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The mechanism of lowering cholesterol
absorption by calcium studied by using
an in vitro digestion model†
Liliya Vinarova,a Zahari Vinarov,a Slavka Tcholakova,*a Nikolai D. Denkov,a
Simeon Stoyanovb and Alex Lipsc,d
Studies in humans show that a calcium-enriched diet leads to lower cholesterol in blood serum. This
phenomenon is usually explained in the literature with a reduced cholesterol absorption in the small intestine. Our study aims to clarify the eﬀect of calcium on the solubilisation of cholesterol and fatty acid in
the dietary mixed micelles (DMM), viz. on the bioaccessibility of these lipophilic substances in the gut. We
use an in vitro digestion model which mimics very closely the intestinal pH-proﬁle and the composition
of the intestinal ﬂuids. We quantiﬁed the eﬀects of Ca2+ concentration on the lipid solubilization for fats
and oils with diﬀerent saturated/unsaturated fatty acid (FA) contents. We found that the increase of
calcium signiﬁcantly decreases the solubilization of cholesterol, FA and MG. Most importantly, we observe
a clear positive correlation between the amounts of solubilized cholesterol, on one side, and solubilized
free fatty acids and monoglycerides, on the other side. The main conclusion is that Ca2+ ions strongly
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aﬀect the bioaccessibility of both cholesterol and saturated FA. Therefore, calcium may decrease the
serum cholesterol via two complementary mechanisms: (1) fatty acid precipitation by calcium ions
reduces the solubilisation capacity of the DMM, thus decreasing the levels of solubilised (bioaccessible)
cholesterol; (2) the observed strong decrease of the bioaccessible saturated FA, in its own turn, may suppress the cholesterol synthesis in the liver.

Introduction

Cholesterol takes part in the formation of the eukaryotic cell
membrane and serves as a precursor for the biosynthesis of
steroidal hormones and bile salts in humans.1 However, high
plasma concentrations of cholesterol are associated with
atherosclerosis, which increases the risk of myocardial
infarction and other cardio-vascular diseases.2,3 Thus, significant eﬀort has been devoted to find eﬀective strategies for
reduction of plasma cholesterol.
There are multiple reports from both animal4–13 and
human studies14–24 which demonstrate that the increased
intake of calcium decreases the total and LDL-cholesterol in
a
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blood plasma. During these studies, it was also observed that
dietary calcium may increase the fecal excretion of bile salts
(BS),5,7 saturated fatty acids (SFA)22,23 and cholesterol itself.5,7
On this basis, several mechanisms were proposed to explain
the cholesterol-lowering eﬀect of calcium, all of which take
place in the gastro-intestinal tract:25 (1) inhibition of the reabsorption of bile salts (BS) in the gut; (2) inhibition of the
absorption of saturated fatty acids (SFA), and (3) inhibition of
the intestinal absorption of cholesterol.
The first mechanism is related to the role of cholesterol as
a precursor in BS metabolism – increasing the faecal excretion
of BS should be compensated by enhanced BS synthesis from
cholesterol in the liver.
The second mechanism is related to the observation that
the increased absorption of saturated fats in the gut enhances
the cholesterol synthesis in vivo26 – thus one may expect that
reducing SFA absorption should be related to decreased cholesterol synthesis in the body.
The third mechanism proposes that calcium decreases
cholesterol absorption.27,28 However, in contrast to the direct
ionic interactions between positively charged Ca2+ ions and BS
or SFA (both containing negatively charged acidic groups),
cholesterol does not possess an acidic group and is, therefore,
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not expected to interact directly with calcium. Wells & Cooper
hypothesized that calcium exerts its eﬀect by interacting with
the dietary fatty acids and/or phospholipids, because the
cholesterol absorption was reduced only in the presence of fat
in the intestine.27 Still, there are no data in the literature to
verify this interesting hypothesis.
During digestion in the gastro-intestinal tract, cholesterol is
solubilized and then transported through the intestinal mucus
layer by the dietary mixed micelles (DMM): molecular aggregates
of BS, phospholipids (PL) and lipid digestion products (fatty
acids and monoglycerides).29–33 High concentrations of calcium
in the intestine can precipitate both the BS and the FA,34,35
which would change the solubilizing properties of DMM.
One of the approaches to study the solubilization of hydrophobic molecules (such as cholesterol, FA etc.) in the gastrointestinal tract is to use in vitro digestion models.36–41 These
models mimic the composition of the intestinal fluids during
lipid digestion, including enzymes, BS, phospholipids etc.
However, the data for the eﬀect of calcium on the solubilization of cholesterol are very scarce.40
Recently, we performed a systematic study of the eﬀect of
calcium on the solubilization of cholesterol and lipolysis products.40 We applied a new in vitro digestion model which uses
bicarbonate as a buﬀer for neutral pH (as it is in vivo) and
matches closely the intestinal pH-profile. Using this in vitro
model we demonstrated that the increase of Ca2+ decreases the
concentration of cholesterol and FA in the DMM. We also
observed a positive correlation between the concentrations of
solubilized cholesterol and solubilized FA, which evidenced
for co-solubilization of these two components. No systematic
investigation of this subtle relationship between the solubilised lipid components has been completed so far.
In our previous study, we used single oil as an enzyme substrate: sunflower oil which contains mostly unsaturated FA.40
In foods, there are plenty of edible fats which contain a higher
fraction of saturated FA (SFA). The SFA have a number of physical properties, which diﬀer from those of the unsaturated
ones: melting point above 37 °C (viz. they are solid at body
temperature), diﬀerent molecular configurations and packing,
higher hydrophobicity, etc.42 These diﬀerences can lead to
diﬀerent interactions of SFA with calcium, BS and cholesterol.
It is then important to check whether the previously observed
co-solubilization of FA and cholesterol persists when SFA-rich
fats are used as lipolysis substrates.
The aims of the current article are the following: (1) to
study systematically the eﬀect of Ca2+ on the solubilization of
cholesterol and lipolysis products, after in vitro digestion of
fats and oils with diﬀerent saturated/unsaturated fatty acid
contents; (2) to clarify the mechanism by which calcium
decreases cholesterol solubilization and absorption.
The article is organized as follows: the used materials and
methods are described in section 2. Section 3.1 presents the
results for the degree of TG lipolysis and the composition of
the samples for the diﬀerent studied fats. In section 3.2 we
present data for the eﬀect of Ca2+ concentration on the concentrations of the bile salts, cholesterol and reaction products in
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the aqueous phase, as obtained after filtration of the reaction
mixture with a 200 nm filter (viz. the composition of DMM).
The mechanism of lowering of cholesterol solubilization by
Ca2+ is discussed in section 4. The main conclusions are summarized in section 5.

