differences
in the prevalence of numerous factors that influence the physiological plasma concen-
trations of cholesterol and PS. In healthy individuals, plasma concentrations of campes-
terol may vary between 0.28 and 1.19 mg/dL and those of sitosterol between 0.12 and
0.66 mg/dL. Thus, the total of these two quantitatively dominating PS varies between
0.39 and 1.85 mg/dL [16]. Based on published data, individuals heterozygous for phytos-
terolemia reached maximum PS concentrations of up to 3.0 mg/dL, while in homozygotes
or combined heterozygotes, PS concentrations were up to 65 mg/dL (Figure 2). Factors that
influence the plasma concentrations of cholesterol and PS are, for example, the apolipopro-
tein E-phenotype and polymorphisms in the ABCG5/G8 transporters as well as in NPC1L1,
but above all, different non-standardized analytical methods for the measurement of PSs in
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plasma or serum [16]. Such factors may impact the reported concentrations of cholesterol
and PSs as well as their ratio. The differences in PS intake in omnivores, vegetarians, or
vegans have only a minimal influence on the plasma PS concentrations, while cholesterol
may substantially differ [108]. Individuals with diabetes mellitus and metabolic syndrome
have lower plasma PS concentrations, possibly due to lower intestinal cholesterol absorp-
tion, while the effects of these conditions on CVD risk are the opposite [16]. Statins and
ezetimibe lower cholesterol, while ezetimibe lowers PSs as well but does not decrease CV
risk more than statins when normalized to the magnitude of LDL-C reduction [94,109].

 

Figure 2. Plasma concentrations of total cholesterol and sitosterol in heterozygous (parents) and
homozygous phytosterolemia cases versus unaffected siblings and unrelated controls (according
to [28]).

In fact, the positive associations between PSs and CV risk, which were observed in some
studies, may be because PSs are surrogate markers of the uptake of any sterols, including
cholesterol, from the intestine [103,104,106]. A cross-sectional study with 270 asymptomatic
individuals found a direct association of campesterol with carotid atherosclerotic plaques
and an inverse association with the rates of cholesterol synthesis/absorption, suggesting
that increased absorption and decreased synthesis of cholesterol, in general, are associated
with carotid atherosclerosis [110].

5.2. Evidence from Genetic Epidemiology

Genetic variations in sterol transporters, which cause increased plasma concentrations
of PSs, not only result in higher uptake and higher plasma concentrations of PSs but
also in pleiotropically increased intestinal cholesterol absorption and subsequently higher
plasma concentrations of LDL-C [111,112]. This may explain the correlation between
increased plasma concentrations of PSs and CV risk in some Mendelian randomization
studies [113]. The differences in the concentration of PS-transporting lipoproteins can
have a fundamental impact on CVD patients compared to healthy controls as well. For
example, higher HDL-cholesterol concentrations in healthy study participants may result
in higher PS concentrations compared to patients with CVD and low HDL cholesterol [100].
So far, none of the observational studies distinguished between phytosterols in HDL and
LDL particles.

Results from Mendelian randomization studies of mutations in the genes of the
ABCG5/G8 transporter have been repeatedly interpreted as showing a causal relationship
between increased phytosterol absorption and coronary heart disease, even though these
transporters regulate the uptake of all xenosterols, i.e., dietary non-cholesterol sterols, and
of dietary cholesterol [111]. In the case of such pleiotropy, the principle of Mendelian ran-
domization only allows us to derive correlations with the gene of interest but not with one
of several gene products or one of their several functions. In recognition of this limitation,
the interpretation of the Mendelian randomization studies needs to be revised in that they
do not prove a causal link between phytosterol concentrations and CVD [114].
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Utilizing data from three studies of individuals of European origin from Iceland,
Denmark, and the UK Biobank, Helgadottir et al. [115,116] investigated whether variability
in cholesterol and PS absorption impacts the risk of CVD, using sequence variants of
the ABCG5/8 genes. They concluded that the impact of ABCG5/8 variants on CVD
cannot be fully explained by non-HDL-cholesterol and that other sterols, e.g., PSs, may
contribute directly to atherogenesis. This conclusion, namely that the unexplained CVD
risk is caused by absorbed PSs, has been questioned [117]. Moreover, plasma concentrations
of cholestanol, a validated biomarker of intestinal cholesterol absorption, have not been
reported. This would allow us to differentiate the impact of elevated PS concentrations
versus increased intestinal overall sterol absorption on CVD risk.

A recent genome-wide meta-analysis of 32 PS traits reflecting cholesterol absorption,
synthesis and esterification confirmed established associations between CVD and ABCG5/8
and ABO (blood group gene) next to showing an extended locus heterogeneity at ABCG5/8
with different functional mechanisms [118]. Subsequent Mendelian randomization analyses
revealed a risk-increasing causal relationship between serum sitosterol concentrations and
CVD, which was partly mediated by cholesterol. A direct and indirect causal effect of
sitosterol on CVD risk was concluded [118].

In contrast, the results of the Copenhagen City Heart Study (CCHS) and the Copen-
hagen Ischemic Heart Disease Study (CIHDS) support the hypothesis of a relationship
between absorbed cholesterol and CV risk [119]. It was shown that single nucleotide
polymorphisms (SNPs), which increase sterol uptake and thus also intestinal cholesterol
absorption, also result in reduced biliary cholesterol excretion and increased plasma LDL-C
concentrations, which in turn are associated with an increased risk of coronary events and
a reduced risk of gallstone formation [119]. It is noteworthy in this context that the increase
in LDL-C was sufficient to explain the increased CV risk [119].

High cholesterol absorption has also been associated with increased CV risk in
hemodialysis patients [120] and with the occurrence of in-stent restenosis [121].

Taken together, the findings from Mendelian randomization studies do not provide
convincing evidence that the metabolic effects on CVD risk of variants in ABCG5/8 and
others (ABO) are mediated by plasma PSs but rather by LDL-C or, more specifically, by
an increased flux of intestinal cholesterol at the expense of hepatic de novo cholesterol
biosynthesis even at a given steady state LDL-C concentration.

Essentially, three non-cholesterol surrogate markers have been suggested for the
intestinal input of cholesterol into the body, namely the ratios of sitosterol, campesterol or
cholestanol to cholesterol. None of them reflects cholesterol excretion into the bile. While
sitosterol and campesterol are poorly absorbed plant sterols (phytosterols), cholestanol is
a cholesterol degradation metabolite. While ideally, all of them should be reported, the
cholestanol to cholesterol ratio is preferable since it is not affected by the supply of plant
sterols with the food.

So far, none of the Mendelian randomization studies has so far reported cholestanol
concentrations, which would have helped to distinguish between the risks conferred by
PSs or by a high overall rate of sterol absorption. Thus, any PS-CVD association may also
be explained by higher cholesterol absorption and reciprocally lower cholesterol synthesis
rates which become measurable by surrogate markers such as sitosterol, campesterol and
cholestanol for cholesterol absorption and plasma/serum lathosterol and desmosterol for
cholesterol synthesis [122].

6. Do Phytosterol-Enriched Foods Increase the Risk of Atherosclerosis?

An important question is whether PSs can increase the risk of CVD when the average
intake of about 300 mg per day with a habitual diet is increased to 2.5–3 g per day through
PS supplements or PS-enriched foods. Several decades ago, the safety of the administration
of up to 45 g/day of PSs (in non-esterified formulation) was tested over 16 weeks, and
doses of up to 18 g/day were used particularly in pediatric medicine for decades to treat
hypercholesterolemia [123–125]. However, this clinical experience can certainly not rule
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out an atherogenic effect of slightly increased plasma PS concentrations. In recent years,
a daily PS intake of up to 9 g/day with fortified foods was tested. Daily PS doses of
2–4 g/day were administered in clinical studies for up to 85 weeks without clinically
apparent adverse effects. [126,127]. Yet, the duration of these trials was certainly too short
to allow conclusions about long-term atherogenic effects.

Through the redundant defense mechanisms described above, the plasma concentra-
tions of PSs increase only slightly following consumption of PS-containing supplements or
fortified foods and never reach levels as high as seen in patients with homozygous phytos-
terolemia (Figure 3). A meta-analysis of 41 randomized controlled trials with 55 treatment
groups in a total of 2084 participants showed that an average PS intake of 1.6 g/day in the
form of fortified foods increases plasma concentrations of sitosterol and campesterol by on
average 31% and 37%, respectively [128]. In absolute terms, this corresponds to an increase
in plasma concentrations of sitosterol of 2.24 μmol/L (0.092 mg/dL) and of campesterol
of 5.00 μmol/L (0.20 mg/dL). This compares to a reduction of total cholesterol or LDL-
C of 5.9% or 8.5%, respectively, corresponding to an absolute decrease of 0.36 mmol/L
(13.9 mg/dL) and 0.33 mmol/L (12.8 mg/dL), respectively. [128]. In the highest PS dose
range (2.0–3.2 g/day), sitosterol and campesterol were raised by an average of 3.56 μmol/L
(0.15 mg/dL) and 7.64 μmol/L (0.31 mg/dL), respectively. Thus, the proportion of PSs
remained clearly below 1% of the total sterol content in the blood.

 

Figure 3. Plasma concentrations (baseline and after phytosterol (PS) intake) of campesterol and
sitosterol in the general population and in individuals heterozygous for phytosterolemia versus in
patients homozygous for phytosterolemia. a based on data from 41 human intervention studies [128].
b based on four studies regarding individuals with heterozygous phytosterolemia [18,61,62,129].
c based on cases with homozygous phytosterolemia [20,21].

Taken together, the LDL-C lowering effect of 6–12% achieved by the consumption
of PS-enriched foods reflects a decrease of plasma cholesterol that is 20–40 times higher
than the parallel occurring increase in the PS concentration. Thus, PSs would need to
have a 20–40 times higher atherogenicity than cholesterol to cancel the positive effect of
cholesterol reduction. Yet, there is no apparent evidence for this. Based on the knowledge
of the large variability of plasma PS concentrations, ranging from 0.50 to 2 mg/dL, a
higher intake or higher plasma concentrations of PSs, do not necessarily indicate a higher
risk for atherosclerotic CVD [130]. This is in line with the findings of a meta-analysis of
observational studies, which failed to show any association between plasma PS levels
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concentrations and CV events [107]. Average concentrations of circulating PS for the first
vs. third tertiles were 0.17 and 0.57 mg/dL (4 and 12 μmol/L) for campesterol and 0.13 and
0.38 mg/dL (3 and 10 μmol/L) for sitosterol, which is about a three-fold difference [107].
For comparison, plasma PS concentrations at baseline and after several weeks of intake of
foods with added PS increased from 0.52 to 0.71 mg/dL (13–18 μmol/L) for campesterol
and from 0.29 to 0.38 mg/dL (7–9 μmol/L) for sitosterol [128]. This magnitude of variation
in circulating PS concentrations was covered by the meta-analysis of Genser et al. [107],
which found no association.

The increases in dietary PS intake or in the plasma PS-to-cholesterol ratio, respectively,
caused by vegetarian diets or by taking statins, are associated with reduced CV risk and
support the concept that minor increases in plasma PS concentrations do not trigger
atherosclerosis. This is in line with the experience that no increased cardiac risk is known
for the heterozygosity for phytosterolemia despite doubling plasma PS concentrations [6].
A lack of effect on CV risk is further reflected in intervention studies with ezetimibe, in
particular the IMPROVE-IT and the HIJ-PROPER trials [94,131]. These studies showed
no further reduction of CV events that goes beyond what can be expected by the LDL-C
reduction alone despite the additional PS reduction. Interestingly, statin intake has been
found to be associated with increased PS concentrations in plasma and muscle tissue
despite the reduction in CV risk [109,132,133].

7. Conclusions

The synopsis of published data shows that phytosterolemia is primarily a pediatric
disease that manifests in early infancy and may extend into late adolescence. In homozy-
gous familial phytosterolemia, atherosclerosis appears to be mainly due to extremely high
plasma LDL-C concentrations during childhood, of which the CV consequences may still
become manifest later in life. In some cases, hematologic changes may persist into old
age. No pathological changes have been described with plasma PS concentrations less
than 15 mg/dL. Therefore, phytosterolemia provides no apparent evidence that the more
modest increases in plasma PS concentrations induced by the consumption of PS-enriched
foods might have undesirable effects that may outweigh the 20–40-fold greater reduction
of LDL-C.

Evidence from CV endpoint studies that PS consumption also lowers the risk of
CVD beyond the known LDL-C lowering effect is, however, not available. Such a large-
scale outcome study of foods with added PS for CVD prevention in the setting of low
to intermediate risk is likely not practically feasible, given the large number of study
participants (>50,000) and the long duration (>5 years) that would be required for adequate
power [3].
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Abstract: Emerging studies in the literature describe an association between high-fat, low-carbohydrate
diets and severe hypercholesterolemia consistent with the levels observed in patients with (homozy-
gous) familial hypercholesterolemia (FH). High levels of low-density lipoprotein cholesterol (LDL-C)
may result from the reduced clearance of LDL particles from the circulation, the increased production
of their precursor, or a combination of both. The increased intake of (saturated) fat and cholesterol,
combined with limited to no intake of carbohydrates and fiber, are the main features of diets linked
to hypercholesterolemia. However, several observations in previous studies, together with our
observations from our lipid clinic, do not provide a definitive pathophysiological explanation for
severe hypercholesterolemia. Therefore, we review these findings and possible pathophysiological
explanations as well as opportunities for future research. Altogether, clinicians should rule out
high-fat, low-carbohydrate diets as a possible cause for hypercholesterolemia in patients presenting
with clinical FH in whom no mutation is found and discuss dietary modifications to durably reduce
LDL-C levels and cardiovascular disease risk.

Keywords: carnivore diet; ketogenic diet; low-carbohydrate diet; high-fat diet; LDL cholesterol;
familial hypercholesterolemia; cardiovascular disease

1. Introduction

The notion that circulating low-density lipoprotein cholesterol (LDL-C) causes atheroscle-
rotic cardiovascular disease (ASCVD) is firmly rooted in evidence from genetic, epidemio-
logical, and clinical studies [1]. Interestingly, some of the earliest lines of evidence were
derived from experimental studies involving the modification of plasma cholesterol levels
through diet. The pioneering groundwork for cholesterol’s involvement in atherosclerosis
can be traced back to St. Petersburg in 1913, when a young experimental pathologist
named Anitschkow induced atherosclerosis in rabbits by feeding them purified cholesterol
dissolved in sunflower oil. Control animals fed only the sunflower oil showed no lesions [2].
In the following decades, evidence accumulated that unraveled the relationship between
(dietary) cholesterol, atherosclerosis, and potential options for treatment [3]. Over a century
after Anitchkow’s seminal observations, the interplay between diet and (severe) dyslipi-
demia is still of special scientific interest, specifically concerning high-fat, low-carbohydrate
diets, which is the topic of the narrative review presented here.

Epidemiological observations in large, cross-cultural prospective studies from the
general population have been instrumental in linking the intake of fat and cholesterol with
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plasma cholesterol levels and the incidence of coronary events [4,5]. The first recommen-
dations on dietary intervention to prevent cardiovascular disease were proposed by large
professional medical associations in the 1960s [6], and it has now been widely acknowl-
edged that diet has a modest yet meaningful influence on LDL-C levels on a population
level [7,8]. The first data to show that cholesterol uptake in the intestine was amenable
to a pharmacotherapeutic intervention were derived from the Coronary Primary Preven-
tion Trial, published in 1984. This landmark placebo-controlled randomized clinical trial
showed that the bile acid sequestrant cholestyramine, which helps remove cholesterol from
the enterohepatic circulation, lowered LDL-C levels and reduced cardiovascular events in
3806 asymptomatic middle-aged men with primary hypercholesterolemia [9].

Bile acid sequestrants have since then been surpassed by statins and other more
effective pharmacological lipid-lowering therapies, but dietary modifications continue to
be highlighted in the most recent clinical guidelines for the prevention of cardiovascular
disease [10–12], partly due to their LDL-lowering effect [7,13]. More specifically, guidelines
recommend plant-based and Mediterranean-type diets containing vegetables, nuts, whole
grains, and fish rich in unsaturated fats and dietary fibers, while the intake of processed
meat, deep-fried foods, ice cream, high-fat dairy products, refined carbohydrates, and
sweetened beverages high in saturated fatty acids (SFAs), cholesterol, trans-fatty acids
(TFAs), sodium, and glucose should be avoided or kept to a minimum.

Besides observational and interventional data on cholesterol intake or reuptake in
large study populations, understanding the link between plasma LDL-C, atherosclerosis,
and treatment thereof has hugely progressed through the study of patients with extremely
elevated plasma LDL-C levels due to genetic causes [3,14]. Patients with familial hyper-
cholesterolemia (FH), an autosomal dominant inherited disorder caused by variants in
the genes involved in lipoprotein metabolism [15], have elevated LDL-C levels from birth,
which are more than double the LDL-C levels observed in patients from the general popu-
lation [16,17]. In general, such high LDL-C levels are not observed in healthy individuals
who adhere to a dietary pattern rich in fat and cholesterol.

Sparked by striking observations from our own clinical practice, we review the avail-
able evidence of high-fat, low-carbohydrate diets linked to severe dyslipidemia that may
be mistaken for (clinical) FH. We discuss this phenomenon in light of possible pathophysio-
logical explanations, point out knowledge gaps for future research, and provide practical
recommendations to clinicians who encounter such patients.

2. High-Fat, Low-Carbohydrate Diets: Examples from the Lipid Clinic

2.1. Carnivorous Diet

Two brothers aged 33 years old (patient 1) and 28 years old (patient 2) were referred
by their general practitioner to a university lipid clinic because of severe hypercholes-
terolemia. Upon referral, the LDL-C levels reported by the general practitioner were 15
and 12 mmol/L, respectively.

Both patients had an unremarkable medical history, used no medication, and had no
family history of dyslipidemia or (premature) cardiovascular disease. Patients reported
exercising regularly (approximately 4×/week, including resistance training) and had a
muscular physique with a body mass index (BMI) of 26.2 and 27.3, respectively.

Physical examination was normal and did not specifically show visible cholesterol
depositions in the form of xanthomas, corneal arcus, or xanthelasmata.

A fasting blood sample was obtained, and laboratory evaluations showed elevated
LDL-C of 15.02 mmol/L and 8.59 mmol/L (patients 1 and 2, respectively, Table 1). We
ruled out hypothyroidism and proteinuria as secondary causes of hypercholesterolemia.
Liver enzymes were within the upper limits of normal. We suspected familial hypercholes-
terolemia (FH), possibly even in a homozygous form, as the underlying genetic cause and
performed the next-generation sequencing of 27 lipid-related genes [16]. However, no
pathogenic variants in any of these genes were found.
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Dietary anamnesis revealed that both patients had started a carnivorous diet approxi-
mately one year prior to presentation to the lipid clinic. This diet consists solely of meat
(mostly red) and high-fat dairy products. The calculated energy intake from carbohydrates
on a typical day was <3 E-% (6 g/d), meaning that this diet was strongly ketogenic. The
intake from protein and fat was 37 E-% and 61 E-%, respectively (see Appendix A).

Although no lipid profiles were available prior to the initiation of the carnivore diet,
we suspected this diet to cause an abnormal lipid profile. We strongly advised the patients
to adopt a regular, balanced dietary pattern (including carbohydrates and vegetables) and
explained the risks of prolonged exposure to such elevated LDL-C levels. However, both
decided to continue the carnivore diet and decided against starting lipid-lowering therapy
as an alternative way to reduce the elevated LDL-C levels.

We performed fast protein liquid chromatography (FPLC) using stored plasma. This
showed disproportionately elevated very-low-density lipoprotein (VLDL) and intermediate-
density lipoprotein (IDL) fractions, which suggested that the overproduction of VLDL
contributed to hypercholesterolemia (Figure 1).
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Figure 1. Results of the total cholesterol distribution in plasma after fast protein liquid chromatogra-
phy (FPLC) profiling from patient 1 and patient 2 compared with that of pooled plasma from healthy
subjects. The elution of the main lipoprotein classes is indicated for very-low-density lipoprotein
(VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL), and high-density
lipoprotein (HDL), respectively.

To better understand the effect of this diet on glucose metabolism, we measured fasting
levels of glucose, insulin, and c-peptide and calculated the HOMA-IR to gauge the level
of insulin sensitivity. Insulin and c-peptide were close to the lower limit of normal, and
HOMA-IR was found to approximate >95th percentile, compared with a relevant reference
population [18], which suggested good to very good insulin sensitivity.

We investigated whether a copious intake of dietary fatty acids and cholesterol would
overwhelm the hepatic triglyceride and cholesterol pools and manifest as hepatic steato-
sis. We performed vibration-controlled transient elastography (VCTE) using FibroScan®

530 Compact (Echosens, France) estimated liver stiffness measurement (LSM) and con-
trolled attenuation parameter (CAP) in the right liver lobe of both patients but found no
signs of liver fibrosis or steatosis. Liver MR spectroscopy subsequently confirmed the near
absence of liver fat in both patients.

We performed a carotid ultrasound, which revealed intima–media thickening sugges-
tive of the early development of atherosclerosis.

179



Nutrients 2023, 15, 962

Table 1. Summary of laboratory and imaging results derived from patients 1 and 2 adhering to a
carnivore diet.

Patient 1 Patient 2 Reference Range

BMI (kg/m2) 26.2 27.3 18.5–25
Total cholesterol (mmol/L) 16.81 10.88
HDL cholesterol (mmol/L) 1.53 2.00
LDL cholesterol (mmol/L) 15.02 8.59

Triglycerides (mmol/L) 0.57 0.65 <1.80
ApoB (mg/dL) 321 186 <120

ApoA1 (mg/dL) 156 188
Lp(a) (nmol/L) 18 7 <105

Glucose (mmol/L) 4.3 5.0 <6.0
Insulin (pmol/L) 16.4 17.5 12–96

C-peptide (nmol/L) 0.19 0.19 0.2–0.8
HOMA-IR 0.5 0.6 <2.0

FibroScan CAP (dB/m) 185 185 156–288
FibroScan LSM (kPa) 6.2 6.2 <7
Liver fat content (%) <2 2.7 <5

Carotid IMT thickness (percentile) >97th 90th Based on age and sex, according to [19]

2.2. Journey from Zero-Carb to Raw-Food Diet

Patient 3 was a 23-year-old male referred to the academic hospital lipid clinic for the
analysis of severe hypercholesterolemia, with an LDL-C level of 12.2 mmol/L reported by
his general practitioner.

The patient had no relevant medical history and used no medication. Besides his
maternal grandmother, who had started statin therapy at an elderly age, it was unknown if
family members had hypercholesterolemia. The family history of cardiovascular disease
was negative. The patient told us he had specially requested a lipid panel measurement
from his general practitioner because he was interested to learn his blood cholesterol levels
after having recently adopted a new diet. The patient reported that, since his youth, he
had struggled to maintain a healthy and balanced diet and that he had experienced that
his dietary pattern was closely linked to his psychological well-being. The patient had,
therefore, experimented with progressively eliminating food products from his diet. This
led to the point that, at the time of referral, the patient was on a zero-carb diet rich in animal
proteins and fats in the form of eggs and bacon, supplemented with raw minced meat, raw
liver, and a limited amount of vegetables.

