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ABSTRACT: In the present study, the impact of galactooligosaccharide (GOS) addition to a plant sterol (PS)-enriched beverage
on the hypocholesterolemic effect and on the bioavailability and colonic metabolization of sterols was evaluated. A crossover trial
was undertaken in postmenopausal women who intook a PS-enriched (2 g PS/day) or PS−GOS-enriched beverage (2 g PS/day and
4.3 g GOS/day) for 6 weeks. The presence of GOS did not modify the hypocholesterolemic effect of the PS-enriched beverage
(total- and low-density lipoprotein-cholesterol reductions) or sterol bioavailability (increments of serum markers of dietary PS intake
and of cholesterol synthesis). The consumption of both beverages led to an increase of sterol and metabolite excretion (with the
exception of coprostanol, which decreased) and to slight changes in women’s capacities for sterol conversion, regardless of the GOS
presence. This study demonstrates the suitability of simultaneous enrichment with PS and GOS in milk-based fruit beverages,
considering their hypocholesterolemic effect.
KEYWORDS: cholesterol absorption, clinical trial, fecal sterols, hypercholesterolemia, lathosterol, non-cholesterol sterols, phytosterols,
post-menopausal women

■ INTRODUCTION

According to the European Atherosclerosis Society Consensus
Panel, individuals with hypercholesterolemia, at intermediate
or low cardiovascular risk, and not qualified for drug treatment
ought to consider the consumption of plant sterol (PS)-
enriched foods.1 The hypocholesterolemic effect, obtained
with a daily intake of 1.5−3 g of PS, is recognized as a health
claim related to the reduction in disease risk.2−4

In postmenopausal women, risk factors of cardiovascular
disease (total- and low-density lipoprotein (LDL)-cholesterol
levels) could be increased, favoring atherosclerotic processes.5,6

In this context, in previous works of our group, a positive
synergistic effect on cardiovascular risk of β-cryptoxanthin (β-
Cx) and PS added to milk-based fruit beverages, without7 or
with milk fat and milk fat globule membrane (MFGM),8 has
been demonstrated in postmenopausal women with moderate
hypercholesterolemia not pharmacologically treated. More-
over, the bioavailability of sterols has been evaluated by
determining the serum concentrations of PS and cholesterol
precursors.8,9

On the other hand, nonabsorbed PS (β-sitosterol,
campesterol, and stigmasterol) can be transformed, in the
same way as cholesterol, into their corresponding metabolites
(ethyl and methylcoprostanol or ethylcoprostanol and
subsequently to ethyl and methylcoprostanone or ethyl-
coprostanone).10,11

As far as we are aware, only two studies have assessed the
influence of the intake of high doses of PS, from enriched
foods, on the excretion of sterols and their metabolites. One of

them conducted with normolipidic subjects whose diet has
been enriched or not enriched with PS-enriched margarine
(8.6 g/day)12 exceeded the content of PS established by the
European Commission.13 The other one was carried out by
our research group in postmenopausal women with moderate
hypercholesterolemia who ingested milk-based fruit beverages
containing β-Cx enriched or not enriched with PS (2 g/day).14

Galactooligosaccharides (GOSs), which can be easily
incorporated into milk-based fruit beverages due to their
technological properties, could enhance the already demon-
strated effect of PS-enriched beverages by contributing
beneficial effects at the intestinal level (see Figure 1).15

Information regarding the effect of GOSs on the serum lipid
profile is scarce and inconclusive involving murine models16−18

or humans.19,20 It has been confirmed that the addition of
GOSs to this type of beverage does not affect the
bioaccessibility of total PS after simulated gastrointestinal
digestion,21 but this remains to be confirmed by in vivo studies
in order to ensure their functionality. As far as we know, there
are no data available about the effect of simultaneous intake of
PS and GOS on PS bioavailability or the hypocholesterolemic
effect of these beverages in humans.
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Therefore, the objective of this work is to evaluate whether
the regular consumption of GOSs in a PS-enriched milk-based
fruit beverage by postmenopausal women modifies the in vivo
bioavailability of PS and the hypocholesterolemic effect/
markers of cardiovascular risk as well as the colonic
metabolization of sterols. A crossover clinical study, in which
each subject has their own control, was carried out for this
purpose, thus reducing possible individual variability that could
mask the effect studied. The measurement of primary (serum
levels of sterols) and secondary (serum lipid and sterol fecal
profiles) outcomes was used for this aim.