2. Materials and methods
2.1.

Materials

The following fats and oils were purchased from a grocery
store in Bulgaria and were used without purification: lard, cow
butter, cocoa butter, palm oil, and sunflower oil. The FA compositions of these fats are very diﬀerent: the percentage of
saturated FA varies from 65% for cocoa butter to 13% only
for sunflower oil (determined by gas chromatography, see
Table S1 in the ESI†).
Pancreatin from porcine pancreas, 4 × USP specification,
was obtained from Sigma-Aldrich (Cat N P1750). It contains
pancreatic lipase and colipase at a molar ratio of 1 : 1 (ref. 43)
and a range of other enzymes, such as amylase, trypsin, ribonuclease and protease. The lot number of the used sample was
029K1095, with a lipase activity of at least 8 USP units. One
unit corresponds to the amount of pancreatin that liberates
1 µEq. of fatty acid (FA) per minute, at pH = 9 and T = 37 °C,
using an olive oil emulsion as a substrate.
As a source of bile salts we used porcine bile extract,
obtained from Sigma-Aldrich (Cat. no. B-8631), which contains
50 wt% bile acids, 6 wt% phosphatidylcholine and less than
0.06 wt% Ca2+.44 Gas chromatographic analysis showed that it
contains also 1.24 ± 0.18 wt% cholesterol and 6.7 wt% FA.
According to the producer ( personal communication), the
composition of the bile salts in this extract is 13 wt% hyodeoxycholic acid, 18 wt% deoxycholic acid, 5 wt% cholic acid,
39 wt% glycodeoxycholic acid, and 24 wt% taurodeoxycholic
acid. The percentages of these bile acids and the corresponding molecular masses were used to calculate an average
molecular mass of 442 g mol−1 – the latter was used to define
the average molar concentration of bile salts in our experiments.
Pepsin from porcine gastric mucosa (Fluka, Cat. no. 77160)
with the lot number 1238420 was used in the “stomach” stage
of the in vitro model. The pepsin activity was 643 U mg−1. One
unit here corresponds to the amount of enzyme, which
increases the light absorbance at 280 nm by 0.001 per minute,
at pH = 2.0 and 37 °C, using hemoglobin as the substrate.
All aqueous solutions were prepared using deionized water
from the water-purification system Elix 3 (Millipore, USA). For
preparation of electrolyte solutions we used NaCl ( product of
Merck), KCl (Merck), CaCl2 (Fluka) and NaHCO3 (Teokom), all
of purity higher than 99%.
Cholesterol was purchased from Sigma (>95%, Cat. no.
26740).
2.2.

Emulsion preparation

Oil-in-water emulsions were used as a source of TG in the
in vitro digestion experiments. We prepared emulsions from
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five types of fats: sunflower oil (SFO, containing mainly unsaturated fatty acids, UFA), cocoa butter ( primarily composed of
SFA), palm oil, cow butter and lard. The FA composition of
these oils is described in detail in Table S1 in the ESI† section.
The emulsions of the fats that are solid at room temperature (all fats except SFO) were prepared in the following way:
first, the respective solid fat was melted at T = 50 °C, then
30 mL of it were added to 20 mL emulsifier solution, which
was also thermostated at 50 °C. Then, emulsification was performed with a rotor-stator homogenizer Ultra Turrax T25
(Janke & Kunkel GmbH & Co, IKA-Labortechnik), operating at
13 500 rpm for 5 min at T = 50 °C. The emulsifier solution contained 1 wt% surfactant Tween 80 ( product of Sigma), 10 mM
NaCl and 0.1 g L−1 NaN3 (as a preservative). The same protocol
was followed for the SFO emulsion, however, at room temperature (T = 20–25 °C).
The drop size distribution in the emulsion was determined
by video-enhanced optical microscopy.45,46 The diameters of
the recorded oil drops were measured using custom-made
image analysis software. For each sample, the diameters of at
least 1000 drops were measured. The accuracy of these optical
measurements was found to be ±0.3 μm.45 The mean drop size
in the studied emulsions was characterized by the so-called
volume-surface diameter, d32, which was calculated from the
relationship:
d32 ¼

X

N i di 3 =

X

N i di 2

ð1Þ

where Ni is the number of drops with diameter di. Our emulsions had d32 = 20 ± 3 μm for sunflower oil, 13 ± 2 μm for
cocoa and cow butter, and 9 ± 1 μm for lard and palm oil.
The obtained stock emulsions were immediately used
in lipolysis experiments: the required amount of the stock

emulsion was taken by using a pipette and diluted in the
electrolyte–enzyme solutions, as explained in section 2.3.
2.3.