Physical examination showed a lean young male (BMI 21 kg/m2) without signs of
xanthoma, xanthelasmata, or corneal arcus, and was otherwise unremarkable.

A repeat lipid profile was obtained, which showed somewhat lower, albeit still severely
elevated, levels of LDL-C at 7.9 mmol/L, which could well be consistent with heterozygous
FH. However, genetic analysis using next-generation sequencing showed no FH-causing
variant. It was suspected that the patient’s diet contributed to the elevated LDL-C levels.
Dietary changes as well as the lowering of LDL-C by starting statin therapy were discussed,
and the patient opted to modify his diet first.

Three months later, the patient had significantly reduced his intake of animal fats
(mostly cut his intake of eggs and bacon), and a repeat lipid panel showed a near normal-
ization of LDL-C levels (Table 2), after which he was referred back to the care of the general
practitioner. The most recent lipid panel was completely normal for age and gender. At
this time, the patient reported being on a balanced raw food diet with approximately 400 g
of raw meat or fish daily, supplemented with leafy vegetables, nuts, and fruit (usually 2 or
3 mangos daily). The patient reported no intake of starchy carbohydrates.
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Table 2. Lipid panels of patient 3.

Referral Lipid Clinic, First Visit Lipid Clinic, Second Visit Study Visit

Timepoint T = 0 +3 Months +6 Months +4 Years

Total cholesterol (mmol/L) 15.0 10.07 5.11 3.79
HDL cholesterol (mmol/L) 2.22 1.76 1.55 1.17
LDL cholesterol (mmol/L) 12.15 7.93 3.40 2.29

Triglycerides (mmol/L) 1.40 0.85 0.35 0.74
ApoB (mg/dL) N.A. N.A. N.A. 64

2.3. Heterozygous Familial Hypercholesterolemia Derailed

Patient 4 was a male diagnosed with FH (variant p.R3500Q in APOB) at the age of
31 years old, with no relevant medical history. Following the diagnosis of FH, a statin
combined with ezetimibe had been prescribed as lipid-lowering therapy, and the patient
was regularly followed up by his internist at the lipid clinic.

At the age of 41 years old, the patient started a low-carb high-fat diet along with his
spouse, who intended to lose weight. At the latest lipid panel obtained before the patient
had started this diet, LDL-C levels were relatively well controlled at 2.9 mmol/L, with the
patient taking rosuvastatin 40 mg and ezetimibe 10 mg daily. However, when the patient
presented for his next yearly follow-up visit after having adopted his new diet, LDL-C levels
were severely elevated at 8.39 mmol/L (Table 3). Adherence to lipid-lowering medication
was unchanged, and secondary causes of hypercholesterolemia (hypothyroidism and
proteinuria) were ruled out. The estimated untreated LDL-C levels would well be within
the range observed in patients with homozygous FH.

Table 3. Lipid panels of patient 4.

Pre-Diet On Diet Modified Diet

Timepoint T = 0 +6 Months +9 Months

Total cholesterol (mmol/L) 4.7 10.8 5.1
HDL cholesterol (mmol/L) 1.4 2.15 1.4
LDL cholesterol (mmol/L) 2.9 8.39 2.8

Triglycerides (mmol/L) 0.9 1.78 0.8
ApoB (mg/dL) 79 194 79

The patient was referred to a dietician for dietary assessment and counseling. His
diet was shown to be low in carbohydrates and high in dairy fats (Appendix B), and
recommendations were made for a more balanced diet. His BMI dropped from 23.4 to
21.4 kg/m2 with diet. With the help of his dietician, the patient modified his diet by,
amongst others, reducing his intake of dairy fat. At the next follow-up visit, LDL-C had
completely normalized to pre-diet levels (Table 3), with unchanged adherence to lipid-
lowering therapy.

3. Mechanism of Dietary Induced Hypercholesterolemia

Recent observations from our clinical practice add to the emerging literature describing
the association between high-fat, low-carbohydrate diets and severe hypercholesterolemia.
We reviewed these findings and possible pathophysiological explanations for this phe-
nomenon as well as opportunities for future research. We argue that clinicians should rule
out adherence to a high-fat, low-carbohydrate diet in patients presenting with clinical FH.

Several other studies have reported patients consuming a high-fat ketogenic diet who
present with high LDL-C levels consistent with FH, which was shown to be reversible
with the normalization of the diet. Goldberg and colleagues reported five cases of LDL-C
levels ranging from 6.3 to as high as 17.7 mmol/L. Genetic analysis revealed no pathogenic
FH variants in any of the patients, although the patient with the highest cholesterol levels
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was found to have dysbetalipoproteinemia (confirmed by identification of APOE E2/E2
genotype) [20]. Schaffer et al. reported three patients with severe hypercholesterolemia
(LDL-C levels of 8.9, 11.5, and 15.5 mmol/L), whose LDL-C levels decreased after making
dietary modifications [21]. Norwitz and colleagues reported a series of five patients on
a ketogenic diet whose LDL-C levels ranged from 6.2 to up to 17.2 mmol/L. All tested
negative for an FH-causing variant and after the reported moderate reintroduction of
carbohydrates (50–100 g/day), hypercholesterolemia attenuated and even normalized
in one patient [22]. The same authors also recently described a 26-year-old male with
ulcerative colitis who, in an attempt to relieve its symptoms, initiated a ketogenic diet on
which LDL-C levels peaked at 14.1 mmol/L [23]. Interestingly, a coronary CT angiography
did not show (non)calcified plaque after two years of exposure to LDL-C levels in a similar
range, as seen in patients with homozygous FH [23,24].

The fact that this phenomenon is more widespread than the subject of academic
curiosity, only described in rare case descriptions, is exemplified by a recent online survey
that collected patient-reported data, including lipid panels, from several hundred adults
following a carbohydrate-restricted diet [22]. Of all the 903 participants who participated
in the survey, 42% and 22% reported having LDL-C levels higher than 6.5 mmol/L and
8.5 mmol/L, respectively. These values are thresholds in the Dutch Lipid Clinic Network
(DLCN) criteria used in the (clinical) diagnosis of FH. Notably, 5% of the respondents
entered LDLC levels > 13 mmol/L, which is considered to be consistent with homozygous
FH, the most severe form of inherited dyslipidemia, which can cause cardiovascular
mortality as early as in childhood if left untreated [24,25].

These observations, combined with the cases we described, are examples that both
individuals adhering to these diets as well as their clinicians, should be cautious of their
potential to cause or exacerbate severe hypercholesterolemia. High-fat, low-carbohydrate
(‘keto’) diets may be considered in a line of fad diets known for exaggerated health claims
and are frequently propagated through social media, where health misinformation is
widespread, and the quality is difficult to assess [26]. Support for these diets is often
provided in the form of opinionated, absolute statements that lack the backing of good-
quality evidence highlighting harms and benefits [27,28]. Nevertheless, the number of
individuals who follow a high-fat, low-carbohydrate diet is considerable and increasing.
This diet is reported among the most frequently followed dietary patterns in the United
States, with comparable prevalence to the commonly recommended Mediterranean and
dietary approaches to stopping hypertension (DASH) diet [29,30]. There is currently no
evidence to support that prolonged exposure to high levels of LDL-C in the context of
high-fat, low-carbohydrate diets is not atherogenic (and therefore ‘safe’), which should be
balanced against the totality of evidence on atherogenic lipoproteins and their causal role
in the development of ASCVD [1].

The observations of extreme hypercholesterolemia described here and by others beg a
discussion of possible pathophysiological explanations for this phenomenon. High levels
of LDL-C may result from the reduced clearance of LDL particles from the circulation, the
increased production of their VLDL precursor, or a combination of both. The increased
intake of dietary fat and cholesterol, combined with limited to no intake of carbohydrates,
are salient features of the diets consumed by the patients we described. In the following
sections, we discuss these factors and their potential roles in the pathophysiology of
hypercholesterolemia individually, but it is likely that these factors act in concert.

3.1. Increased Intake of Dietary Cholesterol

Cholesterol stores in the human body are in a constant state of flux. Cholesterol
in LDL particles either originates from intestinal absorption or de novo synthesis in the
liver. After an LDL particle is taken up by the liver, its cholesterol content enters the
hepatic cholesterol pool and may either be secreted back into the bloodstream packed in
lipoproteins or be excreted in bile directly or after conversion to bile acid. Combined with
the intake from diet, this cholesterol is partly taken up by the intestine and transported back
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to the liver and partly exits the body through feces [31]. It could be hypothesized that the
hypercholesterolemia observed in our patients is partly due to their cholesterol-rich diet.

However, cholesterol absorption, synthesis, and biliary excretion appear to be bal-
anced in a way that the dietary intake of cholesterol, under normal circumstances, only
modestly translates into the cholesterol levels found in the circulation. For example, veg-
ans consuming 90% less dietary cholesterol than omnivores were found to have plasma
LDL-C levels that were only 13% lower [32]. A meta-analysis of intervention studies that
supplemented cholesterol through diet showed only moderate increases in LDL-C levels
(up to 0.22 mmol/L) [33]. The apparent ‘resilience’ of the plasma cholesterol to high dietary
cholesterol intake is exemplified by a case report of an 88-year-old male who ate 25 eggs
per day but had a normal plasma LDL-C level of 3.68 mmol/L and no clinically important
atherosclerosis. Isotope studies revealed that, compared with 10 healthy controls, the
subject had a markedly reduced rate of cholesterol absorption and hepatic cholesterol
synthesis but greatly increased synthesis of bile acids [34].

In healthy adults, the average fractional absorption rate of cholesterol in the intes-
tine is approximately 50% but with great inter-individual variation ranging from 20% to
80% [35,36]. Although stable isotope studies were beyond the scope of our study, it is
possible that the increased dietary intake of cholesterol exceeded the relative capacity to
downregulate its intestinal absorption in our patients. The overload of dietary cholesterol
delivered to hepatocytes may contribute to the downregulation of the LDL receptor (LDLR)
and thus increase the circulating LDL-C levels [37–39].

The influence of gut microbiota on bile acid metabolism is another factor influencing
cholesterol absorption [40]. Gut microbiota influence the circulating LDL-C levels via the
conjugation of primary bile acids to secondary bile acids [41] and by facilitating bile acid
excretion into feces [40]. Specific bacterial phyla, such as Lactobacillus and Clostridium,
can prevent the reabsorption of bile acids into the enterohepatic circulation through the
deconjugation of bile acids. Since most bile acids are taken up in a conjugated form,
deconjugation by gut microbes may be an important factor in mediating cholesterol levels.
It is possible that a high-fat, low-carbohydrate diet alters gut microbiota composition in an
unfavorable way so that the intestinal reabsorption of bile acids and cholesterol is enhanced,
and hence, cholesterol accumulates more quickly in the circulation. Unfortunately, fecal
samples were unavailable from the cases we described.

3.2. Increased Intake of Dietary Fatty Acids

In the second half of the 20th century, large epidemiological studies linked the compo-
sition of dietary fat with plasma LDL-C levels and cardiovascular outcomes [42]. It is now
clearly established that the intake of saturated fatty acids (SFAs) increases the circulating
LDL-C levels, although the overall effect of limiting SFA intake on cardiovascular health
remains controversial [43,44]. Meta-regression analysis of 84 feeding studies showed that
replacing the daily energy intake from SFAs with carbohydrates or unsaturated fatty acids
considerably lowers LDL-C levels [45]. The LDL-increasing mechanism of SFAs was inves-
tigated in various in vitro and in vivo models [46] and likely involves decreased mRNA
and protein expression of LDLR, as well as decreased LDLR activity [47]. It has to be noted
that this effect depends on SFA type: 12–16 carbon fatty acids, found in dairy and red meat,
have the largest effect to raise LDL-C [43,44]. This notion is supported by feeding trials
in which increased SFA intake in the form of red meat resulted in higher LDL-C levels
than the same SFA intake through nonmeat protein sources [48]. High SFA intake by our
patients likely contributed to their hypercholesterolemia, and the fact that LDL-C levels
dropped when patient 4 exchanged his intake of butter, meat, and dairy products for more
vegetables and vegetable oils supports this notion.

Furthermore, an increased flux of fatty acids to the liver stimulates the assembly and
secretion of VLDL particles [49], which would be in line with the abundance of VLDL-C
observed with FPLC analysis in patients 1 and 2. However, the absence of triglycerides
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suggests other factors are also at play, such as extremely efficient lipolytic activity or the
active exchange of cholesteryl esters.

3.3. Decreased Intake of Carbohydrates

Diets are generally considered very low in carbohydrates when the energy intake from
carbohydrates is <10% of the total energy intake or <50 g per day [50]. These diets have
been recommended as a treatment for patients with specific medical conditions, such as
rare metabolic diseases or epilepsy, where hyperlipidemia is a well-known side effect of the
ketogenic diet [51,52]. The ketogenic diet is gaining increasing scientific attention in the field
of sports medicine, where multiple feeding trials have been conducted in healthy athletes
that consistently show increases in LDL-C levels [53–57]. However, individual responses
are variable, and LDL-C levels do not reach the levels consistent with homozygous FH, as
observed in the extreme cases we presented. Carbohydrate-restricted diets have further
gained attention through popular scientific news outlets and social media channels to
reduce weight, as was the case for patient 4.

A decreased intake of carbohydrates inadvertently means that the relative intake of pro-
tein and/or fat is increased, but the relative importance of ‘low-carbohydrate’ vs. ‘high-fat’
diet intake in causing hypercholesterolemia remains to be established. It has been hypoth-
esized that carbohydrate restriction leads to increased dependence on fat as a metabolic
substrate, which drives the increased hepatic secretion of triglyceride rich VLDL. It is
thought that triglycerides are taken up very rapidly by peripheral tissues, which have come
to rely heavily on fats as their metabolic substrate. The resulting lipid profile is character-
ized by markedly elevated levels of LDL-C and HDL-C, yet low triglycerides [58]. Our
observation of elevated VLDL-C, LDL-C, and HDL-C, combined with relatively low levels
of triglycerides found in patients 1 and 2, are in support of this ‘lipid energy model’. The
authors further hypothesize that low levels of insulin, as we observed in patients 1 and 2,
in combination with low hepatic glycogen stores (not measured by us), contribute to
increased VLDL secretion rates. There is anecdotal evidence that the reintroduction of
carbohydrates reverses the hypercholesterolemia seen in these subjects [22,23], but this
could not be accurately assessed in our patients. Future studies, such as stable isotope
studies under controlled feeding conditions, are required to unravel the relative importance
of carbohydrate restriction on the observed increases in LDL-C levels. Such studies can
also be used to determine both the excretion and absorption rates of cholesterol in the gut,
as well as the production and uptake of lipoproteins by the liver in the context of high-fat,
low-carbohydrate diets.

4. Conclusions and Future Research

In conclusion, mounting evidence describes the relationship between high-fat, low-
carbohydrate diets and severely elevated plasma LDL-C levels generally considered to
be consistent with (homozygous) FH. This phenomenon provides unique opportunities
to study the fundamental (patho)physiological mechanisms involving cholesterol and
lipoprotein homeostasis. Clinicians should rule out high-fat, low-carbohydrate diets as a
possible cause for hypercholesterolemia in patients presenting with clinical FH in whom
no mutation is found and discuss dietary modifications to durably reduce LDL-C levels
and ASCVD risk.
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Appendix A

Dietary Pattern of Patient 1 on an Example Day

• Breakfast

– Black coffee (filtered).

• Lunch

– Eggs (6 to 8) and bacon fried in butter.

• Dinner

– Approximately 750 g of meat, such as red meat steak pork chops (fat still on),
chicken thighs, fatty fish, meatballs (three parts 18% minced meat mixed with one
part minced liver), fried in butter.

Beverages

– Water with meals, black coffee, approximately two beers weekly;
– No protein shakes/beverages or sugar-sweetened beverages.

Cooking/baking

– 500 g of butter weekly used for baking;
– Explicitly no vegetables oils or margarines; no vegetables or fruits; no rice, pasta,

or potatoes.

Table A1. Calculated energy (kcal) and macronutrient (g and E-%), fiber (g), salt (g), and sodium
(mg) intake on an example day of case 1 on a carnivore diet.

Patient 1

Energy (kcal/d) 3275
Fat (g/d) 220.5
Fat (E-%) 60.6

Saturated fat (g/d) 99.0
Saturated fat (E-%) 27.2

Protein (g/d) 304.1
Protein E-% 37.1

Carbohydrate (g/d) 5.5
Carbohydrate (E-%) 0.7

Alcohol (g/d) 6
Fiber (g/d) 0.4
Salt (g/d) 12.8

Sodium (mg/d) 5097
E-%, percentage of energy intake; g/d, grams per day; kcal/d, kilocalories per day; mg/d, milligrams per day.
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Appendix B

Dietary Pattern of Patient 4 on Example Days

• Breakfast

– 10% Greek yogurt with home-baked seeds in a little coconut fat, honey, and
cinnamon (no other sugar or sweeteners);

– Three eggs and bacon fried in butter;
– Oven-baked ricotta cheese with raspberries, oranges, pecan nuts, and an egg.

• Lunch

– Alternatives for lunch were beet salad with herring in olive oil or fatty mayonnaise;
chicory salad with salmon and a scoop of 10% Greek yogurt; Cesar salad with
fatty mayonnaise; zucchini soup with fatty cooking cream; OR low-carbohydrate
sandwich with fried egg, cheese, and raw vegetables.

• Dinner

– Alternatives for dinner were leek disk codfish in high-fat cooking cream; chicory
dish in cheese and ham, in butter; spinach with egg and cream; Nasi (typical
Indonesian dish) of cauliflower rice with rice and chicken fried in coconut fat;
lightly cooked beans with chicken, tomato and some extra herbs, stir-fried in
butter; OR pizza made with chicken breast with lots of vegetables covered in
tomato sauce and mozzarella.

• Cooking/baking

– Nearly all dishes are cooked based on recipes in the books by “The New Food”:
https://thenewfood.nl/ (accessed on 26 November 2021)

Table A2. Calculated energy (kcal) and macronutrient (g and E-%), fiber (g), salt (g), and sodium
(mg) intake on an example day of case 4 on a low-carbohydrate, high-fat diet.

Patient 4

Energy (kcal/d) 1912
Fat (g/d) 147.2
Fat (E-%) 69.3

Saturated fat (g/d) 74.1
Saturated fat (E-%) 34.9

Protein (g/d) 85.2
Protein (E-%) 17.8

Carbohydrate (g/d) 55.3
Carbohydrate (E-%) 11.6

Alcohol (g/d) 0.0
Fiber (g/d) 17.2
Salt (g/d) 3.9

Sodium (mg/d) 1558
E-%, percentage of energy intake; g/d, grams per day; kcal/d, kilocalories per day; mg/d, milligrams per day.

References

1. Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.; Raal, F.J.; Schunkert,
H.; et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epidemiologic, and
clinical studies. A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart J. 2017, 38,
2459–2472. [CrossRef]

2. Anitschkow, N.N.; Chalatov, S. Ueber experimentelle Choleserinsteatose und ihre Bedeutung fur die Entstehung einiger patholo-
gischer Prozesse. Zentralbl. Allg. Pathol. 1913, 24, 1–9.

3. Goldstein, J.L.; Brown, M.S. A century of cholesterol and coronaries: From plaques to genes to statins. Cell 2015, 161, 161–172.
[CrossRef] [PubMed]

4. Kromhout, D.; Menotti, A.; Bloemberg, B.; Aravanis, C.; Blackburn, H.; Buzina, R.; Dontas, A.S.; Fidanza, F.; Giaipaoli, S.;
Jansen, A.; et al. Dietary saturated and trans fatty acids and cholesterol and 25-year mortality from coronary heart disease: The
Seven Countries Study. Prev. Med. 1995, 24, 308–315. [CrossRef] [PubMed]

186



Nutrients 2023, 15, 962

5. Menotti, A.; Puddu, P.E.; Adachi, H.; Tolonen, H.; Kafatos, A. Association of serum cholesterol with coronary heart disease
mortality during 50-year follow-up in ten cohorts of the seven countries study. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1337–1346.
[CrossRef]

6. Steinberg, D. An interpretive history of the cholesterol controversy: Part I. J. Lipid. Res. 2004, 45, 1583–1593. [CrossRef] [PubMed]
7. Poli, A.; Barbagallo, C.M.; Cicero, A.F.G.; Corsini, A.; Manzato, E.; Trimarco, B.; Bernini, F.; Visioli, F.; Bianchi, A.; Canzone, G.;

et al. Nutraceuticals and functional foods for the control of plasma cholesterol levels. An intersociety position paper. Pharmacol.
Res. 2018, 134, 51–60. [CrossRef]

8. Schoeneck, M.; Iggman, D. The effects of foods on LDL cholesterol levels: A systematic review of the accumulated evidence
from systematic reviews and meta-analyses of randomized controlled trials. Nutr. Metab. Cardiovasc. Dis. 2021, 31, 1325–1338.
[CrossRef]

9. The Lipid Research Clinics Coronary Primary Prevention Trial results. I. Reduction in incidence of coronary heart disease. JAMA
1984, 251, 351–364. [CrossRef]

10. Arnett, D.K.; Blumenthal, R.S.; Albert, M.A.; Buroker, A.B.; Goldberger, Z.D.; Hahn, E.J.; Himmelfarb, C.D.; Khera, A.; Lloyd-
Jones, D.; McEvoy, J.W.; et al. 2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J. Am. Coll. Cardiol.
2019, 74, e177–e232. [CrossRef]

11. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk. Eur. Heart J. 2020, 41, 111–188. [CrossRef] [PubMed]

12. Visseren, F.L.J.; Mach, F.; Smulders, Y.M.; Carballo, D.; Koskinas, K.C.; Bäck, M.; Benetos, A.; Biffi, A.; Boavida, J.-M.;
Capodanno, D.; et al. 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur. Heart J. 2021, 42,
3227–3337. [CrossRef] [PubMed]

13. Hollænder, P.L.B.; Ross, A.B.; Kristensen, M. Whole-grain and blood lipid changes in apparently healthy adults: A systematic
review and meta-analysis of randomized controlled studies1-3. Am. J. Clin. Nutr. 2015, 102, 556–572. [CrossRef] [PubMed]

14. Brown, M.S.; Goldstein, J.L. Familial hypercholesterolemia: Defective binding of lipoproteins to cultured fibroblasts associated
with impaired regulation of 3 hydroxy 3 methylglutaryl coenzyme A reductase activity. Proc. Natl. Acad. Sci. USA 1974, 71,
788–792. [CrossRef] [PubMed]

15. Nordestgaard, B.G.; Chapman, M.J.; Humphries, S.E.; Ginsberg, H.N.; Masana, L.; Descamps, O.S.; Wiklund, O.; Hegele, R.A.;
Raal, F.J.; Defesche, J.C.; et al. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population:
Guidance for clinicians to prevent coronary heart disease: Consensus Statement of the European Atherosclerosis Society. Eur.
Heart J. 2013, 34, 3478–3490. [CrossRef]

16. Reeskamp, L.F.; Tromp, T.R.; Defesche, J.C.; Grefhorst, A.; Stroes, E.S.; Hovingh, G.K.; Zuurbier, L. Next-generation sequencing to
confirm clinical familial hypercholesterolemia. Eur. J. Prev. Cardiol. 2020, 28, 875–883. [CrossRef]