■ MATERIALS AND METHODS
Samples. Two PS-enriched skimmed milk-based fruit beverages (2

g PS/250 mL) enriched with or without GOS (4.3 g/250 mL) were
manufactured specifically for this study. Both beverages have been
elaborated under the same conditions and had similar ingredients:
skimmed milk with the addition of milk fat and whey protein
concentrate enriched with MFGM (49%), mandarin juice from
concentrate (45%), banana puree (4%), microencapsulated free
microcrystalline PS from tall oil (Lipophytol 146 ME Dispersible,
Lipofoods, https://www.lipofoods.com/en/products/lipophytol.

html) (as a water-dispersible source of PS), GOS syrup (Vivinal
GOS from FrieslandCampina Ingredients), and pectins. The
production of this type of beverage has been published in previous
works.21,22 The functionality of the ingredients that integrate the
beverage (β-Cx and PS) is based on previous clinical studies,7,8,14 and
the GOS dose is based on an in vitro bioaccessibility study,21 all of
which were carried out by our research group. The energy and
nutritional information, per 100 mL, for the GOS−PS-enriched and
PS-enriched beverages were, respectively, energy (kcal): 78 or 80; fat
(g): 2 or 2.2; carbohydrates (g): 11.3 and 15.6; protein (g): 2.7 and
2.7, and fiber (g): <0.5. PS contents in both beverages were analyzed
by gas chromatography-flame ionization detection (GC-FID)
described elsewhere.22 Relative percentages of PS were β-sitosterol:
81.0%, sitostanol: 11.2%, campesterol: 6.1%, campestanol: 1.0%, and
stigmasterol: 0.7%.

Clinical Study/Intervention Study. A single and combined
randomized, double-blind, crossover trial was carried out in
postmenopausal women with mild hypercholesterolemia (200−239
mg/dL) according to the guidelines of the American Heart
Association23 (ClinicalTrials.gov number NCT03469518). The
clinical study took place in the Vitamins Unit of the Department of
Clinical Biochemistry of Hospital Universitario Puerta de Hierro-
Majadahonda (Madrid, Spain). The study protocol was approved by

Figure 1. Possible interaction between PSs and GOSs (absorption and metabolism). (A) Hypocholesterolemic effect after the regular consumption
of PS-enriched milk-based fruit beverages has been confirmed in postmenopausal women as well as an increase in the bioavailability of PS.8,9 (B)
Nonabsorbed sterols (PS and cholesterol) are susceptible to biotransformation by the action of the microbiota into sterol metabolites. Among the
microbial species associated with this process, Eubacterium spp. has been the only one related to PS metabolism. With respect to cholesterol,
different bacteria have been associated (Eubacterium spp., Bacteroides spp., Bifidobacterium spp., Clostridium spp., and Lactobacillus spp.), all of which
are referred to as coprostanoligenic bacteria.11 (C) In the present study, the addition of GOS to PS-enriched beverages was proposed aiming at
improving the functionality of this food matrix. On the one hand, the major health benefit associated with the consumption of GOS is their ability
to selectively stimulate the growth of specific members of the gut microbiota. In particular, they are highly specific in increasing the microbial
population of Bifidobacterium spp. and Lactobacillus spp.,15 coprostanoligenic bacteria as abovementioned. We hypothesize that this modulation of
the microbiota exerted by the presence of GOS could modify sterol metabolism. In the other hand, information regarding the effect of GOS on the
serum lipid profile is scarce. Studies in murine models have shown that consumption of GOS for 3−8 weeks is able to improve the lipid
profile.16−18However, in clinical trials lasting 6−12 weeks, the results are inconclusive.19,20 Moreover, their possible interference with PS absorption
is unknown. Thus, the present work sheds light on the influence of the prebiotic upon hypocholesterolemic effect of the PS-enriched beverages and
sterol bioavailability.
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the Clinical Research Ethics Committee of the aforementioned
hospital, and all participants gave their written consent.
The inclusion criteria were as follows: age (45−65 years), body