In vitro digestion model

The used in vitro model is described in detail by Vinarov
et al.40 Briefly, it consists of two stages, which stimulate the
digestion in the stomach and in the small intestine. In the
“stomach” stage, the pH is acidic ( pH = 1.3) and the protease
pepsin is present. The eﬀect of calcium concentration was
studied by adding the required volume of 1 M CaCl2 solution
using a micropipette, to achieve the desired final calcium concentration. In the following “intestinal” stage, we introduced
sodium bicarbonate to increase the pH to around 6.2 and then
added the bile extract and pancreatin (containing pancreatic
lipase, proteases and other digestive enzymes). The pH in the
“intestinal” stage of the experiments increased gradually from
6.2 to 7.5 for 4 h, mimicking the pH-profile observed in vivo
(for more details see Vinarov et al.).40
The pepsin, bile salts and pancreatin solutions were prepared directly at 37 °C, just before their use in the actual lipolysis experiments. For the experiments performed at higher
cholesterol concentrations, the additional cholesterol was
introduced into the bile salt solution.
The experimental protocol of solution mixing and the concentrations of the main components in the final reaction
mixture are shown in Fig. 1. Note that the reaction mixture
contains also phospholipids, cholesterol and fatty acids, which
originate from the bile extract (their concentration depends on
the particular batch of the bile source).
After a total reaction time of 4.5 h, we added the drug Orlistat (Xenical®, Roche) to inhibit completely the pancreatic
lipase. Afterwards, the oil soluble components in the sample
were extracted with chloroform or the sample was filtered/
centrifuged to obtain a clear aqueous phase for further

Fig. 1 Schematic presentation of the used lipolysis in vitro model. The order of mixing and the composition of the respective solutions are shown.
The inserted table presents the contents of the ﬁnal reaction mixture in the “intestinal” stage ( pH between 6.2 and 7.5), after mixing all the solutions.
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analysis of the lipids solubilized in the dietary mixed micelles
(DMM).
2.4. Model mixtures of bile salts, fatty acids and
monoglycerides
To study the eﬀect of fatty acids and monoglycerides on the
solubilization of cholesterol in bile salt micelles, we used the
in vitro digestion model described in section 2.3 with the following modifications: (1) no emulsion was added, (2) pepsin
and pancreatin enzymes were not added, (3) known amounts
of monoglycerides and fatty acids were introduced into the
bile salt solution, and (4) total cholesterol concentration was
0.85 mM (the required additional cholesterol was introduced
into the bile salt solution). All other parameters of the digestion model, such as pH, incubation times, bile salts and
electrolyte concentrations, were maintained, as described in
section 2.3.
2.5.

Phase separation methods

To analyse the lipid solubilization at the end of the in vitro
digestion experiment, we separated the DMM from the much
bigger oil droplets and solid precipitates by filtration or
centrifugation.
(A) Filtration. The reaction mixture was first filtered
through filter paper with a pore size of 2–3 μm and 84 g m−2
weight (BOECO, Germany). The filtration was carried out in a
glass funnel and the filtrate was collected in a glass flask.
Afterwards the obtained permeate was further filtered through
a 200 nm nylon syringe filter (Minisart NY25, Sartorius,
Germany). All procedures were performed at 37 °C. The
obtained permeate was clear and was then subjected to chloroform extraction, as described in section 2.6.
(B) Centrifugation. The reaction mixture was centrifuged
for 1 h at 3620g (4500 rpm) in the SIGMA 3-16PK centrifuge, at
37 °C. Afterwards, the aqueous serum was withdrawn by using
a syringe and the solubilised lipophilic substances were
extracted with chloroform. In several experiments, the sediment was also extracted by using chloroform and analysed
by GC.
2.6. Extraction of cholesterol, reaction products and
non-hydrolyzed TG by using chloroform
After stopping the lipolysis reaction with Orlistat granules, the
reaction mixture was allowed to cool down to room temperature and its pH was decreased to pH = 2 by adding HCl (to
decrease the solubility of the fatty acids in the aqueous phase).
Next, 6 mL chloroform was added and the sample was sonicated for 15 min. After every 5 min of sonication, the sample
was vigorously agitated by shaking with hands. The obtained
complex dispersion was centrifuged for 30 min at 3620g (4500
rpm) which led to separation of clear aqueous and chloroform
phases, indicating that the lipophilic substances were transferred into the non-polar phase. The obtained chloroform
phase was further analyzed by GC (see the ESI† for details) and
the recovery of the cholesterol, fatty acids (FA), mono- and di-
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glycerides (MG and DG), and tri-glycerides (TG) was found
to be ≥90%.
The same procedure was applied for analysis of the
aqueous phases, separated by filtration or centrifugation, as
described in section 2.5.
2.7.

Degree of TG lipolysis

TG transformation to DG and MG occurs via consecutive reactions.47 Hence, we define four quantitative characteristics of
TG transformation: overall degree of TG transformation, α;
degree of TG transformation to DG, β; degree of transformation to MG, γ; and degree of transformation to glycerol (Gly),
δ. The overall degree of TG transformation is defined as:
α¼

INI
CTG
 CTG
INI
CTG

ð2Þ

Here CINI
TG is the initial molar concentration of TG (which is
known in advance) and CTG is the molar concentration of the
remaining, non-hydrolyzed TG. The molar degree of transformation to DG is defined as:
β¼

CDG
INI
CTG

ð3Þ

Here CDG is the molar concentration of the formed and
non-hydrolyzed DG. The molar degree of transformation to
MG is defined as:
γ¼

CMG
INI
CTG

ð4Þ

The molar degree of transformation to glycerol (Gly) is
defined as:
δ¼

CGly
INI
CTG

ð5Þ

where CGly is the concentration of the formed glycerol.
Eqn (2)–(5) show that, by definition, α = β + γ + δ. In practice, we determined the value of α from the initial and the
final TG concentrations, eqn (2), and the values of β and γ
were determined from CMG and CDG, using eqn (3) and (4),
respectively. The concentrations CTG, CDG and CMG were determined by GC. The value of δ was determined by the relationship δ = (α − γ − β), because glycerol cannot be detected with
the used GC procedure.

3. Experimental results
The main experimental results are presented as follows. In
section 3.1 we describe the eﬀect of Ca2+ on the degree of TG
lipolysis and on the total concentration of the lipolysis products at the end of the digestion experiment. These results are
used as a reference when describing the results for the eﬀect
of Ca2+ on the solubilisation of lipolysis products and cholesterol in DMM (section 3.2). In section 3.3 we present model
experiments, aimed to clarify the eﬀect of saturated and unsaturated MG and FA on the cholesterol solubilization.