17. Balder, J.W.; de Vries, J.K.; Nolte, I.M.; Lansberg, P.J.; Kuivenhoven, J.A.; Kamphuisen, P.W. Lipid and lipoprotein reference values
from 133,450 Dutch Lifelines participants: Age- and gender-specific baseline lipid values and percentiles. J. Clin. Lipidol. 2017, 11,
1055–1064.e6. [CrossRef]

18. Matli, B.; Schulz, A.; Koeck, T.; Falter, T.; Lotz, J.; Rossmann, H.; Pfeiffer, N.; Beutel, M.; Münzel, T.; Strauch, K.; et al. Distribution
of HOMA-IR in a population-based cohort and proposal for reference intervals. Clin. Chem. Lab. Med. 2021, 59, 1844–1851.
[CrossRef]

19. Engelen, L.; Ferreira, I.; Stehouwer, C.D.; Boutouyrie, P.; Laurent, S. Reference intervals for common carotid intima-medi thickness
measured with echotracking: Relation with risk factors. Eur. Heart J. 2013, 34, 2368–2380. [CrossRef]

20. Goldberg, I.J.; Ibrahim, N.; Bredefeld, C.; Foo, S.; Lim, V.; Gutman, D.; Huggins, L.-A.; Hegele, R.A. Ketogenic diets, not for
everyone. J. Clin. Lipidol. 2021, 15, 61–67. [CrossRef]

21. Schaffer, A.E.; D’Alessio, D.A.; Guyton, J.R. Extreme elevations of low-density lipoprotein cholesterol with very low carbohydrate,
high fat diets. J. Clin. Lipidol. 2021, 15, 525–526. [CrossRef]

22. Norwitz, N.G.; Feldman, D.; Soto-Mota, A.; Kalayjian, T.; Ludwig, D.S. Elevated LDL Cholesterol with a Carbohydrate-Restricted
Diet: Evidence for a “lean Mass Hyper-Responder” Phenotype. Curr. Dev. Nutr. 2022, 6, nzab144. [CrossRef] [PubMed]

23. Norwitz, N.G.; Soto-Mota, A.; Feldman, D.; Parpos, S.; Budoff, M. Case Report: Hypercholesterolemia “Lean Mass Hyper-
Responder” Phenotype Presents in the Context of a Low Saturated Fat Carbohydrate-Restricted Diet. Front. Endocrinol. 2022,
13, 830325. [CrossRef] [PubMed]

24. Tromp, T.R.; Hartgers, M.L.; Hovingh, G.K.; Vallejo-Vaz, A.J.; Ray, K.K.; Soran, H.; Freiberger, T.; Bertolini, S.; Harada-Shiba, M.;
Blom, D.J.; et al. Worldwide experience of homozygous familial hypercholesterolaemia: Retrospective cohort study. Lancet 2022,
399, 719–728. [CrossRef]

25. Cuchel, M.; Bruckert, E.; Ginsberg, H.N.; Raal, F.J.; Santos, R.D.; Hegele, R.A.; Kuivenhoven, J.A.; Nordestgaard, B.G.; Descamps,
O.S.; Steinhagen-Thiessen, E.; et al. Homozygous familial hypercholesterolaemia: New insights and guidance for clinicians to
improve detection and clinical management. A position paper from the Consensus Panel on Familial Hypercholesterolaemia of
the European Atherosclerosis Society. Eur. Heart J. 2014, 35, 2146–2157. [CrossRef]

26. Suarez-Lledo, V.; Alvarez-Galvez, J. Prevalence of health misinformation on social media: Systematic review. J. Med. Internet Res.
2021, 23, e17187. [CrossRef] [PubMed]

187



Nutrients 2023, 15, 962

27. Tahreem, A.; Rakha, A.; Rabail, R.; Nazir, A.; Socol, C.T.; Maerescu, C.M.; Aadil, R.M. Fad Diets: Facts and Fiction. Front. Nutr.
2022, 9, 960922. [CrossRef]

28. O’Neill, B.; Raggi, P. The ketogenic diet: Pros and cons. Atherosclerosis 2020, 292, 119–126. [CrossRef]
29. International Food Information Council. 2021 Food & Health Survey. Available online: https://foodinsight.org/wp-content/

uploads/2021/05/IFIC-2021-Food-and-Health-Survey.May-2021-1.pdf (accessed on 26 November 2022).
30. International Food Information Council. 2022 Food and Health Survey. 18 May 2022. Available online: https://foodinsight.org/

wp-content/uploads/2022/05/IFIC-2022-Food-and-Health-Survey-Report.pdf (accessed on 26 November 2022).
31. Stellaard, F. From Dietary Cholesterol to Blood Cholesterol, Physiological Lipid Fluxes, and Cholesterol Homeostasis. Nutrients

2022, 14, 1643. [CrossRef]
32. Lütjohann, D.; Meyer, S.; von Bergmann, K.; Stellaard, F. Cholesterol Absorption and Synthesis in Vegetarians and Omnivores.

Mol. Nutr. Food Res. 2018, 62, 1700689. [CrossRef]
33. Berger, S.; Raman, G.; Vishwanathan, R.; Jacques, P.F.; Johnson, E.J. Dietary cholesterol and cardiovascular disease: A systematic

review and meta-analysis. Am. J. Clin. Nutr. 2015, 102, 276–294. [CrossRef] [PubMed]
34. Kern, F. Normal Plasma Cholesterol in an 88-Year-Old Man Who Eats 25 Eggs a Day. N. Engl. J. Med. 1991, 324, 896–899.

[CrossRef] [PubMed]
35. Bosner, M.S.; Ostlund, R.E.; Osofisan, O.; Grosklos, J.; Fritschle, C.; Lange, L.G. Assessment of percent cholesterol absorption in

humans with stable isotopes. J. Lipid. Res. 1993, 34, 1047–1053. [CrossRef] [PubMed]
36. Lutjohann, D.; Meese, C.O.; Crouse, J.R.; Von Bergmann, K. Evaluation of deuterated cholesterol and deuterated sitostanol for

measurement of cholesterol absorption in humans. J. Lipid. Res. 1993, 34, 1039–1046. [CrossRef]
37. Grundy, S.M. Does Dietary Cholesterol Matter? Curr. Atheroscler. Rep. 2016, 18, 68. [CrossRef]
38. Goldstein, J.L.; Brown, M.S. The LDL receptor. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 431–438. [CrossRef]
39. Dandan, M.; Han, J.; Mann, S.; Kim, R.; Mohammed, H.; Nyangau, E.; Hellerstein, M. Turnover Rates of the Low-Density

Lipoprotein Receptor and PCSK9: Added Dimension to the Cholesterol Homeostasis Model. Arterioscler. Thromb. Vasc. Biol. 2021,
41, 2866–2876. [CrossRef]

40. Vourakis, M.; Mayer, G.; Rousseau, G. The role of gut microbiota on cholesterol metabolism in atherosclerosis. Int. J. Mol. Sci.
2021, 22, 8074. [CrossRef]

41. Russell, D.W. The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 2003, 72, 137–174. [CrossRef]
42. Menotti, A.; Kromhout, D.; Puddu, P.E.; Alberti-Fidanza, A.; Hollman, P.; Kafatos, A.; Tolonen, H.; Adachi, H.; Jacobs, D.R., Jr.

Baseline fatty acids, food groups, a diet score and 50-year all-cause mortality rates. An ecological analysis of the Seven Countries
Study. Ann. Med. 2017, 49, 718–727. [CrossRef]

43. Maki, K.C.; Dicklin, M.R.; Kirkpatrick, C.F. Saturated fats and cardiovascular health: Current evidence and controversies. J. Clin.
Lipidol. 2021, 15, 765–772. [CrossRef] [PubMed]

44. Astrup, A.; Magkos, F.; Bier, D.M.; Brenna, J.T.; De Oliveira Otto, M.C.; Hill, J.O.; King, J.C.; Mente, A.; Ordovas, J.M.;
Volek, J.S.; et al. Saturated Fats and Health: A Reassessment and Proposal for Food-Based Recommendations: JACC State-of-the-
Art Review. J. Am. Coll. Cardiol. 2020, 76, 844–857. [CrossRef] [PubMed]

45. Mensink, R.P.; World Health Organization. Effects of Saturated Fatty Acids on Serum Lipids and Lipoproteins: A Systematic Review and
Regression Analysis; World Health Organization: Geneva, Switzerland, 2016; pp. 1–63.

46. Fernandez, M.L.; West, K.L. Mechanisms by which dietary fatty acids modulate plasma lipids. J. Nutr. 2005, 135, 2075–2078.
[CrossRef]

47. Woollett, L.A.; Spady, D.K.; Dietschy, J.M. Saturated and unsaturated fatty acids independently regulate low density lipoprotein
receptor activity and production rate. J. Lipid. Res. 1992, 33, 77–88. [CrossRef]

48. Bergeron, N.; Chiu, S.; Williams, P.T.; MKing, S.; Krauss, R.M. Effects of red meat, white meat, and nonmeat protein sources on
atherogenic lipoprotein measures in the context of low compared with high saturated fat intake: A randomized controlled trial.
Am. J. Clin. Nutr. 2019, 110, 24–33. [CrossRef]

49. Ginsberg, H.N. Insulin resistance and cardiovascular disease. J. Clin. Invest. 2000, 106, 453–458. [CrossRef] [PubMed]
50. Kirkpatrick, C.F.; Bolick, J.P.; Kris-Etherton, P.M.; Sikand, G.; Aspry, K.E.; Soffer, D.E.; Willard, K.-E.; Maki, K.C. Review of current

evidence and clinical recommendations on the effects of low-carbohydrate and very-low-carbohydrate (including ketogenic)
diets for the management of body weight and other cardiometabolic risk factors: A scientific statement from the Nati. J. Clin.
Lipidol. 2019, 13, 689–711.e1. [CrossRef]

51. Kossoff, E.H.; Zupec-Kania, B.A.; Auvin, S.; Ballaban-Gil, K.R.; Christina Bergqvist, A.G.; Blackford, R.; Buchhalter, J.R.; Caraballo,
R.H.; Cross, J.H.; Dahlin, M.G.; et al. Optimal clinical management of children receiving dietary therapies for epilepsy: Updated
recommendations of the International Ketogenic Diet Study Group. Epilepsia Open. 2018, 3, 175–192. [CrossRef]

52. Kwiterovich, P.O.; Vining, E.P.G.; Pyzik, P.; Skolasky, R.; Freeman, J.M. Effect of a High-Fat Ketogenic Diet on Plasma Levels of
Lipids, Lipoproteins, and Apolipoproteins in Children. J. Am. Med. Assoc. 2003, 290, 912–920. [CrossRef] [PubMed]

53. Lee, H.S.; Lee, J. Influences of ketogenic diet on body fat percentage, respiratory exchange rate, and total cholesterol in athletes: A
systematic review and meta-analysis. Int. J. Environ. Res. Public Health 2021, 18, 2912. [CrossRef]

54. Buga, A.; Welton, G.L.; Scott, K.E.; Atwell, A.D.; Haley, S.J.; Esbenshade, N.J.; Abraham, J.; Buxton, J.D.; Ault, D.L.;
Raabe, A.S.; et al. The Effects of Carbohydrate versus Fat Restriction on Lipid Profiles in Highly Trained, Recreational Distance
Runners: A Randomized, Cross-Over Trial. Nutrients 2022, 14, 1135. [CrossRef]

188



Nutrients 2023, 15, 962

55. Creighton, B.C.; Hyde, P.N.; Maresh, C.M.; Kraemer, W.J.; Phinney, S.D.; Volek, J.S. Paradox of hypercholesterolaemia in highly
trained, keto-adapted athletes. BMJ Open Sport Exerc. Med. 2018, 4, e000429. [CrossRef] [PubMed]

56. Burén, J.; Ericsson, M.; Damasceno, N.; Sjödin, A. A Ketogenic Low-Carbohydrate High-Fat Diet Increases LDL Cholesterol in
Healthy, Young, Normal-Weight Women: A Randomized Controlled Feeding Trial. Nutrients 2021, 13, 814. [CrossRef] [PubMed]

57. Retterstøl, K.; Svendsen, M.; Narverud, I.; Holven, K.B. Effect of low carbohydrate high fat diet on LDL cholesterol and gene
expression in normal-weight, young adults: A randomized controlled study. Atherosclerosis 2018, 279, 52–61. [CrossRef]

58. Norwitz, N.G.; Soto-Mota, A.; Kaplan, B.; Ludwig, D.S.; Budoff, M.; Kontush, A.; Feldman, D. The Lipid Energy Model:
Reimagining Lipoprotein Function in the Context of Carbohydrate-Restricted Diets. Metabolites 2022, 12, 460. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

189





Citation: Yntema, T.; Koonen, D.P.Y.;

Kuipers, F. Emerging Roles of Gut

Microbial Modulation of Bile Acid

Composition in the Etiology of

Cardiovascular Diseases. Nutrients

2023, 15, 1850. https://doi.org/

10.3390/nu15081850

Academic Editor: Frans Stellaard

Received: 20 March 2023

Revised: 4 April 2023

Accepted: 6 April 2023

Published: 12 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Review

Emerging Roles of Gut Microbial Modulation of Bile Acid
Composition in the Etiology of Cardiovascular Diseases

Tess Yntema 1, Debby P. Y. Koonen 1 and Folkert Kuipers 1,2,*

1 Department of Pediatrics, University of Groningen, University Medical Center Groningen,
9713 GZ Groningen, The Netherlands; t.yntema@umcg.nl (T.Y.); d.p.y.koonen@umcg.nl (D.P.Y.K.)

2 European Research Institute for the Biology of Ageing (ERIBA), University of Groningen,
University Medical Center Groningen, 9713 GZ Groningen, The Netherlands

* Correspondence: f.kuipers@umcg.nl

Abstract: Despite advances in preventive measures and treatment options, cardiovascular disease
(CVD) remains the number one cause of death globally. Recent research has challenged the traditional
risk factor profile and highlights the potential contribution of non-traditional factors in CVD, such
as the gut microbiota and its metabolites. Disturbances in the gut microbiota have been repeatedly
associated with CVD, including atherosclerosis and hypertension. Mechanistic studies support a
causal role of microbiota-derived metabolites in disease development, such as short-chain fatty acids,
trimethylamine-N-oxide, and bile acids, with the latter being elaborately discussed in this review. Bile
acids represent a class of cholesterol derivatives that is essential for intestinal absorption of lipids and
fat-soluble vitamins, plays an important role in cholesterol turnover and, as more recently discovered,
acts as a group of signaling molecules that exerts hormonal functions throughout the body. Studies
have shown mediating roles of bile acids in the control of lipid metabolism, immunity, and heart
function. Consequently, a picture has emerged of bile acids acting as integrators and modulators of
cardiometabolic pathways, highlighting their potential as therapeutic targets in CVD. In this review,
we provide an overview of alterations in the gut microbiota and bile acid metabolism found in CVD
patients, describe the molecular mechanisms through which bile acids may modulate CVD risk, and
discuss potential bile-acid-based treatment strategies in relation to CVD.

Keywords: gut microbiota; bile acids; cardiovascular disease; atherosclerosis

1. Introduction

Cardiovascular diseases (CVD) represent the number one cause of death globally,
taking approximately 17.9 million lives each year, i.e., 32% of all deaths in 2019 [1]. Al-
though CVD mainly affects the elderly, its incidence in younger people is increasing [2]. In
accordance with the continuous ageing of the global population, CVD prevalence is steadily
rising [3,4]. Atherosclerosis, a chronic low-grade inflammatory disorder of the vascular
wall, is the main pathophysiological condition to result in CVD [5]. Atherosclerosis is
characterized by the build-up of cholesterol-engulfed macrophages and other inflammatory
immune cells in the vascular wall [2], causing coronary artery disease (CAD), ischemic
stroke, or peripheral artery disease, through luminal narrowing of the blood vessels, plaque
rupture, and thrombus formation [6].

Traditional risk factors of atherosclerosis include hyperlipidemia, hypertension, and
chronic inflammation [7]. Although the scientific community has made tremendous
progress in understanding, preventing, and modulating these risk factors, a significant
residual cardiovascular risk remains, highlighting the urgent need for additional treatment
strategies [8]. In recent years, non-traditional drivers of atherosclerosis, such as the gut
microbiota, have gained attention [2,9]. An imbalanced gut microbiota, or dysbiosis, has
been associated with cardiometabolic diseases, i.e., atherosclerosis, obesity, type 2 diabetes
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(T2D), and non-alcoholic steatohepatitis (NASH) [10,11]. Dysbiosis can lead to increased
intestinal permeability, which results in the translocation of the bacteria and endotoxins that
promote chronic inflammation [12]. In addition, the gut microbiota has been implicated
in CVD through the actions of microbiota-derived metabolites, such as short-chain fatty
acids (SCFAs) [13], trimethylamine (TMA) [14], and bile acids (BAs) [15]; the latter will be
elaborated on in this review.

BAs comprise a class of cholesterol metabolites, whose hepatic synthesis and eventual
fecal excretion constitute the major pathway of cholesterol removal from the human body.
Over 40 years ago, BA sequestrants (BAS) were among the first FDA approved drugs to
lower cholesterol levels in CVD [16]. BAS bind to BAs and prevent their reabsorption from
the intestine to promote their fecal loss. To compensate those that are lost, the liver produces
more BAs from cholesterol, leading to upregulation of the hepatic low-density lipoprotein
(LDL) receptor expression and lowering of the plasma LDL levels. Other than the lipid-
lowering effects, clinical studies have shown an increase in coronary lumen diameter and
lower cardiovascular risk upon BAS administration in CAD patients [17–19]. BAs function
physiologically as detergents of lipids and fat-soluble vitamins to facilitate their intestinal
absorption. In the last decennia, BAs were also shown to exert endocrine functions within
and outside the enterohepatic circulation through the activation of a variety of BA receptors
(BAR). Upon BAR activation, BAs can mediate lipids, as well as glucose metabolism and
inflammation [20]. Interestingly, the expression of several BAR in cardiovascular tissues,
such as the vasculature and immune system, highlights the potential of BA modulation in
CVD [21]. In this review, we aim to provide an overview of (microbiota-modulated) BA
metabolism and describe their potential biological impact thereof, especially in relation to
CVD risk. Finally, we will discuss novel BA-based therapeutic targets that could be useful
in the management of CVD.

2. Bile Acids Are Synthesized by the Liver and Extensively Metabolized by the
Microbiota

BAs are amphipathic cholesterol derivates, characterized by one or more hydroxyl
groups at their steroid nucleus (in mammals, commonly at positions 3, 7, and/or 12) and a
shortened side chain bearing a carboxylic acid group [22] (Figure 1A). BAs are exclusively
synthesized in hepatocytes in a process that involves a cascade of enzymatic steps in
different compartments of the cell [23–25]. The products of this multi-step process are the
so-called primary BAs, i.e., cholic acid (CA) and chenodeoxycholic acid (CDCA) in humans,
which are products of the well-established “classical” or “alternative” pathways [26].

The first step of the classical pathway is catalyzed by the rate-controlling enzyme cy-
tochrome P450 cholesterol 7α-hydroxylase (CYP7A1), which yields 7α-hydroxycholesterol [23,27]
(Figure 1B). The alternative pathway is initiated by sterol 27α-hydroxylase (CYP27A1),
and further processed by oxysterol 7α-hydrolase (CYP7B1) [27]. The 7α-hydroxylated
intermediates from both the classical and alternative pathway undergo several sterol ring
modifications, as well as side chain oxidation and shortening, leading to the production
of CDCA [26,27]. In addition, the classical pathway also generates CA, which involves
the activity of sterol 12α-hydroxylase (CYP8B1) [28]. Of note, rodents produce additional
forms of primary BAs in the liver—α- and β muricholic acids (MCAs) and ursodeoxycholic
acid (UDCA)—which are derived from CDCA by mouse/rat-specific cytochrome P450
2C70 (Cyp2c70) [26,29].

Primary BAs are conjugated with either taurine or glycine at the C24 position, which
allows for their active secretion into the bile and decreases their pKa, and hence prevents
passive reabsorption in the upper intestine [25]. BAs are secreted into the bile canaliculi by
the bile salt-export pump (BSEP) and stored in the gallbladder in high mM range [26,30]
(Figure 1B).
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Figure 1. (A) Structural formula of bile acid. (B) Hepatic BA synthesis, enterohepatic cir-
culation, and microbial BA modifications in the human body. BA = bile acid; CA = cholic
acid; CDCA = chenodeoxycholic acid; DCA = deoxycholic acid; UDCA = ursodeoxycholic acid;
LCA = lithocholic acid; TCA = taurocholic acid; GCA = glycocholic acid; C = cholesterol; BSEP = bile
salt-export pump; NTCP = Na+-taurocholic acid co-transporting polypeptide; ASBT = apical sodium-
dependent BA transporter; Ostα/β = organic solute transporter α/β; BSH = bile salt hydrolases;
HSDH = hydroxysteroid dehydrogenase; bai = BA inducible genes. This illustration was created with
Biorender.com (accessed on 1 February 2023).

Upon meal intake, cephalic-phase-induced cholecystokinin secretion from the duo-
denum stimulates gallbladder contraction, leading to the discharge of stored BAs into the
intestine [25]. In the intestinal lumen, BAs solubilize lipids, including cholesterol, and
fat-soluble vitamins. Most primary BAs are actively reabsorbed in the ileum by the apical
sodium-dependent BA transporter (ASBT) [25]. A small proportion of BAs escape uptake
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and reach the colon, where the gut microbiota can convert primary into secondary BAs
(lithocholic acid (LCA) and deoxycholic acid (DCA)), a process that involves three major
groups of bacterial enzymes (discussed in the subsequent section) [24]. Unconjugated
secondary BAs are relatively hydrophobic and can thus be passively reabsorbed from the
colon [20]. Most BAs (95%) are reabsorbed in the ileum or colon, and via the portal vein
they are delivered back to the liver, whereafter they are taken up by Na+-taurocholic acid
co-transporting polypeptide (NTCP), in order to finalize a process called the enterohepatic
circulation. In the liver, unconjugated primary and secondary BAs are re-conjugated and
secreted into bile. Only a minor amount (~5%) of BAs, which are not taken up in the ileum
or colon, are excreted in feces per cycle [20]. This loss of BAs is compensated by the de
novo synthesis of BAs in the liver to maintain the size of the circulating BA pool [20].

A relatively small fraction of BAs escape first pass clearance by the liver and flow
into the systemic circulation, with concentrations in the μM range [30]. From the periph-
eral circulation, BAs can reach multiple organs, including adipose tissue, muscle, and
the heart [31,32]. BAs exert hormone-like functions by acting as signaling molecules and
activate several BARs, i.e., nuclear receptors—farnesoid X receptor (FXR), vitamin D re-
ceptor (VDR), pregnane R receptor (PXR)—and membrane-bound receptors—Takeda G
protein-coupled receptor (TGR5) and muscarinic receptors (MRs). Through these actions,
BAs regulate their own homeostasis, as well as lipid and glucose metabolism, intesti-
nal barrier function, cardiovascular functions, and inflammation [21,31,33]. Importantly,
different BA species have dissimilar affinities for the activation of BARs (FXR: CDCA >
LCA = DCA > CA; TGR5: LCA > DCA > CDCA > CA; VDR: LCA; PXR: LCA = CDCA
= DCA = CA) [30,34]. Differences in BA pool composition, which are prominent across
individuals [35], will thus affect BA signaling in a personalized manner.