This journal is © The Royal Society of Chemistry 2016

Food & Function

3.1. Eﬀect of Ca2+ concentration on the degrees of TG lipolysis
and on the composition of the reaction mixture after lipolysis
The lipolysis of SFO, which contains 13% saturated FA (SFA)
and 87% unsaturated FA (UFA), is presented in Fig. 2A. Almost
complete TG hydrolysis occurs at all the studied Ca2+ concentrations (CCa). The main fraction of TG (more than 60%) is
transformed to MG. The hydrolysis to glycerol and DG is much
lower: ≈28% and 0–12%, respectively.
The partial hydrolysis of the TG to glycerol by the sn1,3specific pancreatic lipase is somewhat surprising, as the end
products of the reaction should be sn2-MG and FA. However,
sn2-MG is known to isomerise to sn1- or sn3-MG, which can
then be hydrolysed to glycerol by the pancreatic lipase.48 In
the time frame of our lipolysis experiment (4 h, mimicking
in vivo intestinal digestion), up to 30% of the sn2-MG could
isomerise, thus explaining the obtained results.

Fig. 2 Degrees of lipolysis for (A) sunﬂower oil and (B) cocoa butter:
overall degree of TG lipolysis, α (red dots), degree of lipolysis to diglycerides, β (brown diamonds), degree of lipolysis to monoglycerides, γ (blue
squares) and degree of lipolysis to glycerol, δ (green triangles). The
respective deﬁnitions are given in the text. The results are averaged from
two separate experiments. For some systems the scattering of the data
is small and is represented by the size of the symbols.
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The results for the lipolysis of cocoa butter which contains
around 65% SFA, are presented in Fig. 2B. Similarly to SFO,
the overall degree of TG hydrolysis is very high and the lipolysis to DG is very low. However, the fraction of TG transformed
to MG decreases significantly from 62 to 29% with the increase
of CCa, whereas the opposite trend is observed for the degree
of lipolysis to glycerol: it increases from 27 to 62%. Thus, more
MG is hydrolysed to glycerol with the increase of calcium
concentration.
Additional experiments with cow butter, lard and palm oil
confirmed that the overall TG lipolysis is very high and the
fraction of DG is very low for all fats and all the calcium concentrations studied (see Fig. S2 in the ESI†). For cow butter
which has a high level of SFA, the degree of lipolysis to glycerol
increases with CCa (at the expense of MG), similarly to the case
of cocoa butter. A much smaller eﬀect is observed for lard,
which has an intermediate SFA content of 50%, whereas for
palm oil (similar SFA content) there is no such eﬀect at all.
The sample after lipolysis, before separation of the aqueous
phase, will henceforth be referred to as the “whole sample”.
Its main components are the lipolysis products and the substances originating from the used bile extract (additional
3 mM FA, 0.2 mM saturated MG and ≈0.40 mM cholesterol).
The increase of CCa from 1 to 11 mM decreases the concentration of total MG for cow and cocoa butter by ≈1.4 mM,
whereas the eﬀect is smaller for lard (see Fig. S3A in the ESI†).
Further analysis of the data shows that for cow butter and lard
the saturated MG are specifically decreased, whereas for cocoa
butter the main decrease is in the unsaturated MG (Fig. S4 in
the ESI†). For SFO and palm oil the concentration of total MG
does not depend on CCa, in agreement with the results for the
TG lipolysis to MG.
With respect to the concentration of total FA in the whole
sample, for SFO and palm oil CFA = 10–12 mM, at all the
studied CCa (Fig. S3B in the ESI†). For cow and cocoa butter
the total FA increases with the increase of CCa to 14 and
13 mM FA, respectively. The latter is due to the significant
increase of MG hydrolysis to glycerol at high CCa. For lard the
total FA increase only slightly (in the frame of experimental
error), in accordance with the much smaller increase of the
hydrolysis to glycerol, compared to cow and cocoa butter.
The results obtained in this section can be summarized as
follows:
• With respect to the degree of TG lipolysis: (1) the overall
TG lipolysis is almost complete ≥80%, whereas the TG lipolysis
to DG is very low <15%; (2) most of the TG is hydrolyzed to
MG, from 40 to 80%; (3) for the fats with a high level of SFA
(cocoa butter, cow butter and lard) the increase of CCa leads to
increased hydrolysis of MG to glycerol, whereas no such eﬀect
is observed for SFO and palm oil.
• With respect to the composition of the reaction mixture
after lipolysis: (1) the main components are FA and MG; (2)
the average CFA is between 10 and 12 mM for all fats and oils,
at all CCa, except for cow and cocoa butter for which the total
FA increase with the increase of CCa to 14 and 13 mM FA,
respectively; (3) the increase of CCa decreases the concen-
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trations of saturated MG for cow butter and lard, and of the
unsaturated MG for cocoa butter.
3.2. Eﬀect of Ca2+ on the phase distribution of lipolysis
products, cholesterol and bile acids
In this section we present results about the eﬀect of Ca2+ on
the solubilization of the lipolysis products, cholesterol and
bile acids in the aqueous phase. In most experiments, this
aqueous phase was separated by filtration through a 200 nm
filter and will be, hereafter, referred to as “the permeate”. In
several experiments we used centrifugation for phase separation to check for the possible solubilisation of the various
components in molecular aggregates which are bigger than
200 nm. The aqueous phase obtained by centrifugation is
referred to as the “serum”. We begin by comparing the compositions of the serum and the permeate in subsection (A), followed by the results about the solubilization of fatty acids,
monoglycerides and cholesterol, subsections (B), (C) and (D).
Finally, we present the results for the solubility of bile salts in
subsection (E).
(A) Compositions of the serum and the permeate. In our
previous study, we observed a significant diﬀerence in the
compositions of the aqueous phases at high calcium concentrations, depending on the method used for phase separation.40 We showed that this diﬀerence is due to the formation
of relatively large aggregates (of size between ca. 200 and
1000 nm), enriched in cholesterol, which are present in the
serum, but cannot pass in the permeate.
To check whether such aggregates are formed under the
conditions used in the present study, we compared the compositions of the permeate and of the serum at 1 and 11 mM Ca2+,
after lipolysis of cocoa butter and SFO emulsions. The results
showed a moderate diﬀerence in the concentrations of total
fatty acids for cocoa butter at high calcium concentrations,
indicating the presence of large aggregates in the reaction
mixture (see Fig. S5A in the ESI†). However, the results
obtained with SFO showed that the concentration of cholesterol and FA in the serum is much higher than that in the
permeate, at high CCa (Fig. S5B in ESI†). The latter result is in
agreement with our previous study, where the experiments
were performed with SFO, but at a lower final pH in the “intestinal” stage of the experiment ( pH = 6.8, compared to 7.5 in
this study).40 Additional experiments are needed to clarify the
reasons for the formation of large aggregates predominantly in
oils enriched with unsaturated FA.
As the larger aggregates formed at high calcium concentrations are unlikely to penetrate the mucus layer and thus will
not contribute to the total absorption of cholesterol, in the following sections we consider mainly the aqueous phase
obtained by filtration. The latter contains aggregates <200 nm
that are expected to cross the intestinal mucus layer and
deliver cholesterol to the enterocytes.
(B) Solubilization of fatty acids. The concentrations of
stearic (StAc), palmitic (PAc) and unsaturated oleic + linoleic
acids (UFA) in the permeate and in the whole sample are com-
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pared in Fig. 3, as a function of the calcium concentration,
after lipolysis of cocoa butter emulsions.
Let us first discuss the FA in the whole sample. The concentrations of the saturated PAc and StAc are not significantly
aﬀected by the increase of CCa (CPAc ≈ 4.5 mM, CStAc ≈
5.1 mM), whereas there is a slight increase in the concentration of unsaturated FA from ≈2 to 3 mM. The latter is due
to the increased hydrolysis of unsaturated MG to glycerol at
high CCa, which was described in the previous section.
The opposite trend is observed for the solubilization of FA
in the DMM (viz. in the permeate) – the concentrations of PAc
and StAc decrease significantly with the increase of CCa, from
3.1 mM StAc and 3.5 mM PAc at CCa = 1 mM, down to 0.4 mM
for both StAc and PAc at CCa ≥ 6 mM. Thus, despite the high
solubilization of PAc and StAc at low CCa, a very small fraction
of these saturated FA remains solubilized at high CCa. In contrast, the concentration of unsaturated FA in the permeate
decreases only slightly with the increase of CCa (from 2.2 to
1.5 mM, which is in the frame of experimental error), demonstrating that most of the unsaturated FA remain solubilized
even at high CCa.
To check whether the decrease of solubilized saturated FA
is due to the precipitation of calcium soaps, we measured the
concentration of total FA and Ca2+ in the precipitate (Fig. 4).
The precipitate was analysed after centrifugation of the
samples.
A linear relationship between the amounts of precipitated
FA and calcium at CCa ≤ 3.5 mM is seen, thus confirming the
formation of calcium soaps. The slope of the line shows that
the stoichiometry of the formed precipitate is Ca(FA)2, as