3. Bacteria Involved in Bile Acid Metabolism

The three major groups of bacterial enzymes—bile salt hydrolases (BSHs), hydroxys-
teroid dehydrogenases (HSDHs), and bile-acid-inducible (bai) genes—are responsible for
the generation of secondary BAs in the colon, leading to a major increase of the diversity
of the BA pool. The major structural modifications include deconjugation, which is an
obligatory first step; oxidation of hydroxy groups at the C3, C7, and C12 position; and
7α/β-dehydroxylation [24,25]. In addition, (7α/β, 3α/β) isomerization- and (5-H α/β)
epimerization modifications give rise to UDCA and iso- and allo-BAs, respectively [26].

BSHs catalyze the deconjugation of the N-acylamide bond between primary BAs
and taurine or glycine at the C24 position [25]. BSHs have been identified in several
microbial genera, including Bifidobacterium [30,36], Clostridium [30,37], Enterococcus [30],
Listeria [30,38,39], Lactobacillus [30,40,41], and Bacteroides [42]. Recently, computational
analyses have shown that the human gut microbiota contains 591 intestinal bacterial
strains within 117 genera with BSHs sequences [43]. BSHs, encompass seven [44] or eight
sub-groups [43], showing differences in deconjugation ability. BSH-T3 shows the highest
enzyme and deconjugation activity and is only found in Lactobacillus [43]. Recently, research
has shown that, after deconjugation, the gut bacteria can also mediate the conjugation
of the CA backbone with the amino acids phenylalanine, tyrosine, or leucine [45]. The
microbial enzyme responsible for these BA modifications remains unknown. Interestingly,
these amino acid BA conjugates are found in humans and are enriched in patients with
inflammatory bowel disease or cystic fibrosis [45].

The second major group of bacterial enzymes are HSDHs, which oxidize and epimerize
C3, C7, and C12 hydroxy groups of BAs. HSDH enzymes have been identified in the
microbial genera Blautia (3α), Clostridium (3-, 7-, 12α), Eggerthella (3-, 12α), Mediterraneibacter
(3α), Bacteroides (7α), Collinsella (7α), and Eubacterium (7α) [30]. Epimerization of hydroxy
groups leads to a reversible change from the α to the β configuration, generating stable
oxo-BAs as intermediates [25]. The reaction depends, in part, on the redox potential of the
environment. For example, oxo-BAs are more present at the mucosal surface, where the
redox potential is high, whereas less oxo-BAs are present in the lumen of the large intestine,
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where the redox potential is low [24]. Interestingly, the production of 12-oxoCDCA may
reduce the formation of secondary BA DCA [46], which has been implicated in liver [47]
and colon cancer [48], cholesterol gallstone formation [49], and CVD [50].

Bacteria that carry the bai operon produce enzymes that carry out 7-α/β dihydroxy-
lation, resulting in the major secondary BAs DCA and LCA. Surprisingly, this metabolic
pathway is only found in 0.0001% of colonic gut microbiota, belonging to the genera
Clostridium [24,25,51]. Moreover, 7-α/β dehydroxylation only takes place after deconjuga-
tion, implicating a functional interplay between deconjugation and dehydroxylation [24].

Thus, the gut microbiota is responsible for diversifying the BA pool. This strongly
affects BA signaling, as BAs have different affinities towards BARs [20]. Importantly,
the regulation between the gut microbiota and BAs is reciprocal, meaning that BAs can
also modulate the gut microbiota either by direct or indirect effects. For example, BAs
can disrupt bacterial membranes or bind to intestinal FXR, promoting the expression
of antimicrobial agents [52]. Moreover, conjugated BAs play an important role in the
prevention of bacterial overgrowth in the proximal small intestine, which is relatively
devoid of microbes under normal conditions [53]. Studies have shown that replenishing
intestinal BA concentrations in BA-deficient rats abolished bacterial overgrowth in the small
intestine [53]. On the other hand, bacteria that inhabit the intestinal tract must have specific
resistance mechanisms to protect themselves against bile [54]. For example, Lactobacillus
and Bifidobacterium produce proteins that are devoted to the efflux of BAs [54].

Of note, gut bacteria can also directly metabolize cholesterol in the intestine via
dehydrogenase activity encoded by intestinal sterol metabolism A (ismA) genes, producing
cholestanone and coprostanol [55]. These genes are found in the human gut microbiota in
geographically diverse human cohorts and show a negative correlation with circulating
cholesterol levels [55]. In addition, recent studies highlight the bacterial potential to
sulfonate cholesterol and related steroids in the gut. The sulfotransferase enzyme is
identified in the microbial species Bacteroides thetaiotaomicron [56,57]. The new (direct)
lipid-metabolizing functions of the gut microbiota, which was originally thought to be
performed by host enzymes, represent a great breakthrough in the understanding of
cholesterol homeostasis.

4. Gut Microbiota Signatures in Cardiovascular Disease

Since the late 1980s, researchers have implicated a role of bacteria in atherogenesis [58].
In these early studies, the bacterium Chlamydia pneumoniae was associated with CAD
and myocardial infarction. A few years later, bacterial DNA from many other bacteria
genera/species were found in human atherosclerotic plaques [59–61], whereas healthy
tissue (e.g., non-transplanted hearts) does not contain bacterial DNA [62]. Bacterial DNA
has also been linked to inflammation, as the amount of bacterial DNA was found to
correlate with the number of leukocytes in the plaque [59]. This suggests that the underlying
pathophysiology of atherosclerosis may involve bacterial activation of the immune system.
In addition, bacteria originating from the gut and the oral cavity matched with bacterial
DNA present in atherosclerotic plaques and correlated with disease biomarkers [59]. Thus,
the re-allocation of bacteria from the intestinal tract to the heart may contribute to disease
development, which has sparked interest to evaluate the role of the gut microbiota in CVD.

Multiple cross-sectional studies have assessed the association of the gut microbiota
with atherosclerosis (Table 1) [63–71] and hypertension (extensively reviewed in [72]).
Despite differences in sequencing methods (16S versus shotgun) and downstream analyses,
five out of nine studies showed a reduction in the genera Roseburia and Faecalibacterium
in atherosclerosis patients [64–67,69]. These genera produce SCFAs, especially butyrate,
which affect colonic motility and immunity, among other functions [73,74]. In addition,
higher abundances of Gram-negative bacteria, such as Enterobacter [66,67], Klebsiella, and
Veillonella [69], as well as Streptococcus, were found in atherosclerosis patients [67,70]. Gram-
negative bacteria have lipopolysaccharides (LPS) on their outer membrane, which are
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pro-inflammatory. Veillonella and Streptococcus genera have been found in most human
atherosclerotic plaques [59], and have both been implicated as pathogens [75–78].

Specifically looking at the major groups of bacterial enzymes, studies classified
bacteria containing 3α-HSDH, 7α-HSDH, and/or BSH genes (indicated by [30,43]) in
the gut microbiota of atherosclerosis patients, regardless of the direction of change (in-
creased or decreased) (Table 1). For example, Toya et al. observed a higher abundance
of Ruminococcus gnavus in atherosclerosis patients [68]. This species expresses 3α-HSDH
enzymes and is an important producer of iso-DCA [79]. Moreover, the genera Collinsella,
Eubacterium, and Bacteroides carry both 7α-HSDH and BSH genes, whereas Roseburia,
Streptococcus, Enterococcus, and Clostridium only carry BSH genes (Table 1). Interestingly,
BSH phylotypes are related to CVD [43,44]. For example, Karlsson et al. observed an
increased abundance of Collinsella in the gut microbiota of atherosclerosis patients [64]. This
genus carries BSH-T4 genes, whose relative abundance is significantly higher in atheroscle-
rosis populations [43]. Moreover, multiple studies observed a reduced abundance of
Bacteroides in the gut microbiota of atherosclerosis patients [66,71]. This genus carries
BSH-T5/BSH-T6 genes, whose relative abundance are significantly lower in atherosclerosis
populations [43]. This suggests that changes in BA-modifying bacteria in the gut microbiota
may play a role in the pathophysiology of atherosclerosis.

Regarding the microbial alpha diversity, reflecting the number of bacterial species, the
results are inconsistent across the studies enlisted in Table 1. In general, gut microbiota
diversity has been found to negatively correlate with risk factors of atherosclerosis, such
as obesity, hyperinsulinemia, hypertension, and dyslipidemia [72,80,81]. However, others
have demonstrated that alpha diversity was either not different or increased in atheroscle-
rosis patients compared with the controls [63,66,67,69,71]. These discrepancies could be
due to limitations in the respective studies, such as omitting important confounders in
their analyses (e.g., age, sex, and BMI) or assessing diversity with an estimation-based
method (Chao1) [63]. Moreover, the temporal dynamics and intra- and interindividual
heterogeneity of the gut microbiota underscores the difficulty in studying and comparing
cross-sectional studies. Rodent models (especially germ-free models), which are more ex-
perimentally controlled, represent an invaluable tool for studying microbe–host interactions
in the context of CVD.

In recent years, several studies have shown causal effects of the gut microbiota in
the pathology of CVD [82–85]. For example, we recently showed that atherosclerosis was
increased by 30% in (atherosclerosis-prone) low-density lipoprotein receptor knockout
(Ldlr−/−) mice following transplantation with a pro-inflammatory gut microbiota and
feeding a high-fat, cholesterol-enriched diet [85]. In addition, an in vitro screening protocol
identified specific peptides that selectively modified bacterial growth [83]. These peptides
can selectively partition into bacterial membranes, interrupt the transmembrane potential,
and impair cell growth. Interestingly, Western-type diet-associated gut microbiota dysbiosis
was remodeled by cyclic d,L-α-peptides towards the chow-diet microbial state, which was
accompanied with rebalanced BA and SCFA homeostasis, suppressed production of pro-
inflammatory cytokines and improved gut barrier integrity in Ldlr−/− mice [83]. Liu et al.
transplanted germ-free mice with feces from CAD patients or healthy controls [84]. CAD
patients were characterized by an altered gut microbiota composition and elevated serum
levels of secondary BAs. Mice colonized with CAD microbiota showed an imbalanced
BA composition with increased secondary BAs, worsened gut barrier permeability, and
vascular dysfunction. In another study, supplementation with glycoursodeoxycholic acid
(GUDCA) was shown to partly normalize Western diet-associated gut microbiota dysbiosis,
which improved cholesterol homeostasis and local chronic inflammation and protected
against atherosclerosis progression in (atherosclerosis-prone) apolipoprotein E-deficient
(ApoE−/−) mice [82]. Changes in bacteria genera Alloprevotella and Parabacteroides positively,
and Turicibacter and Alistipes negatively, were modulated by GUDCA and correlated with
the plaque area in mice aortas [82]. Combined, these studies provide causal evidence that
there is a functional interplay between gut bacteria and BAs, which affects CVD in mice.
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5. Altered Bile Acid Metabolism in Cardiovascular Disease

Examining the composition of the gut microbiota at one single point in time ignores
the complex nature of the gut microbiota as an ecosystem. Investigating functional shifts
of the gut microbiota, including changes in gut-derived metabolites, helps to identify
measurable read-outs of bacterial functions in health and disease. BAs might be a relevant
gut metabolite in relation to CVD, despite controversy across studies [86–89]. Lower plasma
BA levels have been reported in CVD [86,87]. Low serum BAs appeared to be independently
associated with the presence and severity of CAD, especially for the presence of myocardial
infarction (MI) [87]. These results were largely confirmed by Nguyen et al., although serum
BA concentrations in both the control and CAD patients were lower compared with the
previous study [86]. The latter study also observed doubled serum BAs in patients receiving
statin therapy, suggesting that serum BAs levels are amendable by statin administration
in CAD patients. Statins are a commonly described drug to lower cholesterol via the
inhibition of β-Hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase, the rate limiting
enzyme in the cholesterol biosynthesis pathway [90]. Moreover, glyco-CDCA was two-fold
higher in CAD patients [86] and, together with the total serum BAs, were predictors of
CAD [86,87]. In contrast, a previous study comparing CAD and non-CAD patients did not
demonstrate a significant association between serum BAs and CAD [88]. In addition, the
total serum BAs are known to increase in patients with liver cirrhosis, which is associated
with cardiac dysfunction [89]; total serum BAs are elevated up to 100 times the normal
values in patients with cirrhotic cardiomyopathy [89], i.e., much more compared with CAD
patients. Although inconsistency is found between studies, it appears that either low or
extreme high serum BAs can be associated with CVD.

For zooming in on small-molecule metabolites in relation to CVD, untargeted metabolomics
is a powerful tool to discover novel metabolites. Zhang et al. discovered that six metabolites
were significantly altered in CAD patients [91]. LCA, together with 4-pyridocix acid and
phosphatidylglycerol (20:3/2:0), showed the strongest positive correlation with CAD,
defined as >80% stenosis in at least one artery. Of note, Chen et al. observed large inter-
individual variability in plasma BA profiles in human obesity [35]. This variability suggests
a more personalized approach to finding biomarkers and future therapeutic applications of
BAs in CVD, although participants with recent cardiovascular events were excluded from
this study [35]. Nevertheless, secondary BAs, i.e., DCA and LCA, were associated with
diabetes and liver fat content, which are two risk factors of CVD, in these obese subjects.

In addition to plasma BAs, fecal bile acid excretion (BAE), which equals hepatic BA
synthesis under steady state conditions, has also been associated with CAD [92–94]. CAD-
patients were found to excrete less BAs, particularly DCA and LCA, compared with non-
CAD controls [92–94]. A historical follow-up of 20 years showed that BAE was a significant
independent parameter that predicted CAD in humans, in which BAE < 415 mg/day was
associated with a higher long-term mortality due to CAD [94]. More specifically, 75% of
the patients with BAE < 262.4/day developed a stroke relative to none of the patients with
BAE > 622 mg/day [93]. BAE can thus serve as an interesting biomarker of CAD.

Thus, these studies provide evidence that measuring plasma and fecal BAs may aid in
the assessment of the gut microbiota contributions to CVD. Understanding determinants
of BA pool/metabolism and its reflection in CVD is important to rationalize their use as
potential biomarkers and therapeutic targets.

6. Bile Acids as Mediators of Cardiovascular Disease Risk

In this section, the focus switches from association to causality regarding the potential
roles of BAs in CVD. The multifaceted roles of BAs in lipid homeostasis, immunity, and
heart function indicate the ability to mediate CVD, as discussed in the following sections
(Figure 2).
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Figure 2. Bile acid regulation in lipid and immune metabolism, and heart function. Mechanis-
tic effects of BAs in different organs (heart/vasculature/circulation/colon/lamina propria) or cell
types (cardiomyocyte, endothelial cell, vascular smooth muscle cell, immune cells, enterocyte) in
relation to lipid and immune metabolism, and heart function. CM = cardiomyocyte; EC = endothe-
lial cell; VSMC = vascular smooth muscle cell; Th17—T helper 17 cells; Treg = Regulatory T cells;
FXR = farnesoid X receptor; VDR = vitamin D receptor; PXR = pregnane R receptor; NR4A1 = nu-
clear receptor 4A1; TGR5 = Takeda G protein-coupled receptor; MR = muscarinic receptor; S1RP2
= sphingosine 1-phosphate receptor 2; SR-A1 = Class A1 scavenger receptors; AT2R = angiotensin
II receptor type 2; TLR2—toll-like receptor 2; NCX = Na+/Ca2+ exchange protein; BKCa = large
conductance Ca2+-activated K+; ASBT = apical sodium-dependent bile acid transporter; BA = bile
acid; UDCA = ursodeoxycholic acid; (T/G)DCA = (tauro/glycol)deoxycholic acid; (T)LCA = Tau-
rolithocholic acid; TCA = Taurocholic acid; CDCA = chenodeoxycholic acid; NF-κB = nuclear factor
kappa B; PTP = Mitochondrial permeability transition pore; PLTP = phospholipid transfer protein; ET
= endothelin-1; NO = nitric oxide; ROS = reactive oxygen species; PPARα = peroxisome proliferator-
activated receptor alpha; SREBP1c = sterol regulatory element binding protein 1c; CYP7A1 = cy-
tochrome P450 7A1; CYP39A1 = cytochrome P450 39A1; ApoA-IV = Apolipoprotein A-IV; NLRP3/4
= NLR family pyrin; FOXP3 = forkhead box P3; SMPD3 = Sphingomyelin Phosphodiesterase 3;
SERCA2B = Sarcoendoplasmic reticulum calcium ATPase 2b; FGF15/19 = fibroblast growth factor
15/19; Ang1 = angiopoietin 1; iNOS = nitric oxide synthase; IL = interleukin; TJ = tight junction;
* = hydrophobic bile acid pool; # = hydrophilic bile acid pool. This illustration was created with
Biorender.com.
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6.1. Regulation of Lipid Metabolism

Recent studies have shown that the elevation of plasma triglycerides (TG) comprises
the major lipid abnormality in patients with atherosclerosis, changing the focus from LDL
cholesterol to TG as being causal in atherosclerosis [2]. Interestingly, BAs appear to display
beneficial effects in hypertriglyceridemia [95]. BA activation of the FXR-SHP pathway
interferes with the regulation of fatty acid biosynthesis genes, mediated by the liver X
receptor (LXR) and sterol regulatory element binding protein 1c (SREBP-1c) [95]. Feeding
mice for 8 weeks with 0.5% CA was associated with a reduction in hepatic SREBP-1c
expression and its lipogenic target genes in mouse models [95]. It has been proposed
that the rate of hepatic lipogenesis is a major determinant of very-low-density lipoprotein
(VLDL)-TG production, although it has been reported that massive lipogenesis in obese
ob/ob mice does not lead to increased VLDL production [96]. While SREBP controls fatty
acid synthesis, peroxisome proliferator-activated receptor α (PPARα) promotes fatty acid
β-oxidation [97–99]. Th activation of PPARα by fenofibrate reduced the plasma TG’s,
adiposity, and atherosclerosis development in high-fat diet-fed Ldlr−/− mice [100,101].
Lipid accumulation in the aorta was prevented upon PPARα activation, probably by
enhanced fatty oxidation. BAs can also induce PPARα via the activation of FXR [102].

In contrast with these beneficial effects in hypertriglyceridemia, BA activation of
PXR, a well-known transcription regulator in the control of lipid metabolism [50,103],
increased levels of total cholesterol, VLDL, and LDL; decreased high-density lipoprotein
(HDL) levels; and increased atherosclerosis in ApoE−/− mice [104], while PXR deletion
reduced atherosclerosis in ApoE−/− mice [105]. The genes involved in lipoprotein transport
and cholesterol metabolism, including apolipoprotein A-IV (ApoA-IV), cytochrome P450
family 39 subfamily A member 1 (Cyp39a1), and cluster of differentiation 36 (Cd36), were
affected upon PXR activation [104]. ApoA-IV and Cyp39a1 were down-regulated, whereas
Cd36 was upregulated. Studies have indicated that CD36 plays an important role in
atherosclerosis by mediating oxidized LDL (oxLDL) uptake by macrophages, leading
to the formation of foam cells [106]. PXR activation in peritoneal macrophages led to
increased Cd36 expression, which was consistent with increased lipid accumulation in
these cells [104]. In addition, GUDCA was shown to inhibit macrophage foam cell formation
by down-regulating scavenger receptor A1 gene expression, whereas Cd36 expression was
not affected, implicating a different mode of action [82].

Of note, compensatory mechanisms preventing lipid accumulation in the circulation
have been observed while directly targeting BA synthesis in CYP27A1/ApoE double-
knockout (DKO) mice [50]. Zurkinden et al. showed that loss of the BA synthesis gene
Cyp27a1 in ApoE−/− mice fed a Western-type diet (WD) was associated with an upregula-
tion of Cyp7a1 and cytochrome P450 3A1 (Cyp3a1), resulting in increased BA synthesis
and excretion (i.e., accelerated cholesterol turnover), and protection against atheroscle-
rosis [107]. In this study, they also observed differential cardiovascular outcomes of CA
and CDCA feeding, in addition to the WD. Despite the observation that both feeding
regimes led to reduced Cyp7a1 and Cyp3a1 expression, only CA-WD resulted in a strong
increase in atherosclerosis, together with increased LDL and reduced HDL in the serum,
increased intestinal absorption of cholesterol, and decreased faecal cholesterol output [107].
Although in humans CDCA is a more potent FXR agonist than CA, in rodents, FXR is
mostly activated by CA as CDCA is rapidly converted in MCAs (FXR antagonists) [108].
Macrophage FXR activation by CA takes part in reverse cholesterol transport and reduces
the HDL efflux [107]. In addition, the hydrophilic MCAs in the BA pool in CDCA-WD
fed mice are likely responsible for the reduced cholesterol absorption [107], as the 12α-OH
group of C7 appears to be essential for efficient cholesterol uptake by enterocytes [109].

Similar to BA sequestration, directly blocking intestinal BA absorption also affects BA
synthesis. Targeting ASBT leads to the increased expression of BA synthesis genes and
HMG-CoA reductase in ApoE−/− mice [110]. To fuel the liver with additional cholesterol,
hepatocytes increase both the de novo synthesis and expression of the cell surface LDL
receptors, which results in reduced plasma cholesterol and less prominent aortic lesions.
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FXR and TGR5 are both expressed in the vasculature. Whereas FXR is found in
vascular smooth muscle cells (VSMCs) and endothelial cells of the vascular wall [111] (and
possibly in macrophages [112]), TGR5 is expressed on the surface of macrophages [113],
which are present in atherosclerotic plaque. Studies have shown that the activation of
FXR in rat and human VSMCs reduces migration and inflammation [114], and affects
lipid metabolism [111]; the latter particularly via phospholipid transfer protein (PLTP), an
important regulator of reverse cholesterol transport. Moreover, FXR activation has been
shown to mediate vasodilation in endothelial cells [115] and TGR5 activation to reduce
inflammatory responses in macrophages [116].

Studies have evaluated the effect of TGR5 and/or FXR activation on atherogenesis [116,117].
The activation of TGR5 by INT-777 attenuated atherosclerosis development in Ldlr−/−
mice. INT-777 treatment led to reduced macrophage lipid loading and pro-inflammatory
cytokine production, an effect mediated by altered cAMP-signalling and nuclear factor-
κB (NF-kB) inhibition [116]. In the absence of TGR5, these anti-atherosclerotic effects
were abolished [116]. Similarly, simultaneous activation of FXR and TGR5 by the dual
agonist INT-767 in Ldlr−/− mice reduced atherosclerosis via anti-inflammatory and lipid-
lowering effects [117]. FXR deficiency alone completely blocked the lipid-lowering effects
of INT-767: this was not found in TGR5-deficient mice. Interestingly, both FXR- and
TGR5-deficient mice show reduced atherosclerosis and aortic inflammation upon INT-767
administration [117].

Thus, the anti-atherosclerotic effect of FXR and TGR5 activation is driven by inflam-
mation, and the loss of one receptor is compensated by the other. Moreover, these anti-
atherosclerotic effects of INT-767 were abolished by the dual deficiency of FXR and TGR5
in Ldlr−/− mice [117]. In addition, Jadhav et al. found that INT-767 induced thermogenesis
genes and reduced hepatic de novo lipogenesis genes, suggesting an additional role in
energy homeostasis on top of the anti-atherosclerotic effects of this compound [118].

Intriguingly, both the deficiency and activation of FXR leads to similar results in
atherosclerosis mouse models. FXR loss of function results in a decreased atherosclerotic
plaque surface in Ldlr−/− and ApoE−/− mice [119,120]. Although the serum cholesterol
levels were reduced, the TGs were elevated in these models. Peritoneal macrophages
showed a reduced Cd36 gene expression and decreased lipid accumulation in FXR-LDLR
DKO mice [120]. This suggests an indirect effect of FXR on macrophages. FXR activation
also showed an atheroprotective effect in atherosclerosis models, which was in part the
result of an improved lipid profile [117,118,121,122]. TG-lowering effects can be controlled
by FXR-induced lipoprotein lipase and SREPB-1c activity [121]. Other anti-atherosclerotic
effects could be the result of increased fecal cholesterol excretion and macrophage reverse
cholesterol transport due to reduced BA pool size and composition [122]. Thus, both loss
of function and activation of FXR attenuates atherogenesis in mice, which complicates the
interpretation of these results.

Recent research has demonstrated that patients with hypercholesterolemia have
elevated fibroblast growth factor 19 (FGF19), which is positively correlated with pro-
atherogenic ceramide levels [123]. Intestinal FXR activation releases FGF19 (or fibroblast
growth factor 15 (FGF15) in rodents) in the ileum, which is a negative regulator of hepatic
BA synthesis. Intestinal FXR-deficient ApoE−/− mice showed decreased atherosclerotic
lesions in the aorta and heart, and reduced serum levels of ceramides after high-cholesterol
diet feeding [123]. The enzyme sphingomyelin phosphodiesterase 3 (SMPD3) was identified
as an intestinal FXR target, which is involved in ceramide synthesis. The overexpression
of SMPD3 eliminated the anti-atherosclerotic effects in intestinal FXR-deficient ApoE−/−
mice [123].

Thus, BAs play an important role in lipid metabolism, as BAs affect BA and lipid
synthesis, absorption, and excretion, but are also involved in foam cell formation and
ceramide synthesis, which are both associated with CVD. Although it is not always clear
whether the lipid-lowering (anti-atherosclerotic) effects of BAs are caused by direct or
indirect effects of BA signalling, BAs represent an interesting therapeutic target for CVD.
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6.2. Regulation of Immune Functions by Secondary Bile Acids

Inflammation plays a central role in CVD, involving both the innate and adaptive im-
mune systems [12,124–130]. Alterations in the gut microbiota are associated with impaired
gut integrity, leading to increased leakage of microbiota-derived LPS, which promotes
systemic inflammation [12]. Targeting innate immunity with antibodies against interleukin-
1 beta (IL-1β) led to reduced recurrent cardiovascular events in patients with previous
myocardial infarction, independent of lipid lowering [131], suggesting that CVD is driven
by inflammation. Interestingly, among the continuously growing list of metabolites regu-
lating the immune system, secondary BAs are recognized to possess immuno-regulatory
properties that affect CVD development [132].

FXR signalling is evidently involved in the maintenance of intestinal integrity and
the regulation of inflammatory processes. For example, intestinal FXR activation has been
shown to protect mice from intestinal inflammation through the downregulation of key
pro-inflammatory cytokines [133], which are known to increase the permeability of the
intestinal epithelial monolayer [133,134]. A different study showed that the genes encoding
tight junction proteins, zonulin-1 and occludin, were increased upon FXR activation in a
cirrhotic rat model [135]. In addition, FXR has been shown to induce the expression of
genes such as angiopoietin 1 (Ang1), inducible NO synthase (iNOS), and interleukin-18
(Il-18), which show anti-microbial effects and protect the mucosal intestinal barrier in
mice [136]. VDR is also involved in maintaining gut integrity and can be activated by LCA
and iso-LCA [34,137,138]. The activation of VDR by LCA showed a protective effect on
tumor necrosis factor alpha (TNFα)-induced injury of intestinal barrier function in Caco-2
cells, possibly through the NFκB signalling pathway [137]. Moreover, cell experiments
demonstrated that LCA can induce adhesion molecule expression in endothelial cells
through the activation of reactive oxygen species formation, NF-κB, and p38 mitogen-
activated protein kinase (MAPK) signalling [139]. Increased surface adhesion molecules
can attract immune cells to the vascular wall. Controversially, studies have shown anti-
inflammatory effects upon VDR activation in CVD [50,140–142].

On the contrary, in vivo and in vitro studies have shown that the prolonged presence
of excess DCA can reduce gut barrier function and promote intestinal inflammation [143].
DCA may serve as an endogenous danger-associated molecular pattern (DAMP) and
activate inflammasome NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3),
a cytosolic multiprotein of the innate immune system, which promotes the secretion of
pro-inflammatory cytokines [144]. DCA binds to the sphingosine-1-phosphate receptor
2 (S1PR2) in macrophages that mediates NLRP3 activation [144]. Moreover, Wang et al.
found that HFD-induced dysbiosis promotes DCA production, leading to increased pro-
inflammatory colonic macrophage infiltration in mice [145]. DCA dose-dependently pro-
moted M1 macrophage polarization and cytokine production via the NF-kB signalling path-
way, partially through toll-like receptor 2 (TLR2) and muscarinic 2 receptor (M2R) activation.

TGR5 activation in CD4 T cells inhibits inflammation by regulating the recruitment of
CD4 and CD8 T cells after myocardial infarction [146]. In line with this anti-inflammatory
effect, the administration of TLCA led to NLRP3 inflammasome inhibition via the TGR5-
cAMP-PKA axis in T cells and macrophages. PKA can induce the phosphorylation of
NLRP3, thereby preventing the activation of the inflammasome [147]. Interestingly, SHP
is a negative regulator of NLPR3 inflammasome activation and its deficiency showed
increased pro-inflammatory cytokines in vivo, including Il-1β and Il-18 [148].

Similar to FXR and TGR5, VDR activation exhibits strong anti-inflammatory effects
in macrophages [149–151]. VDR deletion increased foam cell formation from a lack of
the VDR-sarcoendoplasmic reticulum calcium ATPase 2b (SERCA2b) interaction, causing
activation of ER stress and the induction of CD36 and class A1 scavenger receptor (SR-A1)
in the macrophages [149]. SERCA2b, is a critical enzyme that maintains ER calcium levels
to optimize protein production and folding [149].

Accumulating evidence indicates that an altered microbiota can activate both the
innate and adaptive immune system [83–85]. Western-type diet-induced dysbiosis [83] and
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microbes from CAD patients [84] was shown to modulate BA pool composition, worsen
gut barrier permeability, and increase systemic and intestinal inflammation, likely by im-
balanced T helper and T regulatory cells (Tregs) in the intestinal lamina propria. A higher
ratio of retinoid-acid-related orphan receptor-γt (RORγt) T helper 17 cells to (Helios+)
regulatory T cells was observed [83,84]. While transcription factor RORγt is required for
the differentiation of pro-inflammatory Th17 cells, orchestrating intestinal inflammatory
responses, Helios+ cells play a critical role in tissue repair, and in the maintenance of gut
barrier function [152]. Chen et al. speculated that BAs and other oxysterols can serve as
endogenous RORγt agonists, modulating different T cell subsets [83]. Indeed, fecal LCA is
positively correlated with the Th17−Treg ratio in the intestinal lamina propria [84], suggest-
ing that signals from the gut microbiota could drive the differentiation and maintenance of
T cell subsets in the intestine. In addition, microbes from CAD patients led to increased
reactive oxygen species generation and vascular stiffness in the aorta, probably caused by
increased intestinal inflammation and worsened gut barrier permeability [78].

Follow-up studies have shown that derivates from LCA can modulate T cell sub-
sets. While 3-oxoLCA inhibited the differentiation of Th17 through direct binding to
RORγt [138,153], iso-alloLCA increased the differentiation of Tregs [138] in a nuclear hor-
mone receptor Nur77-dependent manner [154], enhancing Forkhead Box P3 (FOXP3), a
master regulator in the development and functioning of Tregs. Changing the BA pool by
manipulating dietary and microbial factors confirmed the role of BAs in modulating FOXP3
Tregs in the colon [155]. The genetic ablation of BA enzymes in the bacteria reduced Tregs,
which was resolved after restoring the BA content in the intestine. Moreover, a nutrient
minimal diet lowered fecal deconjugated BAs and reduced Tregs in the colon, which was
only restored by the administration of LCA/3-oxo-LCA [155]. Investigating different BA
receptors in modulating colonic Treg cell populations demonstrated a major role of the
BA-VDR pathway [155]. VDR is expressed in FOXP3 Tregs, but also in endothelial and
dendritic cells in the colon [155]. The secondary BA isoDCA can increase FOXP3 Treg
induction by acting on dendritic cells [156]. Dendritic cell FXR ablation led to increased
Treg production, showing the same transcriptional profile compared to isoDCA induc-
tion [156]. The role of VDR in this process was not investigated. Interestingly, human
VDR genetic variants could affect intestinal inflammation through controlling the Treg
pool [157]. Forward genetics studies have observed polymorphisms in the VDR promotor,
which controlled VDR expression and T cell activation [157]. The different activation status
of VDR could affect intestinal inflammatory susceptibility through the improper control of
Tregs in the colon, driving low-grade systemic inflammation [157].

Thus, both the innate and adaptive immune systems can be modulated by BA sig-
nalling, either by boosting or inhibiting inflammatory responses. Therefore, (indirectly)
targeting BA metabolism to reduce systemic inflammation could be a new therapeutic
opportunity for CVD.

6.3. Regulation of Heart Function

Studies have shown a direct role of BAs in features of heart and arteries (cardiovas-
cular tissue). BAs appear to regulate cardiovascular function through the activation of
BARs (FXR, TGR5, and VDR) and MRs, as well as through the interaction with ion chan-
nels in cardiovascular tissue [31]. This section summarizes BA signalling in relation to
cardiovascular function.

FXR is highly expressed in the liver, kidney, and gastrointestinal tract, but is also
expressed in heart tissue (i.e., cardiomyocytes and fibroblasts) and in the vasculature
(i.e., endothelial and vascular smooth muscle cells) [111]. FXR activation results in cell-
type specific responses [111,115,158–161]. FXR activation of isolated neonatal rat car-
diomyocytes, either by natural (CDCA) or synthetic (GW4064) FXR activators, induced
apoptosis [158]. Interestingly, increased Fxr expression was observed after myocardial
ischaemia/reperfusion in mouse hearts, whereas both pharmacological inhibition or the
genetic deletion of FXR reduced myocardial apoptosis, decreased infarct size, and improved
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the cardiac function of ischaemic hearts [158]. Hydrophilic UDCA was shown to protect the
myocardium against reperfusion injury in rat hearts by blocking the opening of the cardiac
mitochondrial permeability transition pore (PTP) during reperfusion of the heart [162].

Studies have also indicated a role of BAs in regulating vascular tension [115,161,163].
For example, activation of endothelial FXR led to downregulation of Endothelin-1 (Et-1)
and Il-1 mRNA expression, both potent vasoconstrictive agents [115]. Additionally, FXR
activation resulted in upregulation of endothelial nitric oxide synthase (eNOS) [161]. eNOS-
derived nitric oxide (NO) has vasodilatory effects and plays an important role in vasomotor
tone, VSMC proliferation, platelet aggregation, and the inhibition of lipid oxidation [164].
Mechanistic studies reported an FXR-responsive element in the eNOS promotor [161].
In vitro and in vivo studies demonstrated that, next to FXR, the activation of TGR5 also
increased NO production in aortic endothelial cells, and reduced monocyte adhesion and
the activation of NF-kB [163]. In addition, DCA treatment improved cardiac function
by inhibiting Il-1β expression in the infarcted hearts of mice in cardiomyocytes via the
TGR5-NFκB pathway [165]. In line with these results, serum DCA was reduced in acute
myocardial patients [165].

FXR activation in VSMCs stimulates the angiotensin system [159,160]. FXR activation
in rat aortic smooth muscle cells led to increased expression of angiotensin (Ang) II type
2 receptor (AT2R) and the inhibition of Ang II-mediated extracellular signal-regulated
kinase (ERK) activation and cell proliferation [160]. Whereas angiotensin II Type I Receptor
(AT1R) activation has vasopressor effects, AT2R activation has vasodilatory roles in the
regulation of blood pressure [166]. These vasodilatory effects were impaired in cultured
rabbit mesenteric arteries after chronic FXR activation. The FXR agonist GW4064 dose-
dependently impaired endothelium relaxation, caused by the decreased sensibility of
VSMCs to NO [159]. Thus, these studies suggest different roles in the regulation of blood
pressure upon short- and long-term FXR activation.

Whole body FXR/SHP double knockout mice, a model of BA overload, displayed
cardiac hypertrophy, bradycardia, and exercise intolerance [167]. Cardiac fatty acid oxi-
dation was reduced in favour of glucose oxidation. Cholestatic mice also have elevated
plasma BAs and show increased hypertrophic signalling in the heart, along with suppressed
fatty acid oxidation and increased myocardial glycogen content [168]. Interestingly, reduc-
ing plasma BAs by intestinal BA sequestration reversed the observed heart dysfunction
in FXR/SHP double knockout mice [167]. These results imply a role of serum BAs on
heart function. Of note, mechanistic studies have demonstrated that only the deletion
of SHP led to hypertrophy and bradycardia [167], suggesting that SHP is an important
antihypertrophic regulator.

VDR signalling is also involved in regulating cardiac function [169,170]. Functional
VDR is found in t-tubules of cardiac myocytes [169]. T-tubules regulate intracellular calcium
flow and allow the heart to contract more forcefully [171]. Cardiac myocytes isolated from
VDR knockout mice show increased rates of contraction, cardiac hypertrophy, and systolic
and diastolic dysfunction compared with wild-type mice [169]. In addition, epidemiological
studies have observed a link between vitamin D deficiency and CVD [172–174]. Vitamin
D deficiency in mouse models leads to increased systolic and diastolic blood pressure,
high plasma renin and decreased urinary sodium excretion, and increased atherosclerosis
in the aortic arch accompanied by increased macrophage/foam cell infiltration with ER
stress activation [150]. Interestingly, vitamin D supplementation improved left ventricular
(LV) function and reversed LV remodelling in heart failure (HF) patients [170]. As LCA
is a potent endogenous ligand of VDR in T cells, it may be speculated whether these
specific BAs can also activate VDR in other cell-types, such as myocytes. If this is the case,
LCA-VDR signalling in myocytes could be involved in the modulation of heart function.

BAs also bind to “non-classical BAR”, such as muscarinic (acetylcholine) receptors
(MR) [31]. MRs are G-protein coupled receptors and are classified into different subtypes,
namely M1R–M5R [31]. Molecular modelling shows strong similarities in the molecular
surface of acetylcholine and BAs [175]. In contrast with acetylcholine, BA-specific MR
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activation depends on hydrophobic interactions. Hence, conjugates of (hydrophobic)
secondary BAs showed favourable binding to M3R, acting as antagonists [175–178]. Tauro-
LCA (TLCA) and conjugates of DCA are bound to M3R and inhibit acetylcholine-induced
increases in inositol phosphate formation and MAPK phosphorylation [176,177]. Moreover,
tauro-DCA (TDCA) stimulated vasodilatory actions in rat thoracic aortae rings, in part by
an NO-, M3R-dependent mechanism [179]. Additionally, conjugated BAs were found to be
partial agonists of M2R, slowing the contraction rate in neonatal mesenteric vascular muscle
cells [180]. Tauro-CA (TCA) was found to interact with M2R on neonatal rat cardiomyocytes,
lowering intracellular cAMP and inducing arrhythmia in cardiac tissue. Arrhythmia was
caused by reduced myocardial cell contraction [181]. Importantly, reduced contraction
could also be the consequence of cytotoxicity at higher BA concentrations [180]. The effects
of BAs on the remaining MRs in the heart remain to be explored.

In addition to binding to BAR and MRs, BAs can interact with ion channels, such
as the large conductance Ca2+-activated K+ (BKCa) channel [182,183] and Na+/Ca2+ ex-
change protein (NCX) [184]. Natural BAs and synthetic analogues show direct binding
to BKCa channels, increasing their activity and leading to the relaxation of rabbit mesen-
teric artery smooth muscle cells [182]. For example, LCA was found to mediate BKCa
channel activation causing relaxation in the small arteries [183]. Moreover, TCA dose-
dependently induced arrhythmias in adult human atrial tissue, probably by depolarization
of the resting membrane potential, enhancing the NCX current density, and inducing after
polarizations [184]. These effects were prevented after NCX inhibition [184].

To summarize, BAs are recognized signalling molecules in modulating cardiovascular
function. Their action is mediated by BARs, MRs, or ion channel interaction and mostly
leads to vasodilatory effects. The hydrophobicity, polarity, and/or conjugation state of BAs
seems to play an important role in the magnitude of receptor/channel activation. Future
studies should uncover BA effects in cardiac tissue to exploit BA-mediated targets in order
to control heart disease.

7. Bile-Acid-Based Therapies in Cardiovascular Disease

As summarized above, BAs act as important hormonal signalling molecules that
modulate cardiovascular function. Given the new insights of BAs in lipid metabolism,
immunity, and heart function, strategies for BA-based treatment of CVD can be considered.
Targeting BA metabolism could either be indirectly (via gut microbiota) or directly (BAR
modulators). In this section, we briefly discuss potential BA-based therapies for the
treatment of CVD.

7.1. Indirect Bile-Acid-Based Therapies

Targeting the gut microbiota (and thereby indirectly BA metabolism) can be accom-
plished via restoration (fecal microbiota transplantation (FMT)) of the gut flora. However,
this strategy is unlikely to be suitable for future applications, given that the efficiency
of FMT is still limited and inconclusive (due to non-specificity and engraftments prob-
lems) and there is risk of pathogenic infection [60]. Other approaches include prebiotics,
probiotics, and synbiotics (mixture of pre and probiotics).

Prebiotics do not contain bacteria, but are substrates that are selectively utilized by
host microorganisms, and thereby stimulate their growth [60]. Prebiotics (e.g., fibers and
oligosaccharides) can be obtained from various sources, including raw oats, soybeans, and
several plants [185]. Interestingly, dietary fibers can also regulate BA levels in the gut
lumen by binding to conjugated BAs, and then serve as a platform for gut bacteria that
possess BA-metabolizing enzymes [186]. A recent clinical trial demonstrated the health
benefit of pea fiber in weight control and blood glucose levels [187], two important factors
in managing cardiovascular function. Pea fiber can modulate the gut microbiota and alter
fecal SCFAs and BAs [188]. For example, the genus Oscillospira was reduced after pea fiber
treatment, which was negatively correlated with reduced abundances of BAs, such as DCA
and isoLCA [188]. This study also reported an overall decrease in fecal BAs, including CA,
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CDCA, and DCA. This study indicates the potential role of prebiotics in modulating the
microbiota and its metabolites, which contributes to metabolic health benefits in overweight
patients (who are at risk for CVD) [187,188].

Probiotics are live bacteria with the entire molecular machinery of living cells, which
have been shown various health benefits when administered in adequate amounts [60].
Preclinical and clinical studies have shown anti-atherogenic effects of probiotics (reviewed
extensively in [189]). Probiotics (e.g., species of Lactobaccillus and Bifidobacterium) often
contain a BSH activity, which is related to cholesterol-lowering effects in plasma [190].
Some probiotics can also increase BA synthesis via direct inhibitory actions on FXR and
SHP [189,191]. In addition, probiotics seem to be associated with anti-inflammatory and
anti-oxidative effects and enhanced endothelial function in arteries [192]. Besides the genera
Lactobacillus and Bifidobacterium, lactic acid bacteria has been shown to have both fermen-
tation productivity and antioxidant properties [193]. Moreover, as previously described,
derivates from LCA can modulate T cell subsets (Figure 2)—3-oxoLCA and isoLCA inhibit
the differentiation of Th17 cells [138,153], while iso-alloLCA increases the differentiation of
Tregs [138]. Higher intestinal levels of these secondary BAs may be beneficial in controlling
gut immune homeostasis and reducing systemic inflammation [155]. Screening bacteria in
human stool samples for their ability to convert LCA into its derivates (3-oxo-, iso-, and
iso-allo-LCA) using UPLC-MC traces, is a useful tool to select bacterial species as potential
probiotics [153]. Paik et al. revealed that species Eggerthella lenta and Ruminococcus gnavus
are able to convert LCA to 3-oxoLCA and isoLCA, while species Bacteroides fragilis convert
3-oxoLCA to isoLCA. The colonization of these species reduced Th17 cell levels in the
colonic lamina propria in mice [153]. This study showed promising results of using probi-
otics to alter BA metabolism and control immune homeostasis in the gut [153]. Whether
these effects could also influence heart function or atherosclerotic progression needs to be
further investigated. Of note, probiotics do not always show beneficial effects, partly due
to heterogeneity in the human population or engraftment problems [60].

To improve colonization, probiotics can be given as a mixture with prebiotics to
promote survival and activity of these specific bacterial strains [60]. For example, ad-
ministration of Bifidobacterium animalis substrate Lactis 420 together with prebiotic Litesse
Ultra polydextrose (consisting of fibers) show synergistic clinical effects on body fat regula-
tion [194]. Synbiotic treatment also led to alterations in gut microbiota composition, BA
composition (reduced conjugated BAs), improved gut barrier function, glucose tolerance,
and mitigation of inflammation [194]. In addition, evidence from systematic reviews and
meta-analysis of clinical trials lend support for synbiotic treatments to reduce plasma LDL
and triglyceride levels and increase HDL, probably through reduced intestinal cholesterol
absorption and higher BA excretion [195,196]. The effects of synbiotics were more effective
when consumed for longer than 8 weeks [196].

7.2. Direct Bile-Acid-Based Therapies

As previously discussed, preclinical studies have shown lipid-lowering and anti-
inflammatory effects for FXR and TGR5 agonists. These benefits make the receptors poten-
tial candidates for the treatment of CVD. The development of FXR and TGR5 modulators
are in its early phase and clinical studies in patients with CVD are lacking. However, obeti-
cholic acid (OCA), which is the first developed small molecule targeting FXR, was evaluated
in clinical trials and showed promising results in patients with metabolic diseases [197].
OCA treatment (6 weeks) was well-tolerated and increased insulin sensitivity and reduced
markers of liver inflammation and fibrosis in diabetic and non-alcoholic fatty liver dis-
ease (NAFLD) patients. As expected, a side effect of OCA treatment is increased serum
cholesterol levels due to FXR activation and reduced hepatic CYP7A1 expression [197].
Evaluation of the lipid profile modulation by OCA treatment is currently ongoing. In
addition, TGR5 agonists are in development as therapeutics for cardiometabolic diseases.
For example, derivatives of CDCA have been tested to treat obesity, insulin sensitivity,
and inflammation [198,199]. However, most TGR5 agonists are still in preclinical phase or
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showed unsatisfactory results in phase I trials [199]. Whether FXR and/or TGR5 agonists
are interesting targets as treatment for CVD still needs to be determined.