Fig. 3 Concentration of oleic + linoleic acid (blue squares), stearic acid
(green triangles) and palmitic acid (red circles) in the whole sample (full
symbols) and in the permeate after ﬁltration through a 200 nm ﬁlter
(empty symbols), as a function of Ca2+ concentration in the reaction
mixture, obtained after lipolysis of cocoa butter. The results are averaged from (at least) two separate experiments. For some systems the
scattering of the data is small and is represented by the size of the
symbols.
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Fig. 4 Concentration of precipitated FA as a function of the precipitated Ca2+, as measured after sample centrifugation. The concentration
of Ca2+ was determined by AAS, see the ESI† for method description.
The dashed line represents a calcium–fatty acid soap stoichiometry of
Ca(FA)2. Cocoa butter emulsion was used in the lipolysis model. The presented results are an average of (at least) two separate experiments. For
some systems the scattering of the data is small and is represented by
the size of the symbols.

expected for simple calcium–fatty acid soaps. At CCa ≥ 3.5 mM,
the precipitated FA remain constant at ≈7 mM, whereas the
concentration of insoluble calcium continues to increase. The
precipitation of Ca2+ at CCa ≥ 6 mM can be explained by its
involvement in additional equilibria: with bicarbonate anions
and bile salts (BS).35,49 Additional experiments in the presence
of only electrolytes showed that at CCa ≥ 6 mM there is extensive precipitation of CaCO3, which accounts for the measured
increase in precipitated Ca2+.
Further analysis of the phase distribution of FA at diﬀerent
CCa shows that the FA concentration in the large aggregates is
constant (around 1.5 mM), whereas in the DMM it decreases
significantly with increasing CCa (Fig. S6 in the ESI†).
The results presented so far demonstrate that calcium
decreases strongly the solubilization of PAc and StAc (saturated
FA), whereas the solubilization of oleic + linoleic acid (unsaturated FA) is only slightly aﬀected. For this reason, the results
for all the studied fats are presented as the sum of all saturated
or all unsaturated FA in Fig. 5. Again, the total concentration
of FA, CFA in the whole sample, is given as a reference. Only
the concentrations of saturated FA after lipolysis of SFO are
omitted in Fig. 5A, because they are in the frame of our experimental accuracy (SFO has a very low saturated FA content).
Regardless of the concentration of saturated FA (CSFA) in
the whole sample, the saturated FA which are solubilized in
the permeate decrease significantly for all the studied fats
(Fig. 5A). At CCa ≥ 6 mM, CSFA reaches a plateau in the range
from 0.5 to 1 mM, which can be considered as the limiting
solubility of SFA in the permeate at high calcium concentrations. Note that this limit does not depend on the source of
saturated FA and on their chain length (C14 to C18). Thus,
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Fig. 5 Concentration of: (A) saturated FA in the whole sample (full
symbols) and in the permeate after ﬁltration (empty symbols), (B) unsaturated FA in the whole sample and (C) unsaturated FA in the permeate
after ﬁltration, as a function of Ca2+ concentration, after lipolysis of
cocoa butter ( pink triangles), palm oil (green squares), cow butter (dark
blue diamonds), lard (red circles) and sunﬂower oil (blue hexagons)
emulsions. The results are average from (at least) two separate experiments. For some systems the scattering of the data is small and is represented by the size of the symbols.
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there is a small fraction of FA solubilized in DMM that is not
accessible for precipitation by calcium even at high CCa.
Similar plots for the unsaturated FA in the whole sample
and in the permeate are shown in Fig. 5B and C, respectively.
The concentration of unsaturated FA in the permeate
decreases gradually with the increase of CCa and no plateau
region is reached up to 11 mM Ca2+. Simple calculation shows
that the increase of CCa from 1 to 11 mM decreases FA solubilization by 47%, which is in good agreement with the results of
Patton & Carey.36 On the other hand, the fact that there is no
plateau region indicates that the main fraction of unsaturated
FA may also precipitate at even higher Ca2+ concentrations, not
reached in our study.
All these results demonstrate that the saturated FA are precipitated preferentially, as compared to unsaturated FA. This
conclusion is further illustrated by the decrease of the fraction
of saturated FA in the permeate, when plotted as a function of
CCa (Fig. S7 in the ESI†). Thus, calcium suppresses specifically
the solubilization of saturated FA in the reaction mixture.
The main results in this section can be summarized as
follows: (1) the concentration of saturated FA in the aggregates
with size <200 nm decreases significantly with the increase of
Ca2+ and reaches a limiting value of around 0.5–1 mM at CCa ≥
6 mM for all the studied fats; (2) the concentration of unsaturated FA in these aggregates also decreases with the increase
of Ca2+, but does not reach a limiting value up to 11 mM Ca2+;
(3) the decrease in FA solubilization is due do the formation of
insoluble calcium–FA soaps; (4) the saturated FA are precipitated preferentially by calcium, as compared to unsaturated
FA.
(C) Solubilization of monoglycerides. The concentration
of MG solubilized in the permeate, CMG, as a function of CCa,
is presented in Fig. 6. Calcium decreases the solubilized MG
for all the studied fats and oils (Fig. 6A): an increase of CCa
from 1 to 11 mM decreases CMG from ≈3 to ≈2 mM. For the
saturated fats (cocoa butter, cow butter and lard), this eﬀect
could be explained by the increased hydrolysis of MG to glycerol at high calcium concentrations.
To check if this is the case, we calculated the percentage of
solubilized MG from the ratio [MG in permeate]/[MG in whole
sample]. The percentage of solubilized MG is not aﬀected by
the increase of calcium concentration for the saturated fats
(Fig. 6B), thus proving that the decrease of CMG is due to
increased MG hydrolysis. In contrast, calcium decreases MG
solubilization for SFO and palm oil from 100 to 65 and 75%,
respectively. The most probable explanation for these fats is
that the MG form large aggregates with FA at high calcium
concentrations, as was observed for SFO in our previous
work.40
(D) Solubilization of cholesterol. Here we present results
about the cholesterol solubilization, as a function of CCa. Note
that the cholesterol in these experiments originates from the
bile extract and its concentration in the whole sample is always
0.40 mM, for all the studied fats. The solubilized cholesterol in
the permeate (CHperm) is presented in percent, calculated from
the ratio [CH in permeate/CH in whole sample].

158 | Food Funct., 2016, 7, 151–163

Food & Function

Fig. 6 Concentration of solubilized MG (A) in mM and (B) in percent
(calculated from the ratio [MG in permeate]/[MG in whole sample]), as a
function of Ca2+ concentration, obtained after lipolysis of cocoa butter
( pink triangles), palm oil (green squares), cow butter (dark blue diamonds), lard (red circles) and sunﬂower oil (blue hexagons) emulsions.
The results are average from (at least) two separate experiments. For
some systems the scattering of the data is small and is represented by
the size of the symbols.

The solubilization of cholesterol decreases significantly
with the increase of CCa for all the studied fats: from ≈80% to
47%, see Fig. 7. The cholesterol solubilization capacity of the
bile salt solution itself was determined by performing an
experiment in the absence of emulsions and enzymes (i.e. no
reaction products and oily phase). These experiments showed
that the solubilisation capacity of the bile salts is ≈47% and it
is not aﬀected by the calcium concentration. Thus, we observe
an increased solubilization of cholesterol (80%) at low CCa, in
the presence of lipolysis products (FA and MG).
In our previous work, we showed that the increase of
CHperm above the solubilization capacity of the bile salt solution is due to the presence of FA which co-solubilize with
cholesterol in the bile micelles.40 This conclusion is in agree-
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To check this possibility, we determined by HPLC the bile
salts in the permeate at CCa = 1 and 11 mM (see the ESI† for
method description). The obtained results showed that
calcium has no significant eﬀect on the peak area of the main
BS (Fig. S8 in the ESI†). Therefore, the studied range of CCa
does not cause bile salt precipitation in the time frame of our
lipolysis model (4.5 h).
3.3. Eﬀect of monoglycerides and fatty acids on cholesterol
solubilisation (model mixtures).

Fig. 7 Percentage of solubilized cholesterol in the permeate after ﬁltration through a 200 nm ﬁlter, as a function of Ca2+ concentration,
after lipolysis of cocoa butter ( pink triangles), palm oil (green squares),
cow butter (dark blue diamonds), lard (red circles) and sunﬂower oil
(blue hexagons) emulsions, or in the absence of any emulsion (black
circles). The results are average from (at least) two separate experiments.
For some systems the scattering of the data is small and is represented
by the size of the symbols.

ment with the results of other authors, who demonstrated that
cholesterol solubilization in model BS–phospholipid mixtures
increases in the presence of FA.50,51
To investigate further the process of cholesterol solubilization, we increased the concentration of cholesterol in the
whole sample from 0.40 to 0.85 mM, and performed experiments at CCa = 1 mM and CCa = 11 mM. Emulsions of cocoa
butter and sunflower oil were used in the digestion model, as
these two fats have very diﬀerent FA profiles (13 and 65% saturated FA for SFO and cocoa butter, respectively). The excess
cholesterol was added in the bile salt solutions, as explained
in section 2.3. These experiments showed that the increase of
CCa decreases CHperm around two times (results not shown), as
in the experiments performed at lower cholesterol concentrations in the whole sample. We can then conclude that
calcium aﬀects the partitioning of cholesterol between the DMM
and the precipitates formed at high calcium concentrations.
Summarizing, the increase of calcium concentration from
1 to 11 mM leads to a significant decrease of cholesterol solubilisation in the aggregates with size <200 nm, regardless of
the fat used in the lipolysis experiments (saturated FA varied
between 13 and 65%) or the total cholesterol concentration in
the sample (varied between 0.40 and 0.85 mM).
(E) Distribution of bile salts. Under the conditions of our
in vitro lipolysis experiment ( pH = 6.2 to 7.5, T = 37 °C), the
bile salts (BS) are ionized and form micellar solutions.52
However, due to their negative charge, they could precipitate
in the presence of calcium.53 Such precipitation would dramatically decrease the solubilization capacity of the reaction
mixture and could account for the observed decrease in the
solubilization of MG and cholesterol.
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In the current section, we present the results from model
experiments, aimed to clarify the eﬀect of FA and MG on the
cholesterol solubilisation, under the conditions similar to
those in our digestion model. We studied separately the eﬀects
of saturated and unsaturated FA and MG, in order to distinguish between the eﬀects of the various species present in
the whole reaction mixture in the in vitro lipolysis model.
The solubilization of cholesterol was studied by adding
known quantities of MG and/or FA in the reaction mixture, in
the absence of any emulsion drops and enzymes (section 2.4).
All other parameters of the digestion model, such as pH, reaction time, bile salt and electrolyte concentrations, were kept
the same, as in the lipolysis experiments. The studied concentration range of MG and FA also corresponds to the one
observed in the lipolysis experiments.
The results for the eﬀect of long chain MG (C16 to C18) on
the cholesterol solubilization, at a fixed concentration of unsaturated FA in the permeate of 1 mM, are presented in
Fig. 8A. The increase of solubilized unsaturated MG (uMGperm)
increases significantly the cholesterol solubilization from 0.25
to 0.77 mM at the highest uMGperm = 4.6 mM. From the
obtained slope of 0.12 we can calculate that 1 molecule of
cholesterol is co-solubilized with around 8 molecules of unsaturated MG. In contrast, the saturated MG did not show any
eﬀect on cholesterol solubilization.
To check the eﬀects of saturated and unsaturated FA, we
performed experiments at uMGperm = 0.5 or 2 mM, see Fig. 8B
and C. The concentration of uMGperm = 2 mM was chosen
because it is the average concentration of unsaturated MG
present at the end of most of our lipolysis experiments. For
saturated FA, we used a mixture of palmitic (C16) and stearic
acids (C18), at a molar ratio of 4 : 5, corresponding to the saturated FA composition after lipolysis of cocoa butter. To study
the eﬀect of unsaturated FA, we used oleic acid (C18:1), as it is
the predominant unsaturated FA in the studied fats.
At uMGperm = 0.5 mM, the solubilization of cholesterol
increases linearly with the increase of unsaturated FA until it
reaches a plateau at UFAperm = 7.5 mM, where almost all cholesterol is solubilized (Fig. 8B). The slope in the linear region is
0.073, indicating that around 14 molecules of unsaturated FA
co-solubilize with 1 molecule of cholesterol.
The increase of solubilized UFA, at the higher concentration
of uMGperm = 2 mM, also leads to higher cholesterol solubilization, Fig. 8C. The dependence reaches a plateau at UFAperm
= 6 mM, where again most of the cholesterol is solubilized.
The initial slope of the dependence (0.081) is slightly diﬀerent
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to that observed at uMGperm = 0.5 mM (0.073). No eﬀect was
observed in these experiments of the saturated FA on cholesterol solubilisation.
The above results are in general agreement with those of
Simmonds et al., who showed that glycerol monooleate and
oleic acid increase cholesterol solubilization in a model
mixture of bile salts (taurocholate + taurodeoxycholate).50
However, the slopes of the dependence of solubilized cholesterol vs. unsaturated MG or unsaturated FA between the two
studies are rather diﬀerent, see Fig. S9 in the ESI.† The most
probable explanation for the observed discrepancy is that
experiments of Simmonds et al. are performed in the presence
of only MG or only FA,50 whereas in our case we always have
MG while varying FA concentration and vice versa. As demonstrated by our experiments, the slope of the dependence of
cholesterol on unsaturated FA is aﬀected by the concentration
of MG in the reaction mixture. Similarly, Simmonds et al.
show that the solubilization of cholesterol depends on the
ratio MG to FA. Another possible explanation is the diﬀerent
composition of the bile salts used in the two studies: Simmonds et al. used a mixture of two bile salts,50 whereas we
used a porcine bile extract containing more than 5 glyco- and
tauro-conjugated bile acids and phospholipids (similarly to
human bile). This diﬀerence in the composition of the DMM
can explain the observed diﬀerences in the quantity of solubilized cholesterol (at similar general trends).
We conclude that: (1) the unsaturated long-chain MG and
FA (C16–C18) increase the cholesterol solubilisation, and (2)
one molecule of cholesterol is co-solubilized with around
8 molecules of unsaturated MG or with 14 molecules of UFA in
the DMM, under the conditions of the model experiments
described in the current section.

4. Mechanism of lowering of
cholesterol solubilization by calcium.
Relation to in vivo studies
(A) Mechanism of calcium eﬀect on cholesterol solubilization