Of note, mouse models have been widely used in preclinical studies to investigate the
mechanistic roles of BAs in CVD. However, the marked species difference in BA metabolism
between humans and mice have hampered the interpretation of the results [200–202]. As
mentioned before, mice produce rodent-specific MCAs, which account for 35% of the
total BA pool in mice [203]. Because of the hydrophilicity of MCAs, the murine BA
pool is more hydrophilic than the human BA pool [203]. As BA species have dissimilar
affinities for the activation of BARs, differences in BA composition could differentially
affect lipid metabolism, immunity, and heart function. The depletion of the rodent-specific
enzyme Cyp2c70, which is responsible for the production of MCAs, has been developed to
humanize the BA pool composition in mice and is of great value in this respect [200–202]. In
addition, the mouse specific enzyme Cyp2a12 was recently discovered [201]. This enzyme
rehydroxylates DCA and LCA upon their arrival in the liver, giving rise to CA and MCAs.
The proportion of secondary BAs are thus reduced in the pool in mice. Generation of
Cyp2a12 knockout mice show the accumulation of DCA in the pool, resembling a more
human-like BA pool [201]. These novel humanized BA mouse models will become of
critical importance to bridge the gap between laboratory and clinical application, while
preserving the benefits of the mouse as a preclinical model.

In addition, ex vivo models are being developed and validated to study atherosclerosis
based on the actual human plaque (obtained from endarterectomy surgery) [204–206].
Although the complexity of the disease underscores the necessity to use in vivo (rodent)
models to investigate the mechanisms of atherosclerosis, this ex vivo human atherosclerosis
model displays major advantages and opportunities. Previous studies have shown that
segments of the human plaque can be maintained for 2 weeks in culture [206], providing
an attractive ex vivo model to acquire fundamental knowledge and study the impact of
novel treatment strategies, such as FXR and TGR5 modulators, to provide a basis for future
innovative therapeutics.

8. Conclusions

Evidence is accumulating that BAs exert a much broader range of biological functions
than initially recognized, playing a part in mediating lipid metabolism, immunity, and heart
function. Given the fact that human studies have shown disturbances in the gut microbiota
and BA metabolism in relation to CVD, there are speculations that BA metabolism could be
a potential therapeutic target in the future. However, our understanding of the mechanisms
is mainly based on preclinical studies, and translational human studies are much needed.
Nevertheless, BA-based therapeutics, either indirect or direct, show the potential to reduce
the risk factors of CVD. Of note, due to the heterogeneity in the human population, a “one
size fits all” approach is expected to not be successful (especially when targeting the gut
microbiota). In conclusion, BAs are important signalling molecules in the human body,
acting as integrators and modulators of important cardiometabolic pathways. A better and
more comprehensive understanding of BAs in cardiovascular responses will be of great
importance in the establishment of novel therapeutic approaches to combat CVD.
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Abstract: The serum low density lipoprotein cholesterol (LDL-C) concentration is the dominant
clinical parameter to judge a patient’s risk of developing cardiovascular disease (CVD). Recent evi-
dence supports the theory that cholesterol in serum triglyceride-rich lipoproteins (TRLs) contributes
significantly to the atherogenic risk, independent of LDL-C. Therefore, combined analysis of both
targets and adequate treatment may improve prevention of CVD. The validity of TRL-C calculation
is solely dependent on the accuracy of the LDL-C measurement. Direct measurement of serum
LDL- C is more accurate than established estimation procedures based upon Friedewald, Martin–
Hopkins, or Sampson equations. TRL-C can be easily calculated as total C minus high density
lipoprotein C (HDL-C) minus LDL-C. Enhanced serum LDL-C or TRL-C concentrations require
different therapeutic approaches to lower the atherogenic lipoprotein C. This review describes the
different atherogenic lipoproteins and their possible analytical properties and limitations.

Keywords: chylomicrons; remnants; cholesterol; Friedewald equation; Martin–Hopkins equation;
Sampson equation

1. Introduction

Increased serum total cholesterol (TC) is associated with an increased risk of devel-
oping atherosclerotic cardiovascular disease (ASCVD) [1–3]. High serum low density
lipoprotein C (LDL-C) is generally considered as the predominant cause of ASCVD pro-
gression [4–6]. For decades, serum LDL-C has been the main target to be lowered with
statins, either alone or in combination with ezetimibe [7]. Recently, bempedoic acid has
been introduced as a possible replacement for statins when these cannot be tolerated by
the patient [8]. In a considerable number of patients, LDL-C lowering targets are not
reached [9–11]. Additional LDL-C lowering therapies have been developed, such as in-
hibition of proprotein convertase subtilisin/kexin type 9 (PCSK9), which intercellularly
degrades the LDL-receptor (LDLR) [12,13]. LDLR is the carrier protein that enables LDL to
enter the cell. LDL is formed by very low density lipoprotein (VLDL) through intermediate
density lipoprotein (IDL) after progressive removal of triglyceride (TG) by lipoprotein
lipase (LPL) and hepatic lipase (HL) [14] (Figure 1). VLDL, IDL, and LDL differ in particle
size and density [15].

It is important to realize that VLDL, IDL, and LDL are density classes only composed
of differently sized particles. Since VLDL secretion and LPL activity may vary over time, a
large variety of lipoprotein particles with a range of TG and C contents is simultaneously
present in serum [13,16–18]. These particles, which are larger and more TG-rich than
LDL, are called TG-rich lipoproteins (TRLs). Additionally, highly TG-rich chylomicrons
(CM) are continuously released from the intestine two and four hours after a fat-rich
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meal [19–22]. CMs are gradually converted to chylomicron remnants (CMR) via loss of TG
by LPL. The sum of C in VLDL derived TRLs and CMs plus CMRs may be called total TRL-
C. Recently, the measurement of remnant cholesterol (remnant C) has attracted considerable
attention and its abundance has been proven to be associated with the development of
various types of atherosclerotic events independent of LDL-C [23]. However, the definition
of remnant-C and the determination of serum remnant-C concentration are subjects of
discussion. According to the generally applied calculation, remnant C equals TRL-C. TRLs
contain lipoprotein particles in between VLDL and LDL including IDL in combination
with CMR [24]. All of these remnants and LDL are supposedly atherogenic. Graduation
in atherogenicity cannot be clearly defined, despite the fact that small, highly dense LDL
particles (“small-dense LDL”) are more atherogenic than larger ones [25]. In addition, while
no clear general description of atherogenic lipoproteins can be provided, the presence of
apolipoprotein B (ApoB) as carrier protein is at least characteristic. ApoB is represented
as ApoB100 in VLDL-derived particles and ApoB48 for chylomicron-derived particles.
This separates atherogenic particles from high density lipoprotein (HDL) which carries
apolipoprotein A1 (ApoA1) as the unifying apolipoprotein. Additionally, the cholesterol
ester (CE) content adds further to the atherogenicity [26–28]. Different risk indicators
have been introduced to predict atherosclerotic risk. Apart from clinical indicators, such
as obesity, smoking and/or diabetes, these include the serum concentrations of LDL-C,
VLDL-remnant C (TRL-C), non-HDL-C and ApoB. ApoB has been introduced as a risk
indicator based on the knowledge that CMs, CMRs, TRLs, and LDLs contain one ApoB
molecule per particle and that the number of particles may be more conclusive than the
concentration of lipoprotein C [29,30]. To date, clinicians tend to rely on LDL-C as the best
marker for pro-atherogenic lipoproteins and HDL-C as the marker for anti-atherogenic
lipoproteins [31–33]. It should be realized that HDL particles exchange CE with ApoB-
containing particles in exchange for TG [34] mediated by cholesterol ester transfer protein
(CETP). Reduction of CETP activity is considered a potential target for increased reversed
cholesterol transport [35]. Thus, depending on CETP activity the TG and CE proportions in
HDL and ApoB lipoproteins may vary. HDL mainly delivers phospholipids and CE to the
liver, whereas ApoB remnants and LDL are taken up to some extent by extrahepatic tissues,
but predominantly by the liver via the LDL-receptor (LDLR) and the LDL-receptor related
protein (LRP) [36]. One particular lipoprotein is the lipoprotein (a) (Lp(a)). It represents
the densest ApoB-100-containing particle with a density higher than LDL. The measured
LDL-C contains C originating from Lp(a). The lipoprotein lipid metabolism is presented in
Figure 2.

VLDL is formed in the liver and transports TG and CE into the blood. It is gradually
converted into LDL via intermediate formation of IDL. VLDL remnants and IDL may partly
return to the liver before being converted to LDL. LDL is extracted into extrahepatic cells,
but predominantly into the liver. CMs are produced in the enterocyte, transporting TG and
CE from absorbed fatty acids from the diet and FC from the diet and from bile. They are
converted to CMRs by the action of LPL and then delivered to the liver. The TG content of
VLDL is provided by TG derived from CMR, fatty acids (FA) synthesized in the liver and
FA taken up from blood (Figures 2 and 3). The hepatic C pool is composed of C derived
from extracted HDL, LDL, VLDL remnants, IDL and CMR as well as from synthesized C.
Hepatic TG is secreted into the blood in VLDL particles. Hepatic C is secreted in VLDL
as CE, secreted into bile as FC, and as bile acids. The distribution of C divided over these
three fluxes is largely unknown. HDL-C appears to be dominantly secreted into bile [37,38]
and converted to bile acids [39]. The flux distribution may be dependent on the hepatic
C concentration. In this review we critically evaluate the proposed predictive markers
according to the characteristics of various lipoproteins, their metabolism, and their analysis
or calculation procedures.
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Figure 1. Lipoprotein distribution originating from the liver, i.e., very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL), low density lipoprotein (LDL), lipoprotein (a) [Lp(a)], high
density lipoprotein (HDL), and the intestine, i.e., chylomicron(CM) and CM remnants (R). The
characteristics related to density (D; g/mL), size (S; nm) and lipoprotein composition are presented.
Apolipoprotein (Apo) [15].

Figure 2. Formation of very low density lipoproteins (VLDL) and chylomicron (CM) lipid cores,
secretion of VLDL and CM particles into blood and the blood metabolism of lipoproteins. Cholesterol,
C; cholesterol ester, CE; triglyceride (TG); fatty acid (FA); intermediate density lipoproteins (IDL);
chylomicron remnants (CMR); high density lipoproteins (HDL).
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Figure 3. Hepatic TG and C metabolism. High density lipoprotein, HDL; very low density lipoprotein,
VLDL; low density lipoprotein, LDL; scavenger receptor, class B type 1, SR-B1; LDL receptor, LDL-R;
cholesterol, C; bile acids, BA; chylomicron remnants, CMR; fatty acid, FA.

2. Atherogenic Lipoprotein C Concentrations as Indicators of Enhanced Risk for
Atherosclerosis Development

The pro-atherogenic character of lipoproteins is not yet fully understood. In principle,
HDL particles are considered anti-atherogenic. Accepted atherogenic characteristics are
the presence of ApoBs (ApoB100 and ApoB48), reduced size and increased density beyond
undefined limits, and a high load of CE. To actually cause atherosclerosis, the turnover
of lipoproteins must be delayed. This increases the exposure of the arterial wall to the
toxic lipoproteins, thus enhancing the atherosclerotic process. A delay of turnover may
be caused by reduced activity of LPL, HL, and/or LDLR. During the day, the presence of
intestinal-derived CMs and CMRs is maximized with fat-rich meals. Therefore, lipoprotein
analysis in fasting blood will not represent the daily exposure to atherogenic lipoproteins.
The time to transport CMs, convert CM to CMR, and transport CMR to the liver affect
the time-dependent contribution of CM-derived lipoproteins in the postprandial phase.
Thus, the residence time of TRLs in plasma determines an individual’s atherosclerotic risk.
Patients with obesity, diabetes mellitus, kidney disease, and/or familial history of cardio-
vascular disease have an increased risk of developing ASCVD. This risk must be conveyed
to the patient and followed by treatments for risk reduction. After cardiovascular events
have been treated, the residual risk for repeated events must be considered. Continuous
treatment is required to reduce any residual risk. The degree of atherogenicity is associated
with the level of circulating C-rich lipoproteins (LDLs, remnants, Lp(a)). Initially, serum
TC was used as a predictive marker and serum C lowering therapies were developed
as the treatment of choice. Thereafter, the target became the lowering of serum LDL-C
concentration. In the last decade, initiatives were undertaken to extend the focus to the
other potentially atherogenic lipoprotein C, by applying non-HDL-C as the predictive
marker [40]. Non-HDL-C is calculated as TC minus HDL-C and contains C present in all
potentially atherogenic lipoproteins, including LDLs, remnants and Lp(a). Additional evi-
dence identified the C content of the TRLs, i.e., all ApoB containing lipoproteins, excluding
LDL-C, were an additional risk marker in patients with normal LDL-C levels or those with
a sufficiently reduced LDL-C level following C-lowering treatment [41]. A third suggestion
has been to measure total ApoB, i.e., ApoB-100 plus ApoB-48 as a risk marker [42,43]. Lp (a)
is an independent risk marker in specific patients and should always be measured during
the original diagnosis. Next, the validity of various markers is discussed.

3. LDL-C

For many years, a high serum LDL-C concentration has been considered the central
factor associated with an increased risk for development of atherosclerosis and cardiovas-
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cular events [1,3,5]. The definition of LDL-C is the lipoprotein consisting of Apo B-100 as
the associated apolipoprotein (20% of total content), with a density of 1.019 to 1.063 g/mL
and a diameter of 20 to 25 nm. The lipid core contains 12% TG and 59% cholesteryl esters.
Small LDL particles are more atherogenic than larger ones [44]. The LDL-C concentra-
tion is determined in every hospital all over the world. For the most accurate analysis of
LDL-C, serum must be treated with ultracentrifugation [45,46] in order to isolate the LDL
density fraction for C analysis. This is the official reference method, which is considered
optimally selective. A second approach to separate lipoproteins is via electrophoresis [47]
and a third approach is via nuclear magnetic resonance (NMR) [48]. In addition, liquid
mass spectrometry methods are now being developed [49]. However, for routine clinical
laboratories, these techniques are time consuming, laborious, and expensive. In 1972,
Friedewald established a simple estimation procedure [50]. In fasting serum, total C is
predominantly composed of HDL-C, LDL-C, and VLDL-C (plus IDL-C). From measure-
ment of VLDL-C and VLDL-TG after isolation with ultracentrifugation, Friedewald found
that the mean TG/C ratio in fasting serum was 5.0 and considered this number to re-
flect the ratio in the healthy population. Thus, he expressed the LDL-C calculation as:
LDL-C = TC minus HDL-C minus TG/5. Obviously, the Friedewald formula means that
the calculated LDL-C strongly depends on the TG concentration. TG is bound to the above-
mentioned lipoproteins and is not limited to VLDL. VLDL contains about 55% TG. CMs
carry 88% TG, which decreases during conversion to CMR. The TG content of lipoproteins
is dependent on VLDL and chylomicron production and release as well as LPL activity.
Furthermore, CE is transferred from HDL into LDL in exchange for TG. From VLDL, CM,
and CMR, low LPL activity leads to high TRLs. It has been observed that the Friede-
wald equation starts to lose accuracy when the LDL-C concentration is low (<1.8 mmol/L,
<70 mg/dL) and the TG concentration is high (>1.69 mmol/L, >150 mg/dL). Generally, it is
acceptable to use the Friedewald equation when LDL-C > 1.4 mmol/L (>54 mg/dL) and the
TG concentration < 4.5 mmol/L (<400 mg/dL) and Lp(a) is within the reference range [51].
This makes the equation unsuitable in patients with hypertriglyceridemia and mixed hyper-
lipidemia and increased Lp(a) levels. Furthermore, recent literature advocates lipoprotein
profiling to be performed in the postprandial phase, when TG is at higher levels and CMs
and CMRs are present at variable higher concentrations [52–55]. Recent evidence has been
provided indicating that production and release of chylomicron particles are slow processes.
Fat is temporarily stored as liquid droplets in the intestinal cells [56]. The supply of chylomi-
crons and as a consequence chylomicron remnants are spread out over time. This way, the
body is protected against an excessive load of fat after meal consumption. Depending on
the dietary fat intake, the time point of the last meal, and the delay of CM secretion, the pres-
ence of CMs and CMRs in fasting serum may become relevant. Approaches have been made
to improve the weakness of the Friedewald equation. The most accepted improvements are
the approaches of Martin [57] and Sampson [58]. They correct the LDL-C value according to
the combination of TG and HDL-C in the sample. Both approaches extend the range of TG
concentrations at least up to 9 mmol/L (800 mg/dL). The Martin–Hopkins approach also
provides more accuracy at low LDL-C concentrations. However, direct measurement of
LDL-C is highly recommended. Many commercially available direct homogeneous LDL-C
assays are on the market [59], enabling a rapid and selective analysis. These assays are
based on the fact that they exclude HDL, VLDL, and CMs from the C measurement. How-
ever, CM- and VLDL remnants with reduced TG content—if present in fasting serum—may
potentially interfere with the measurement. Another potentially interfering factor is LP(a).
LP(a) equals LDL in size and density and may be included in the measurement of LDL-C
if present.

4. TG Rich Lipoprotein C (TRL-C) or Remnant C

Almost three decades ago it was indicated that TG enriched lipoproteins (TRL-C)
in serum correlate with the severity of coronary artery disease [60]. Serum TRL-C, also
called remnant C, received much attention as an atherogenic component associated with
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cardiovascular events and independent of serum LDL-C. In 2022, over 2000 hits were
obtained when searching the Pubmed data base for “remnant cholesterol”. A small ex-
tract is shown here [61–63]. It has frequently been proposed that “remnant C” should
be determined in the individual patient at risk and that remnant-C lowering therapies
need to be established. Interestingly, according to the calculation procedure, remnant-C
equals TRL-C in fasting serum. Therefore, we will continue using the term TRL. Ele-
vated serum TRL concentrations may be caused by various factors, such as excess dietary
TG intake, high secretion rates of CMs, high hepatic VLDL secretion, and most impor-
tantly, by reduced efficiency of LPL [14,64,65]. A high serum TRL concentration is most
likely the result of the combination of enhanced secretion and reduced lipolysis. This
will initially result in relatively large TG rich particles that may be less atherogenic. In
the extreme situation of genetically caused inhibition of LPL, hyperlipidemic pancreati-
tis is more common than ASVD [66,67]. As indicated before, TRL-C is calculated as
TC minus HDL-C minus LDL- C. When the Friedewald formula is used for the LDL-C
calculation, the inaccuracy in the determination of LDL-C affects the TRL-C calculation. As
a matter of fact, the equation can then be rewritten as TRL-C = TG/5. In a healthy situation,
the TRL-C concentration calculated via the Friedewald equation is on average about 10% of
the LDL-C concentration. The LDL-C concentration calculated by the Friedewald equation
tends to underestimate LDL-C by about 10% when compared to LDL-C measurement after
LDL isolation using ultracentrifugation [68]. Correcting LDL-C for a potential 10% under-
estimation leads to about 50% reduction in TRL-C. This suggests using direct measurement
of LDL- C to calculate a reliable TRL-C concentration. Recently Varbo et al. [69] described
an alternative technique to measure TRL-C independent of LDL-C and HDL-C. Using
a commercial assay (Denka, TRL-C, Denka Company Limited, Tokyo, Japan), LDL and
HDL are degraded and removed. Thereafter C is measured. It was found that directly
measured TRL-C identified 5% more patients with increased risk of cardiovascular disease
than calculated TRL-C applying the Martin–Hopkins equation. The question arises as to
how the patients involved should be treated. Probably, their clinical and nutritional status
must be closely studied. An obese patient with a high fat intake may be successfully treated
by reduction of dietary fat intake. This may be achieved with a low fat, fiber rich diet,
eventually combined with orlistat, which binds to pancreatic lipase reducing fat digestion
and promotes weight loss [70–72]. A patient with high sugar intake may limit sugar intake
and thereby potential endogenous fat synthesis. New therapies are under development
such as pemafibrate [73] and the omega-3 fatty acid icosapent ethyl [74]. Decreased serum
TG was observed under statin treatment and more pronounced under combination of
statin with ezetimibe [75,76]. The mechanism for this serum TG reduction during LDL-C
reduction therapy is unclear.

5. Non HDL-C and ApoB

Interestingly, discussion has focused serum LDL-C and TRL-C as determinants of
increased cardiovascular risk. Apparently, a subgroup of patients develops cardiovascular
disease despite a normal LDL-C concentration [1]. Other research groups promote non-
HDL-C as the ultimate marker of atherogenic cardiovascular disease risk. Non-HDL-C
is a calculated parameter obtained as non-HDL-C = TC − HDL-C. TC as well as HDL-C
are measured directly with generally accepted methods. The difference is well defined
and without discussion. It reflects LDL-C plus TRL-C. Thus, non-HDL-C contains all
atherogenic components. However, large and potentially less atherogenic TRL compo-
nents may be included, particularly when LPL activity is low. This may decrease the
prognostic efficiency. Furthermore, at TG > 400 mg/dL, HDL-C measurement is inaccu-
rate since TRLs are not sufficiently precipitated and thus TRL-C is partly included in the
HDL-C value. Normally, LDL-C comprises the majority of non-HDL-C. However, non-
HDL-C is considered a better predictor for a residual risk for cardiovascular disease than
LDL-C [40]. It is also known that an undefined subgroup of ApoB-containing lipopro-
teins expresses the highest atherogenic action and it has been established that small dense
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LDL particles are more atherogenic than larger ones. Thus, the number of lipoprotein
particles reflects the atherogenicity better than the lipoprotein concentration. Since each
ApoB-containing lipoprotein carries only one ApoB molecule, it has been proposed to
determine the total ApoB concentration as a measure of atherogenicity [43,77], also under
statin treatment [78]. This uncouples atherogenicity from C. Apo-B and Apo-AI can be
assayed using commercial test kits based on automated immunoturbidimetric methods
(Randox, Crumlin, United Kingdom). First, Apo-B-containing particles are precipitated
from serum by phosphotungstic acid–MgCl2. ApoA1 is measured in this fraction while
ApoB in the residual fraction. For optimal differentiation, the separation of ApoB100 from
ApoB48 may be considered in distinguishing between liver-derived and gut-derived ApoB
containing TRL particles.

6. Personalized Diagnostics and Therapy

This review highlights a discrepancy between available research findings and daily
clinical routine. It may take some time before the measurement of TRL-C and ApoB
concentrations in serum become routine analysis in the clinical laboratory. Routine daily
measurements include TC, TG, HDL-C, and LDL-C. Measurement of LDL-C via direct
methodology is slowly being introduced and must be further standardized in all clinical
laboratories. While LDL-C may remain a leading predictive parameter, the additionally
acquired data for TRL-C should also be considered. Table 1 outlines a diagnostic and
personalized treatment strategy.

Table 1. A proposed scheme of diagnosing the cause of development of atherosclerosis via elevated
serum LDL-C or serum TRL-C. Personalized treatment can be applied.