Fig. 8 Solubilized cholesterol in the permeate after ﬁltration, as a function the concentration of solubilized unsaturated (red circles) or saturated (blue squares) (A) monoglycerides or (B, C) fatty acids, at an initial
cholesterol concentration of 0.85 mM. The experiments are performed
at a ﬁxed concentration of unsaturated FA (1 mM in (A)), or unsaturated
MG (0.5 and 2 mM in (B) and (C), respectively).
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The increase of calcium concentration in the lipolysis mixture
leads to a significant reduction of the solubilized cholesterol
(section 3.2D). The molecular mechanism behind this eﬀect is
not obvious, because cholesterol is a neutral molecule and it is
not directly precipitated by calcium.
One possible explanation is that calcium precipitates first
the bile salts (which govern the solubilization capacity of the
aqueous phase) and thus decreases the amounts of solubilized
cholesterol, FA and MG. To check this hypothesis, we performed HPLC analysis of the aqueous phase and found that
more than 90% of the bile salts remain soluble, even at the
highest studied calcium concentration of 11 mM (section
3.2D). Therefore, this explanation is not relevant to the
systems studied here.
The second possible mechanism is that calcium reduces
the solubilization capacity of the solution by decreasing the
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concentrations of solubilized FA and MG, which were shown
to promote cholesterol solubilisation. This mechanism
requires a positive correlation of the solubilized cholesterol
with the solubilized MG or/and FA, at the end of the lipolysis
reaction in our digestion model.
To check this assumption, we prepared plots for the solubilized cholesterol vs. the concentrations of unsaturated and/or
saturated FA and/or MG. The best correlation was observed
when the solubilized cholesterol was plotted vs. the total solubilized FA + MG (see Fig. 9). A slightly worse correlation was
observed when the cholesterol was plotted against the total
solubilized FA only (correlation coeﬃcient r2 = 0.79 vs. 0.83,
respectively), whereas the plots versus the solubilized either
saturated or unsaturated FA or MG (considered separately)
showed noticeably worse correlation (see Fig. S10 in the ESI†).
Therefore, we conclude that the in vitro model demonstrates a
positive correlation of the solubilized cholesterol with the total
solubilized FA + MG. The slope of this correlation, illustrated
in Fig. 9, shows that 1 molecule of cholesterol is co-solubilized
with about 50 molecules of FA + MG. Note that the latter ratio
is rather diﬀerent from the ratio observed in the model mixtures (section 3.3) which indicates that the solubilisation–precipitation equilibrium might depend in a subtle way on the
specific conditions of the experiments. Despite this diﬀerence
in the quantitative measures, the general trend (enhanced
cholesterol co-solubilisation, in the presence of FA and MG) is
observed in all experiments of this type, not only in ours40 but
of other authors as well.50,51
We can then conclude from these experiments that calcium
decreases the cholesterol solubilization predominantly by
decreasing the concentration of solubilized FA and MG in
the DMM.

Fig. 9 Solubilized cholesterol in the permeate after ﬁltration, as a function of the sum [solubilized total MG + solubilized total FA] after lipolysis
of cocoa butter ( pink triangles), palm oil (green squares), cow butter
(dark blue diamonds), lard (red circles) and sunﬂower oil (blue hexagons)
emulsions, at diﬀerent concentrations of Ca2+ ions. The results are
average from (at least) two separate experiments.
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The latter conclusion is in general agreement with the
results from our previous study40 and with those of Devraj
et al., who showed that calcium of high concentrations can
precipitate the FA, formed during in vitro TG lipolysis, which
in turn leads to lower solubilization of hydrophobic drugs in
the bile salt + digestion product mixture.41
(B)

Relation to in vivo studies

A clinical study by Shahkhalili et al. showed that the increased
intake of calcium leads to a decrease in the plasma concentration of total and LDL cholesterol and increases the fecal
output of saturated FA.23 The authors explained the reduced
bioaccessibility of saturated FA by the formation of insoluble
calcium–FA precipitates, without discussing the possible
mechanisms of lowering of serum cholesterol.
Our study shows unambiguously that the increased calcium
concentration in the lipolysis mixture decreases the concentrations of solubilized cholesterol and saturated FA in the
DMM. In vivo, this result is shown to lead to decreased saturated FA and cholesterol absorption in the gut compartments.23,27 The decreased cholesterol absorption can directly
reduce plasma cholesterol. In addition, the decreased absorption of saturated FA helps indirectly to reduce the plasma
cholesterol, because it suppresses the cholesterol synthesis,
promoted by absorbed saturated FA.26

5. Conclusions
We studied systematically the eﬀect of calcium on the solubilization in the dietary mixed micelles (DMM) of the lipolysis
products and of cholesterol for five edible fats and oils. The
main conclusions are the following:
1. Almost complete TG lipolysis (α > 80%) is achieved for all
fats and oils, at all the calcium concentrations studied, CCa.
The main reaction products are fatty acids and monoglycerides, while the concentration of diglycerides is very low.
2. Cholesterol, fatty acid (FA) and monoglyceride (MG) solubilization decreases with the increase of CCa, for all the fats
and oils studied.
3. The concentration of solubilized saturated FA decreases
to a larger extent (4- to 10-fold decrease) than the concentration of unsaturated FA (2- to 3-fold decrease). These results
show that the saturated FA are precipitated preferentially
by Ca2+.
4. At CCa ≥ 6 mM, the concentration of solubilised saturated
FA reaches a limiting value of 0.5 to 1 mM, regardless of the
source of FA or its chain length (C14 to C18).
5. The solubilized cholesterol increases significantly with
the solubilized FA and MG. Approximately 50 molecules of FA
and MG (of molar ratio varying between 1.5 : 1 and 3 : 1) cosolubilize with 1 cholesterol molecule in the performed in vitro
lipolysis experiments.
6. A similar trend for co-solubilization of cholesterol with
FA and MG was observed with model mixtures of bile salts +
FA + MG + cholesterol, however, without quantitative agree-
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ment with the in vitro lipolysis experiments. The latter comparison shows that the cholesterol solubilization in such
complex mixtures depends on the specific preparation of these
mixtures, viz. the final composition of the dietary mixed
micelles (DMM) might reflect kinetically trapped metastable
states, rather than complete thermodynamic equilibrium, due
to the low water solubility of the molecules involved.
7. The most important conclusion of this study is that
dietary calcium can reduce the plasma cholesterol levels by
two complementary mechanisms: (i) reduced cholesterol
bioaccessibility in the gut, and (ii) decreased absorption of
saturated FA which, in turn, reduces the cholesterol synthesis
in the liver.26
This work also demonstrates that the in vitro lipid digestion
assays are useful tools for systematic studies of the factors
aﬀecting the triglyceride lipolysis and the solubilization of
lipophilic substances. These digestion models can be used for
revealing the molecular mechanisms of various eﬀects, as
demonstrated here for the mechanisms of cholesterol lowering
by calcium. Similar studies are expected to be of particular use
for optimization of the oral delivery systems for drugs, which
are poorly soluble in water.
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