Total C LDL-C TRL-C Therapy

Normal Elevated Low LDL-C lowering

Normal Low Elevated TG-lowering

Elevated Elevated Normal LDL-C lowering

Elevated Normal Elevated TG-lowering

Elevated Elevated Elevated LDL-C and TG-lowering
C, cholesterol; LDL, low density lipoprotein; TRL, triglyceride-rich lipoproteins; TG, triglyceride.

It must be realized that Lp(a) is included in LDL. Therefore, this has to be measured
in each patient at least once in a lifetime. LDL-C lowering should consist of combined
statin or bempedoic acid and ezetimibe treatment in order to obtain the maximal re-
sponse. When LDL-C lowering is insufficient, PCSK9 inhibition should be added to the
combination treatment.

7. Limitations

The proposed extended diagnosis procedure of the atherogenic lipoprotein compo-
nents depends to a large extend on the quality of the LDL-C measurement. Isolation of
LDL using ultracentrifugation followed by C measurement will ensure ultimate quality.
However, this technique is too time consuming and complex to be incorporated into daily
clinical routine. Homogeneous direct assays are now available to isolate LDL by chemical
means [59,79]. However, these various commercial assays may produce different results.
In addition, the validity of the assay appears high in healthy subjects and lower in patients
with cardiovascular disease [80]. Furthermore, the analytical result may differ when mea-
sured in fresh serum or frozen serum. Therefore, the most reliable assay must be chosen
and applied under controlled conditions. Any reasoning for applying the measurement
must be well defined. When the risk of development of cardiovascular disease needs to
be determined by measuring atherogenic lipoprotein C in documented patients, LDL-C
measurement must be performed exactly under cardiovascular conditions. A concentration
above the cut off level of the normal range is the criterion for treatment. It will suffice
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to apply the same assay and quality control criteria continuously. The patient should be
followed over time during treatment.

8. Summary of Results

VLDL and CM-derived remnants including CMR, IDL, and LDL in serum are consid-
ered atherogenic. Their C concentrations in serum are documented as predictive athero-
genic indicators of cardiovascular disease risk. VLDL, IDL, and LDL are the dominant
lipoproteins in fasting serum. CMRs are added to postprandial serum in amounts depend-
ing on the dietary fat intake. Serum LDL-C is used as the gold standard for risk prediction
and treatment is focused on lowering serum LDL-C. VLDL-C, IDL-C, and CMR-C are
called TRLs. Atherosclerosis may develop in patients with low LDL-C and high TRL-C
concentrations. The accuracy of LDL-C and TRL-C determinations is procedure-dependent,
i.e., on direct measurement or estimation procedures. It is unknown whether all TRLs are
equally atherogenic. Non-HDL-C combines TRL-C and LDL-C and thus all potentially
atherogenic lipoprotein species. Non-HDL-C may be considered the best and simplest
marker of lipoprotein atherogenicity. At higher serum TG concentrations (>300 mg/dL)
HDL-C also includes TRL-C because those particles are not completely precipitated by
the HDL-determination method. LDL-C and TRL-C concentrations in fasting serum do
not usually reflect the daily exposure to atherogenic lipoproteins, which is highest in the
postprandial phases. Potentially atherogenic lipoproteins all contain ApoB. The serum
ApoB concentration reflects the number of atherogenic particles and thus the cardiovascular
risk. Patients with elevated serum TRL-C concentrations may be detected when serum
LDL-C is measured directly with sufficient accuracy. Homogeneous, direct assays are
available allowing rapid analysis in a clinical routine setting. However, selection of the
preferred assay must be performed carefully.

9. Conclusions

Epidemiologic and genetic studies have established TRL and their remnants as im-
portant contributors to ASCVD. Combinations of LDL-C, non-HDL-C, TRL-C, and ApoB
concentrations must be evaluated as the utmost predictive risk marker for development of
cardiovascular disease and are recommended in the current guidelines. For clinical routine,
direct measurements of TGs, TC, HDL-C, and LDL-C allow semi accurate calculation of
TRL-C and non HDL-C. Patients with elevated LDL-C may be treated with conventional C
lowering therapies. Patients with elevated TRL-C should be detected and treated specifi-
cally. The first step of treatment is the implementation of lifestyle interventions. Second,
LDL-C lowering with statins or bempedoic acid—in case of statin intolerance—with or with-
out ezetimibe are recommended to reduce vascular risk, independent of statin-associated
lowering of TRL itself. Novel and emerging data, e.g., on omega-3 fatty acids (high-dose
icosapent ethyl) and new generations of selective peroxisome proliferator-activated receptor
(PPAR) modulator pemafibrate may identify patients who will benefit from TRL lowering.
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Abstract: The nuclear liver X receptors (LXRα/β) and peroxisome proliferator-activated recep-
tors (PPARα/γ) are involved in the regulation of multiple biological processes, including lipid
metabolism and inflammation. The activation of these receptors has been found to have neuropro-
tective effects, making them interesting therapeutic targets for neurodegenerative disorders such
as Alzheimer’s Disease (AD). The Asian brown seaweed Sargassum fusiforme contains both LXR-
activating (oxy)phytosterols and PPAR-activating fatty acids. We have previously shown that dietary
supplementation with lipid extracts of Sargassum fusiforme prevents disease progression in a mouse
model of AD, without inducing adverse effects associated with synthetic pan-LXR agonists. We
now determined the LXRα/β- and PPARα/γ-activating capacity of lipid extracts of six European
brown seaweed species (Alaria esculenta, Ascophyllum nodosum, Fucus vesiculosus, Himanthalia elongata,
Saccharina latissima, and Sargassum muticum) and the Asian seaweed Sargassum fusiforme using
a dual luciferase reporter assay. We analyzed the sterol and fatty acid profiles of the extracts by
GC-MS and UPLC MS/MS, respectively, and determined their effects on the expression of LXR and
PPAR target genes in several cell lines using quantitative PCR. All extracts were found to activate
LXRs, with the Himanthalia elongata extract showing the most pronounced efficacy, comparable to
Sargassum fusiforme, for LXR activation and transcriptional regulation of LXR-target genes. Extracts of
Alaria esculenta, Fucus vesiculosus, and Saccharina latissima showed the highest capacity to activate
PPARα, while extracts of Alaria esculenta, Ascophyllum nodosum, Fucus vesiculosus, and Sargassum
muticum showed the highest capacity to activate PPARγ, comparable to Sargassum fusiforme extract.
In CCF-STTG1 astrocytoma cells, all extracts induced expression of cholesterol efflux genes (ABCG1,
ABCA1, and APOE) and suppressed expression of cholesterol and fatty acid synthesis genes (DHCR7,
DHCR24, HMGCR and SREBF2, and SREBF1, ACACA, SCD1 and FASN, respectively). Our data
show that lipophilic fractions of European brown seaweeds activate LXRs and PPARs and thereby
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modulate lipid metabolism. These results support the potential of brown seaweeds in the prevention
and/or treatment of neurodegenerative diseases and possibly cardiometabolic and inflammatory
diseases via concurrent activation of LXRs and PPARs.

Keywords: nuclear receptor superfamily; liver X receptors; peroxisome proliferator-activated recep-
tors; lipid metabolism; phytosterols; seaweed; Alzheimer’s Disease

1. Introduction

Liver X receptors (LXRs) α (NR1H3) and β (NR1H2) and peroxisome proliferator-
activated receptors (PPARs) α (NR1C1) and γ (NR1C3) are members of the nuclear receptor
superfamily of ligand-activated transcription factors and are implicated in transcriptional
control of a wide range of biological processes [1]. In response to binding their specific
ligands, LXRs and PPARs form heterodimers with retinoid X receptors (RXRs) and bind
to the LXR or PPAR response elements (LXREs/PPREs) in the promoter region of target
genes. LXRs and PPARs are key players in the control of lipid and glucose metabolism
and inflammation [2,3]. Disturbances in these biological processes contribute to metabolic,
inflammatory, and neurodegenerative disorders, including Alzheimer’s Disease (AD). AD
is the most common form of dementia. It is a progressive neurodegenerative disorder
manifested by cognitive loss and defined by the presence of amyloid-β (Aβ)-containing
plaques, tau-containing neurofibrillary tangles, synaptic degeneration, and neuroinflam-
mation [4–6]. LXRs and PPARs are abundantly expressed in metabolically active tissues,
including the brain, and their activation has been found to exert neuroprotective effects,
making these receptors interesting targets in the treatment of neurodegenerative disorders,
such as AD [1,7–9].

LXRs (α and β) are oxysterol sensors implicated in the regulation of cholesterol and
lipid homeostasis, including lipogenesis and reverse cholesterol transport, and in the regu-
lation of glucose homeostasis and inflammatory processes. Activation of LXRs is thought
to protect against AD pathologies by promoting cholesterol turnover in the brain, reducing
inflammation, and possibly through its anti-amyloidogenic effects [8,10–16]. We and others
have shown that synthetic LXRα/β agonists, such as T0901317, protect against cognitive de-
cline in animal models of AD, without affecting the amyloid pathology [8,13–19]. However,
the induction of lipogenesis by T0901317 and most other synthetic LXR-agonists also results
in adverse effects such as hepatic steatosis and hypertriglyceridemia which has limited
their clinical application [20–22]. Such adverse effects are not induced by endogenous
(oxy)sterols or (oxy)phytosterols [23]. Lipid extracts of the seaweed Sargassum fusiforme (S.
fusiforme), which contain LXR-activating (oxy)phytosterols such as saringosterol, have been
found to activate LXRs and prevent cognitive decline in AD mice [24]. Recently, we also
identified (3β,22E)-3-hydroxycholesta-5,22-dien-24-one and fucosterol-24,28 epoxide as
LXR agonists in S. fusiforme [25]. Unlike synthetic LXR agonists, these S. fusiforme extracts
did not have adverse effects on hepatic or serum lipid levels, making them a promising
alternative for clinical use [24,26]. Recently, we found that purified 24(S)-saringosterol can
also prevent cognitive decline in AD mice [26], providing further evidence of the potential
health benefits of saringosterol-rich macroalgae.

PPARs (α, δ/β, and γ) are also lipid sensors involved in multiple biological processes,
including lipid and glucose metabolism, inflammatory processes, and cell differentiation
and migration. We here focus on PPARα and PPARγ. Both PPARα and PPARγ are activated
by endogenous and dietary fatty acids (FAs) and their derivatives, and by numerous other
synthetic or natural ligands [27–30]. PPARα is the target of the fibrate class of lipid-lowering
drugs used as a therapeutic strategy against dyslipidemia [3,31,32], PPARγ is a target of
antidiabetic thiazolidinediones [3] and anti-inflammatory compounds [33]. Activation
of PPARs may protect against AD by repression of pro-inflammatory pathways or by its
anti-amyloidogenic, anti-oxidative, and insulin-sensitizing effects [7,34–44]. PPARα activa-
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tors were demonstrated to diminish memory decline, reduce Aβ aggregation (WY-14643,
4-phenylbutyrate, gemfibrozil, and cinnamic acid), and reduce tau phosphorylation, as-
trogliosis, microgliosis, and postsynaptic protein loss (WY-14643 and 4-phenylbutyrate) in
AD mouse models [39,45–47]. The PPARγ agonist rosiglitazone was also found to diminish
memory deficits, reduce Aβ levels and p-Tau aggregates, and ameliorate the cytotoxic amoe-
boid morphology of microglia in AD mice [34,48,49]. Beneficial effects of PPARγ agonists
pioglitazone and rosiglitazone on the cognitive functioning of patients with AD, especially
in those with co-morbid diabetes, have also been reported [50–54]. Altogether, these data
underline the potential of LXR and PPAR agonists as well as their concurrent activation for
therapeutic applications in AD and other metabolic and inflammatory disorders.

While a S. fusiforme lipid extract and 24(S)-saringosterol both prevented cognitive
decline in AD mice, a reduction in amyloid deposition was observed exclusively after S.
fusiforme extract administration [24,26]. Based on the literature reporting a reduction in Aβ

levels via activation of PPARα or PPARγ, components in S. fusiforme other than saringosterol
may activate PPARα or PPARγ. The application of S. fusiforme originating from the East
Asian coast in Europe is complicated by legislative reasons and by the required specific
growth conditions. Therefore, we aim to identify European brown seaweeds with LXR and
PPAR-activating capacities comparable to that of S. fusiforme. In this study, we assessed the
efficacy of lipid extracts of six European brown seaweed species for activation of LXR and
PPAR and their effect on target gene expression in cultured cells.

2. Materials and Methods

2.1. Seaweed Species

The brown seaweed species Himanthalia elongata (H. elongata), Sargassum muticum (S.
muticum), Alaria esculenta (A. esculenta), Ascophyllum nodosum (A. nodosum), Fucus vesiculosus
(F. vesiculosus), and Saccharina latissima (S. latissima) were selected based on their European
origin and their saringosterol content. H. elongata and A. esculenta were harvested in Ireland
and provided by The Seaweed Company (Schiedam, The Netherlands). S. muticum, A.
nodosum, F. vesiculosus, and S. latissima were harvested in The Netherlands and provided
by Stichting Zeeschelp (Kamperland, The Netherlands). S. fusiforme was harvested in
Japan and purchased from Terrasana BV (Leimuiden, The Netherlands). After harvest, the
seaweeds were washed in seawater and dried by air.

2.2. Preparation of Seaweed Extracts

The dried seaweed samples were finely powdered in a mixer and soaked overnight
in a 2:1 (v/v) chloroform/methanol mixture upon exposure to Ultraviolet-C (UVC) light
(wavelengths between 200–280 nm) at room temperature. After 10 min of sonification,
these mixtures were filtered using Whatman filter paper. The filtrates were evaporated in a
vacuum rotary evaporator at 40 ◦C. The remaining lipid fractions were washed with 100%
ethanol, again evaporated in the rotary evaporator, and dissolved in 100% ethanol to obtain
the final lipid extracts.

2.3. Sterol Analysis

In the crude seaweeds and seaweed extracts, the concentrations of saringosterol and
its precursor fucosterol were determined using gas chromatography/mass spectrometry
as previously described [55]. In summary, the seaweed samples were first dried using a
speed vacuum dryer to relate sterol concentrations to dry weight (DW). Then, the sterols
were extracted from the dried tissues by adding a mixture of chloroform-methanol. A
volume of 1 mL of the extracts was evaporated to dryness and mixed with 1 mL distilled
water. To extract the neutral sterols, 3 mL of cyclohexane was added twice. The combined
cyclohexane phases were evaporated under a stream of nitrogen, and the sterols were
dissolved in n-decane. The sterols were then converted to trimethylsilyl ethers (TMSis) and
incubated at 60 ◦C for 1 h [56]. Saringosterol and fucosterol levels were then determined
using gas chromatography-mass spectrometry (GC-MS).
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2.4. Lipomics Analysis

A UPLC MS/MS method was used for the lipidomics analysis of the seaweed extracts.
Chromatographic experiments were performed on a column of InfinityLab Poroshell 120
EC-C18 (2.1 × 150 mm, 2.7 μm) using a Thermo UltiMate 3000 UPLCTM system (Thermo
Fisher Scientific, Waltham, USA). The column temperature was set at 35 ◦C with an injection
volume of 1 μL, and the mobile phase consisted of solvent A (0.1% formic acid and 10 mM
ammonium formate in acetonitrile/water = 60:40) and solvent B (0.1% formic acid and
10 mM ammonium formate in isopropanol/acetonitrile = 90:10) at a flow rate of 0.3 mL/min.
The gradient elution procedure was as follows: 0–1.5 min, 40% B; 1.5–10.5 min, 40–85% B;
10.5–14 min, 85% B; 14–14.1 min, 85–100% B; 14.1–15 min, 100% B; 15–15.2 min, 100–40% B;
and 15.2–18 min, 40% B [57]. Mass spectrometry was performed on a Q Exactive™ Focus
Orbitrap™ (Thermo Fisher Scientific). The instrument was operated using a full MS/dd-
MS2 mode detection, in accordance with our previous study [58]. The UPLC-MS/MS
raw data file were imported into Progenesis QI (Waters, Milford, CT, USA) for matching,
alignment, and normalization. The relative content in this manuscript refers to the relative
content of a molecular species in its sub class.

2.5. Arsenic and Cadmium Analysis

Seaweed samples were pulverized with zirconium oxide balls in a jar using a Retsch
Vibration mill MM 2000 and divided into three replicates for each species. Next, approx-
imately 100 mg for each sample was placed in open heat-resistant glass tubes (SCHOTT
DURAN®, Rye Brook, NY, USA) and digested at 110 ◦C in a heating block using 69% HNO3
(ARISTAR®, Leicestershire, England for trace analysis) three times and the last time using
37% HCl (ARISTAR® for trace analysis). Lastly, the samples were dissolved in a 2% HCl
solution (diluted with Milli-Q H2O). The concentrations of arsenic (As) and cadmium (Cd)
were quantified via inductively coupled plasma-optical emission spectrometry (ICP-OES
710, Agilent Technologies, Amstelveen, The Netherlands).

2.6. Cell Culture

Immortalized human endothelial kidney cells (HEK293; Merck, Amsterdam, The
Netherlands), human astrocytoma cells (CCF-STTG1; Merck), human neuroblastoma
cells (SH-SY5Y; American Type Culture Collection (ATCC)), and human microglia cells
(CHME3; a kind gift from prof. Dr. M. Tardieu, Université Paris-Sud, France) were
used for the reporter assays and gene expression studies. All cell lines were cultured in
DMEM/F-12 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated fetal calf serum (FCS) (Thermo Fisher Scientific) and 1% 10,000 U
penicillin/10,000 μg streptomycin/mL (Thermo Fisher Scientific) at 37 ◦C and 5% CO2.

2.7. Cell Transfection

The LXR and PPAR-activating capacity of the seaweed extracts was determined in
a cell-based reporter assay previously described by Zwarts et al. [59]. For this purpose,
1.0 × 106 cells were plated in T-25 culture flasks and after 24 h transfected by exposing the
cells for 24 h to 1000 ng of pcDNA3.1/V5H6 vector containing clones of the full-length
cDNAs for the murine nuclear receptors LXRα, LXRβ, PPARα or PPARγ, 1000 ng of vector
encoding RXRα and 4000 ng of vectors encoding LXRE or PPRE using FuGENE® 6 reagent
(Promega, Leiden, The Netherlands) according to the manufacturer’s instructions. Control
conditions included cells transfected with 2000 ng of the RXRα-containing vector and
4000 ng of the LXRE- or PPRE-containing vector, and cells transfected with 2000 ng of an
empty pcDNA3.1/V5-HisA vector (Invitrogen, Carlsbad, CA, USA) and 4000 ng of the
LXRE- or PPRE-containing vector. All cells were co-transfected with 1000 ng of Renilla to
normalize for variation in transfection efficiency.
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2.8. LXR and PPAR Reporter Assays

Transfected cells were seeded in a 96-well luminescence plate. After 24 h, the cells
were incubated for 24 h in phenol red-free DMEM/F-12 medium (ThermoFisher Scientific)
with the seaweed extracts (dosages based on saringosterol content), the LXRα/β agonist
T0901317 (1 μM; #293754-55-9; Cayman, Ann Arbor, MI, USA), PPARα agonist WY-14643
(50 μM; #50892-23-4; Merck), PPARγ agonist pioglitazone (10 μM; #111025-46-8; Cayman),
or the extract/compound solvents ethanol or DMSO. Cells were lysed in 25 μL lysis buffer
and the Firefly and Renilla luminescent signals were measured using the Dual-Luciferase®

Reporter assay system (Promega) and a Victor X4 plate reader (PerkinElmer, Groningen, The
Netherlands). The relative receptor activity was defined as the ratio of Firefly luminescence
to Renilla luminescence. The fold change was defined as the ratio of the relative receptor
activity of seaweed- or agonist-exposed cells to the relative receptor activity of ethanol-
exposed cells. The experiments, with the stimulation performed in triplicate, were repeated
≥ three times.

2.9. Quantitative Real-Time PCR

Cells were incubated for 24 h with the seaweed extracts (dosages based on saringos-
terol content), RXR agonist bexarotene (1 μM; #153559-49-0, Merck), the LXRα/β ago-
nist T0901317 (1 μM), PPARα agonist WY-14643 (50 μM), PPARγ agonist pioglitazone
(10 μM), or the extract or compound solvent ethanol or DMSO. Cells were washed with
cold phosphate-buffered saline and RNA was isolated using Trizol (Thermo Fisher Sci-
entific) and reverse transcribed to cDNA using the Maxima H Minus First Strand cDNA
Synthesis Kit with dsDNase (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was conducted in duplicate with 10 ng
cDNA on a CFX384 Thermal Cycler (Bio-Rad Laboratories) using the PowerTrack™ SYBR
Green Master Mix (Applied Biosystems) and the following cycling conditions: 95 ◦C for
2 min and 40 cycles of [95 ◦C for 15 s, 60 ◦C for 60 s]. The intron-spanning primers for
qPCR were designed with Primer-BLAST [60]. Primer sequences are listed in Table 1.
Relative quantification of the gene expression was accomplished with the comparative Ct
method. The data were normalized to five reference genes (ACTB, B2M, HPRT1, SDHA,
and YWHAZ) and expressed as fold change relative to the EtOH or DMSO control. The
experiments were performed three times.

Table 1. Primers and their corresponding forward and reverse nucleotide sequences.

Gene Gene Name Primer Sequence

ABCA1 ATP Binding Cassette Subfamily A Member 1 F: TCTCTGTTCGGCTGAGCTAC
R: TGCAGAGGGCATGGCTTTAT

ABCG1 ATP Binding Cassette Subfamily G Member 1 F: GGTCGCTCCATCATTTGCAC
R: GCAGACTTTTCCCCGGTACA

ACACA Acetyl-CoA Carboxylase Alpha F: GGGTCAAGTCCTTCCTGCTC
R: GGACTGTCGAGTCACCTTAAGTA

ACTB Actin Beta
F: CTCCCTGGAGAAGAGCTACG
R: GAAGGAAGGCTGGAAGAGTG

APOE Apolipoprotein E F: ACCCAGGAACTGAGGGC
R: CTCCTTGGACAGCCGTG

B2M Beta-2-Microglobulin F: CTCCGTGGCCTTAGCTGTG
R: TTTGGAGTACGCTGGATAGCCT

DHCR7 7-Dehydrocholesterol Reductase F: TGGGCCAAGACTCCACCTAT
R: ACGTGTACAGAAGCACCTGG

DHCR24 24-Dehydrocholesterol Reductase F: GTCTCACTACGTGTCGGGAA
R: CTCCACACGGACAATCTGTTTC

FASN Fatty Acid Synthase F: CACAGACGAGAGCACCTTTGA
R: CAGGTCTATGAGGCCTATCTGG
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Table 1. Cont.

Gene Gene Name Primer Sequence

GFAP Glial Fibrillary Acidic Protein F: GGCCCGCCACTTGCA
R: GGGAATGGTGATCCGGTTCT

HMGCR 3-Hydroxy-3-Methylglutaryl-CoA Reductase F: GCAGGACCCCTTTGCTTAGA
R: GCACCTCCACCAAGACCTAT

HPRT1 Hypoxanthine Phosphoribosyltransferase 1 F: TGACACTGGCAAAACAATGCA
R: GGTCCTTTTCACCAGCAAGCT

SCD1 Stearoyl-CoA Desaturase 1 F: GCTGTCAAAGAGAAGGGGAGT
R: AGCCAGGTTTGTAGTACCTCCT

SDHA Succinate Dehydrogenase Complex Flavoprotein Subunit A F: TGGGAACAAGAGGGCATCTG
R: CCACCACTGCATCAAATTCATG

SREBF1 Sterol Regulatory Element Binding Transcription Factor 1 F: ACAGCCATGAAGACAGACGG
R: CAAGATGGTTCCGCCACTCA

SREBF2 Sterol Regulatory Element Binding Transcription Factor 2 F: GATCACGCCAACATTCAGCA
R: GACTTGAGGCTGAAGGACTTGAA

YWHAZ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase
Activation Protein Zeta

F: ACTTTTGGTACATTGTGGCTTCAA
R: CCGCCAGGACAAACCAGTAT

2.10. Statistical Analysis

The data are presented as mean ± SD. Extreme values were excluded using Dixon’s
principles of exclusion of extreme values [61,62]. Statistical analyses were performed on
the data of the LXR and PPAR reporter assays using GraphPad Prism 8. The D’Agostino-
Pearson normality test was used to test normal distribution. The fold change values
(treatment vs. ethanol control) were analyzed using a Kruskal–Wallis test. Significance
levels are denoted as follows: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

3. Results

3.1. Characteristics of the Tested Seaweeds and Seaweed Extracts

Because of the observed beneficial effects of S. fusiforme in models for AD and
atherosclerosis [24,63], we searched for European brown seaweeds with similar effects.
Six European brown seaweed species were analyzed for their saringosterol and fucosterol
concentrations and compared with S. fusiforme (Table 2). Crude F. vesiculosus, S. muticum,
and H. elongata contained the highest saringosterol concentrations, comparable to that of
S. fusiforme. These seaweeds as well as A. nodosum also contained the highest fucosterol
concentrations. The extract of H. elongata was found to contain the highest concentration of
saringosterol, comparable to the concentrations found in S. fusiforme extract, while extracts
of F. vesiculosus, S. muticum, and A. nodosum contained the highest fucosterol concentrations.
Next, we conducted a targeted analysis of the composition of glycerolipids. The molecular
characteristics of phospholipids, glyceroglycolipids, diglycerides, triglycerides, and fatty
acids in each seaweed extract are summarized in Supplementary Tables S1–S3.

Predominant FAs found in the extracts were the saturated FAs myristic acid (C14:0)
and palmitic acid (C16:0), monounsaturated variants palmitoleic acid (C16:1) and oleic
acid (C18:1), and polyunsaturated FAs (PUFAs) linoleic acid (C18:2/C18:3), parinaric acid
(C18:4), arachidonic acid (C20:4) and EPA (C20:5). The odd-chain saturated fatty acid
heptadecanoic acid (C17:0) was also found to be one of the predominant molecular species
in all the seaweed extracts tested, with the exception of the A. esculenta extract. These
natural FAs and eicosanoids, and other lipids found in the extracts, can serve as ligands for
PPARs (Supplementary Table S4).
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Table 2. Saringosterol and fucosterol concentrations in crude seaweed and seaweed lipid extracts.

Seaweed
Species

Crude Seaweed Extract

Saringosterol
(μg/mg DW)

Fucosterol
(μg/mg DW)

Saringosterol
(mM)

Fucosterol
(mM)

Alaria esculenta 0.008 0.130 0.2 9.9

Ascophyllum
nodosum 0.002 0.495 0.2 12.2

Fucus vesiculosus 0.034 0.407 0.7 13.0

Himanthalia
elongata 0.018 0.771 1.8 7.3

Saccharina
latissima 0.002 0.037 0.7 6.1

Sargassum
fusiforme 0.026 0.209 1.1 7.0

Sargassum
muticum 0.032 0.325 0.1 12.4

Because of the known high arsenic concentrations in S. fusiforme that limits the amount
that can be consumed safely, we determined arsenic concentrations in all seaweeds. As ex-
pected, S. fusiforme contained the highest concentration of arsenic (67.26 ± 3.34 mg/kg DW),
followed by S. muticum (28.95 ± 1.14 mg/kg DW), S. latissima (24.62 ± 1.59 mg/kg DW),
A. esculenta (16.79 ± 1.7 mg/kg DW), H. elongata (13.58 ± 0.37 mg/kg DW), F. vesiculo-
sus (10.37 ± 0.49 mg/kg DW), and A. nodosum (7.64 ± 0.32 mg/kg DW). Cadmium was
detected in S. fusiforme (1.03 ± 0.02 mg/kg DW), but not in the other seaweeds.

3.2. LXR Activating Capacity

The dosage of the lipid extracts in the cell experiments was based on the saringosterol
concentrations, with the highest dose being the maximal dose tolerated by the cells (dilution
factors presented in Supplementary Table S5). The lipid extracts of all the seaweeds
activated LXRα and LXRβ, although to a different extent and in a cell type-specific manner
(Figures 1–3 and Supplementary Figure S1). LXRs were mostly activated by H. elongata
comparable to S. fusiforme, followed by S. muticum and S. latissima. The extracts of F.
vesiculosus, A. esculenta, and A. nodosum showed LXR activation in HEK and CHME3 cells,
exclusively.

3.3. PPARα and PPARγ Activation by the Seaweed Extracts

PPARα was most strongly activated by extracts of A. esculenta, F. vesiculosus, and S.
latissima (Figure 4 and Supplementary Figure S2), while activation of PPARγ was strongest
by the extracts of A. esculenta, A. nodosum, F. vesiculosus, and S. muticum, overall, to a
lesser extent than PPARα (Figure 5 and Supplementary Figure S2). The relative increase in
activation of both PPARα and PPARγ was found to be most pronounced in SH-SY5Y cells
(Figures 4–6).

235



Nutrients 2023, 15, 3004

Figure 1. LXRα activation by seaweed extracts. The seaweed extracts were screened for their LXRα
activating ability in HEK, CCF-STTG1, SH-SY5Y, and CHME3 cells. Saringosterol concentrations are
presented on the Y-axis. The fold change values are presented as mean ± SD of three experiments
performed in triplicate (n = 9). Significance relative to the ethanol control (Kruskal–Wallis test):
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

236



Nutrients 2023, 15, 3004

Figure 2. LXRβ activation by seaweed extracts. The seaweed extracts were screened for their LXRβ
activating ability in HEK, CCF-STTG1, SH-SY5Y, and CHME3 cells. Saringosterol concentrations are
presented on the Y-axis. The fold change values are presented as mean ± SD of three experiments
performed in triplicate (n = 9). Significance relative to the ethanol control (Kruskal–Wallis test):
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Figure 3. LXRα and LXRβ activation by seaweed extracts. The figures present the fold changes of the
highest extract dose of each extract, with the fold change of H. elongata corrected for variation in the
fold change of S. fusiforme in the two experiments.

Figure 4. PPARα activation by seaweed extracts. The seaweed extracts were screened for their PPARα
activating capacity in HEK, CCF-STTG1, SH-SY5Y, and CHME3 cells. Saringosterol concentrations
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are presented on the Y-axis. The fold change values are presented as mean ± SD of ≥three experi-
ments performed in triplicate (n ≥ 9). Significance relative to the ethanol control (Kruskal–Wallis test):
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

 

Figure 5. PPARγ activation by seaweed extracts. The seaweed extracts were screened for their PPARγ
activating capacity in HEK, CCF-STTG1, SH-SY5Y, and CHME3 cells. Saringosterol concentrations are
presented on the Y-axis. The fold change values are presented as mean ± SD of ≥three experiments
performed in triplicate (n ≥ 9). Significance relative to the ethanol control (Kruskal–Wallis test):
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Figure 6. PPARα and PPARγ activation by seaweed extracts. The figures present the fold changes of
the highest extract dose of each extract, with the fold change of S. latissima corrected for variation in
the fold change of S. fusiforme in the two experiments.

3.4. Effect of the Seaweed Extracts on the Expression of LXR and PPAR-Target Genes

We examined the effects of the seaweed extracts on gene expression involved in
cholesterol efflux and lipid synthesis in astrocytoma cells (CCF-STTG1), given the crucial
role of astrocytes in the cerebral cholesterol metabolism and their contribution to the
supply of cholesterol to neurons. All extracts, although to a different extent, induced the
expression of the LXR target genes ABCG1, ABCA1, and APOE involved in cholesterol
efflux (Figure 7). The extracts suppressed the expression of DHCR7, DHCR24, HMGCR,
and SREBF2 involved in cholesterol synthesis (Figure 8) as well as SREBF1, ACACA, SCD1,
and FASN involved in fatty acid synthesis (Figure 9). The expression of DHCR24 and
HMGCR was also reduced by bexarotene and T0901317 (Figure 8); however, as expected,
both bexarotene and T0901317 increased the expression of the tested fatty acid synthesis
genes (Figure 9). The expression of the glial fibrillary acidic protein (GFAP), the gene
encoding an astrocytic structural protein indicative of astrogliosis, was decreased by the
extracts, while T0901317, WY14643, and pioglitazone increased its expression (Figure 10).
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Figure 7. Effect of seaweed extracts on the expression of LXR target genes involved in cholesterol
efflux. The expression of cholesterol efflux genes ABCG1 (a), ABCA1 (b), and APOE (c) in CCF-STTG1
cells was increased by all tested seaweed extracts. Saringosterol concentrations are presented on the
Y-axis. The experiments were performed three times (n = 3).
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Figure 8. Effect of seaweed extracts on the expression of LXR target genes involved in cholesterol
synthesis. The expression of cholesterol synthesis genes DHCR7 (a), DHCR24 (b), HMGCR (c),
and SREBF2 (d) in CCF-STTG1 cells was decreased by all tested seaweed extracts. Saringosterol
concentrations are presented on the Y-axis. The experiments were performed three times (n = 3).
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Figure 9. Effect of seaweed extracts on the expression of LXR target genes involved in fatty acid
synthesis. The expression of fatty acid synthesis genes SREBF1 (a), ACACA (b), SCD1 (c), and FASN
(d) in CCF-STTG1 cells was decreased by tested seaweed extracts. Saringosterol concentrations are
presented on the Y-axis. The experiments were performed three times (n = 3).
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Figure 10. Extracts decreased the expression of GFAP in CCF-STTG1 cells. Saringosterol concentra-
tions are presented on the Y-axis. The experiments were performed three times (n = 3).

4. Discussion

LXRs and PPARs are recognized as interesting therapeutic targets for cardiometabolic,
inflammatory, and neurodegenerative disorders such as AD because their activation can
beneficially impact the pathology of these diseases via modulation of lipid metabolism
and/or inflammatory processes. Therefore, we have screened lipid extracts of six European
seaweeds for their ability to activate LXRs and PPARs. We demonstrate that all six seaweeds
tested contained the LXR-activating oxyphytosterol saringosterol as well as multiple PPAR-
activating FAs. The H. elongata extract with the highest saringosterol content, but not
the highest fucosterol concentration, displayed the highest efficacy for activation of LXRs
and subsequently for modulation of LXR-target gene expression, comparable to the S.
fusiforme extract. S. muticum, S. latissima, F. vesiculosus, A. esculenta, and A. nodosum also
activated LXRs and regulated LXR-target gene expression, albeit to a lesser extent than H.
elongata. PPARα was most strongly activated by A. esculenta, F. vesiculosus and S. latissima,
and PPARγ by A. esculenta, A. nodosum, F. vesiculosus and S. muticum. The concurrent
activation of LXRs and PPARs by the seaweed extracts may combine the beneficial effects of
both. These data are supportive of the potential of brown seaweeds for prevention and/or
treatment of neurodegenerative, and possibly also cardiometabolic and inflammatory
diseases.

Accumulating evidence suggests that disturbances in brain cholesterol homeostasis
are linked to AD pathogenesis. An altered cholesterol turnover rate and altered intra- and
intercellular distribution of cholesterol in the brain rather than altered cholesterol levels
seem to be involved in neuropathologies [64,65]. LXR activation is believed to prevent
AD progression by enhancing cholesterol efflux through the secretion of ApoE-containing
lipoprotein-like particles, which provide neurons with cholesterol and other lipids that
support synaptic plasticity and neuronal regeneration after injury [66]. These processes are
promoted by 24-hydroxycholesterol, which is an endogenous LXR agonist that is formed
in neurons from cholesterol via the enzyme CYP46A1. Upregulation of the conversion
of cholesterol into 24-hydroxycholesterol via activation of CYP46A1 has been shown to
protect against pathologies involved in Alzheimer’s, Huntington’s, and Parkinson’s disease,
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multiple sclerosis, and amyotrophic lateral sclerosis [67], and it is currently being tested
in a phase I trial in AD patients (NCT03706885). A 24-oxidized sterol, 24(S)-Saringosterol,
similar to 24(S)-hydroxycholesterol, has the ability to cross the blood–brain barrier, and has
previously been shown to prevent cognitive decline in AD mice, possibly by exerting effects
similar to 24-hydroxycholesterol [24,26]. Fucosterol can also cross the blood–brain barrier,
although to a lesser extent than saringosterol, and can also activate LXRs likely indirectly
via upregulation of endogenous LXR agonist desmosterol (unpublished observation). FAs
are continuously transported in and out of the brain [68]. Our current data show that LXRs
were activated by lipid extracts of brown seaweeds, mostly by the extracts of S. fusiforme,
H. elongata, S. muticum, and S. latissima. In CCF-STTG1 astrocytoma cells, the extracts
increased the expression of genes involved in cholesterol efflux, with the most pronounced
effects observed with extracts of S. fusiforme and H. elongata, which is consistent with the
relatively high concentrations of saringosterol in these extracts. By increasing the ABCA1-
and ABCG1-promoted secretion of ApoE-containing particles by astrocytes, the extracts
may thus promote protective functions related to neuronal regeneration, synaptogenesis,
Aβ clearance, and neuroinflammation [69–71].

While the extracts induced genes related to cholesterol efflux, they decreased the
expression of genes involved in cholesterol synthesis and fatty acid synthesis in CCF-
STTG1 cells. The inhibition of SREBP activation is in line with previous findings showing
that (oxy)sterols facilitate the binding of SREBP cleavage-activating protein (SCAP) to
Insigs preventing SCAP/SREBP binding and the subsequent SREBP activation. In this
way, (oxy)sterols reduce lipogenesis [72]. This feedback mechanism can be mediated by
endogenous (oxy)sterols such as cholesterol and 25-hydroxycholesterol [73], but possibly
also by exogenous (oxy)sterols such as those contained in seaweed. We cannot rule out a
contribution of RXR homodimers to the observed effects of the seaweed extracts because the
RXR agonist bexarotene also upregulated cholesterol efflux and downregulated cholesterol
synthesis genes DHCR24 and HMGCR similar to T0901317 and the extracts.

Although purified 24(S)-saringosterol was able to prevent cognitive decline in AD mice [26],
PPARα and PPARγ activation may also have contributed to the previously reported prevention
of amyloid pathology and cognitive decline in AD mice [7,34,39,45–49,74]. Natural PPAR
agonists may exert fewer side effects than full-blown synthetic PPAR agonists such as
thiazolidinediones which have serious adverse effects [30]. PPARα and PPARγ were
activated by the extracts of A. esculenta, A. nodosum and F. vesiculosus and to a lesser extent
by S. fusiforme, H. elongata and S. latissima. PPARα is the most promiscuous isoform of the
PPARs and interacts with saturated and unsaturated FAs [75]. The FA binding profile of
PPARγ is the most restricted of the three isoforms, interacting most efficiently with PUFAs
and only weakly with monounsaturated FAs [75]. We found a variety of saturated and
unsaturated FAs in the extracts that are known for their PPAR-activating capacity. However,
other unknown natural ligands may also be present in the extracts and activate PPARs. The
A. esculenta extract was the most effective PPARα and -γ activator and also contained the
highest relative amount of total PUFAs, including known PPAR-activating FAs. The cell
lines may have responded differently due to variations in the presence of co-factors.

LXR and PPAR activation has been demonstrated to have anti-inflammatory effects via
transrepression of inflammatory transcription factors such as NFκB and AP-1 [76–78]. GFAP is
a commonly used marker of astrogliosis related to inflammation and is demonstrated to be
elevated in plasma of AD patients [79–81]. The reduction in GFAP expression observed in
CCF-STTG1 cells incubated with seaweed extracts suggests that the extracts may decrease
astrogliosis and inflammation, associated with AD and other neurological conditions.
However, we have not yet further investigated the potential anti-inflammatory effects of
the seaweed extracts induced via LXRα/β and PPARα/γ activation.

One limitation of current experiments is that central nervous system (CNS) cell lines
were incubated with the entire seaweed extracts, which contain both known and unknown
lipids. However, it is known that only certain lipids, such as (oxy)sterols and FAs, can cross
the blood–brain barrier and reach the brain. Therefore, further studies are necessary to
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verify the effects of tested seaweed extracts on lipid metabolism in the CNS in an in vivo
setting, where peripheral effects as well as the crosstalk between the brain and periphery
can be explored. It should be noted that extracts were added based on saringosterol
concentrations, resulting in comparable but not identical dilutions. While our results
demonstrate that the extracts can activate the nuclear receptors LXR and PPAR and affect the
expression of several target genes, we cannot draw conclusions on their relative efficiencies.
Additionally, we did not consider the harvest period of the seaweeds, which may have
resulted in seasonal differences affecting our results, and only total arsenic levels have been
analyzed, not the toxic inorganic form separately.

5. Conclusions

Our findings indicate that the lipophilic fractions of six different European brown
seaweed species possess the ability to activate LXRs and PPARs in both peripheral and CNS
cell lines and can influence lipid metabolism in astrocytoma cells. These findings provide a
basis for further investigation into their application in the prevention and/or treatment of
neurodegenerative, metabolic, and inflammatory diseases. Among the European seaweed
species studied, Himanthalia elongata demonstrated the highest efficacy for LXR activation,
comparable to that of Sargassum fusiforme, and comparably regulated cholesterol efflux
and lipid synthesis pathways in astrocytoma CCF-STTG1 cells. Previous studies have
demonstrated that Sargassum fusiforme has a positive impact on cognitive performance and
AD pathology in an AD mouse model [24], and therefore, Himanthalia elongata could be a
promising alternative to Sargassum fusiforme for the prevention of AD pathology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15133004/s1, Table S1. The molecular composition and relative
content of phospholipid in seaweed extracts. Table S2. The molecular composition and relative content
of glyceroglycolipid, diglyceride and triglyceride in seaweed extracts. Table S3. The molecular
composition and relative content of fatty acids in seaweed extracts. Table S4. Literature on the
PPAR-activating capacities of lipids found in the seaweed extracts. Table S5. Dilution factors for
lipid extract and corresponding saringosterol concentrations. Figure S1. LXRα and -β activation by
seaweed extracts. Lipid extracts of the selected seaweed species were screened for their LXRα- and
LXRβ-activating capacity in HEK (a), CCF-STTG1 (b), SH-SY5Y (c), and CHME3 (d) cells transfected
with pcDNA3.1/V5H6 vectors with or without RXR, LXRα, and LXRβ. Extract dosages were based
on saringosterol content (concentrations noted on the X-axis). Data are corrected for transfection
efficiency (by correcting for differences in Renilla signal) and expressed as fold change compared to
the EtOH control. The fold change values are presented as mean ± SD of three experiments performed
in triplicate (n = 9). Significance relative to the EtOH was tested with a Kruskal-Wallis test: * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001. Figure S2: PPARα and -γ activation by seaweed extracts. Lipid extracts of
the selected seaweed species were screened for their PPARα- and PPARγ-activating capacity in HEK
(a), CCF-STTG1 (b), SH-SY5Y (c), and CHME3 (d) cells transfected with pcDNA3.1/V5H6 vectors
with or without RXR, PPARα, and PPARγ. Extract dosages were based on saringosterol content
(concentrations noted on the Y-axis). Data are corrected for transfection efficiency (by correcting
for differences in Renilla signal) and ex-pressed as fold change compared to the EtOH control. The
fold change values are presented as mean ± SD of ≥three experiments performed in triplicate
(n ≥ 9). Signifi-cance relative to the EtOH was tested with a Kruskal-Wallis test: * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001. References [82–97] are cited in the Supplementary Materials.
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Aβ Amyloid-β
ABCA1 ATP Binding Cassette Subfamily A Member 1
ABCG1 ATP Binding Cassette Subfamily G Member 1
ACACA Acetyl-CoA Carboxylase Alpha
ACTB Actin Beta
AD Alzheimer’s Disease
APOE Apolipoprotein E
B2M Beta-2-Microglobulin
cDNA Complementary Deoxyribonucleic Acid
CNS Central Nervous System
Ct Cycle Threshold
DG Diacylglycerol
DGDG Digalactosyldiacylglycerol
DHCR7 7-Dehydrocholesterol Reductase
DHCR24 24-Dehydrocholesterol Reductase
DMSO Dimethyl sulfoxide
DW Dry Weight
EtOH Ethyl Alcohol, Ethanol
FA Fatty Acids
FASN Fatty Acid Synthase
GFAP Glial Fibrillary Acidic Protein
HMGCR 3-Hydroxy-3-Methylglutaryl-CoA Reductase
HPRT1 Hypoxanthine Phosphoribosyltransferase 1
IA Index of Atherogenicity
IT Index of Thrombogenicity
LPA Lysophosphatidic Acid
LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine
LPG Lysophosphatidylglycerol
LPI Lysophosphatidylinositol
LTP Long-term Potentiation
LXR Liver X Receptor
LXRE Liver X Receptor Response Element
MGDG Monogalactosyldiacylglycerol
MGMG Monogalactosylmonoacylglycerol
MUFA Monounsaturated Fatty Acid
NR1C1 Nuclear Receptor Subfamily 1 Group C Member 1
NR1C3 Nuclear Receptor Subfamily 1 Group C Member 3
NR1H2 Nuclear Receptor Subfamily 1 Group H Member 2
NR1H3 Nuclear Receptor Subfamily 1 Group H Member 3
PA Phosphatidic Acid
PC Phosphatidylcholine
PCR Polymerase Chain Reaction
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PE Phosphatidylethanolamine
PG Phosphatidylglycerol
PI Phosphatidylinositol
PPAR Peroxisome proliferator-Activated receptors
PPRE Peroxisome Proliferator Response Element
PS Phosphatidylserine
PUFA Polyunsaturated Fatty Acid
qPCR Quantitative Polymerase Chain Reaction
RC Relative Content
RT Retention Time
RXR Retinoid X Receptor
SCAP Sterol Regulatory Element-Binding Protein Cleavage-Activating Protein
SCD1 Stearoyl-CoA Desaturase 1
SD Standard Deviation
SDHA Succinate Dehydrogenase Complex Flavoprotein Subunit A
SFA Saturated Fatty Acid
SQDG Sulfoquinovosyl Diacylglycerol
SREBF1 Sterol Regulatory Element Binding Transcription Factor 1
SREBF2 Sterol Regulatory Element Binding Transcription Factor 2
SREBP Sterol Regulatory Element-Binding Protein
TG Triacylglycerol
UI Unsaturation Index
UV Ultraviolet
YWHAZ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta
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