mass index (BMI) < 35 kg/m2, amenorrhoea over 12 months,
nondieting and nonintake of vitamin D, calcium, ω-3 fatty acids, PS or
vitamin-enriched foods, or supplements or other dietary bioactive
components. Exclusion criteria were use of vitamins, hormone
replacement therapy, fibrates, statin ezetimibe, polyunsaturated fatty
acids, and a weight-loss diet, as well as acute inflammation, chronic
medication, and infection or intercurrent illness capable of affecting
the bioavailability or status of the compounds of interest.
A total of 42 healthy postmenopausal women were finally included

in the study and were sequentially numbered from 1 to 42. The
sample size was calculated considering the total PS and cholesterol
results obtained in a previous clinical trial (ClinicalTrials.gov number
NCT01074723). Taken from previous assumption, we chose the most
conservative option to ensure the detection of a 7% decrease in
cholesterol levels in mildly hypercholesterolemic subjects (e.g., 15
mg/dL) with a type I error of 0.05 and a statistical power of 80%.
Moreover, allowing for a 45% rate of the Western population likely to
present polymorphisms implicated in the cholesterol absorption
process and assuming a drop-out rate of 10%, the final required
sample size was stipulated to comprise 42 persons.
The two beverages, of the same color and taste, were filled in 250

mL cartons, being indistinguishable, with different anonymous
labeling (A or B). During the 6 week intervention period, 21 subjects
consumed the PS-enriched beverage, while 21 subjects consumed the
PS-enriched beverage with GOS, both on a daily basis. After a 4 week
wash-out period, the type of beverage to be consumed during another
6 week period was changed in-between groups. A diagram of the
clinical trial is shown in Figure 2.
The volunteers were allocated for intervention at random order,

using a computer-generated pseudo-random number table. A member
of the research team (not involved in subject selection) requested
each subject to randomly select one of a series of opaque sealed
envelopes containing identification of the type of beverage. After
opening the selected envelope, the type of beverage (with or without
GOS) assigned to each subject was recorded and a pack with enough
cartons to cover the first experimental period (6 weeks) was provided.
It was also ensured that each subject was assigned to the other study
group (with or without GOS) following the corresponding washout
period. The details of group assignment were kept in a sealed
envelope that was opened at the end of the complete experimental
period. Neither the subjects nor the rest of the research team knew
about subject assignment during the experimental period. The
participants were provided with a list of foods and beverages rich in
β-Cx that were to be avoided and were requested not to change their
usual diet or physical activity. They were also instructed to record any
side effects during the study and to complete a semiquantitative food

frequency questionnaire (FFQ)14 at the end of each intervention
period. Compliance was confirmed at the end of each intervention
period by requesting the number of noningested cartons.

Blood and Feces Sampling. Sample collection was performed
before and after each 6 week treatment period (see Figure 2), when a
centralized service assigned a 7-digit identification number to each
subject (following the usual practice for all hospital patients), and a
member of the research team supervised the samples from each
subject, which were collected in sterile plastic containers and stored at
−20 °C until analysis. Only the nurse or laboratory technicians knew
the assigned number of the samples and were unaware of which
treatment was received by the participants.

Markers of Cardiovascular Risk. To confirm mild hyper-
cholesterolemia (basal level) and to evaluate the effect of the PS-
enriched beverages (with or without GOS) on the lipid profile, total
and high-density lipoprotein (HDL)-cholesterol were determined
using an automated routine method (Advia 2400 Clinical Chemistry
System, Siemens Healthineers).7,8 Periodically, these analyses were
subjected to External Quality Assurance Program of the Spanish
Society of Medicine of the SEQC-ML Laboratory, which
implemented a quality management system in accordance with the
UNE-EN ISO 9001 standard certified by AENOR. The Friedewald
equation was used to estimate the LDL-cholesterol concentration.24

Serum Biomarkers: Sterol Analysis. PS (campesterol, stigmas-
terol, and β-sitosterol) and cholesterol precursors (desmosterol and
lathosterol) and metabolite (cholestanol) in serum samples were
analyzed following a previously validated methodology.25 Briefly,
serum samples (100 μL), added with epicoprostanol as the internal
standard (2 μg), were saponified with 1 mL of potassium hydroxide
ethanolic solution (0.75 M) at 65 °C for 1 h. Then, the unsaponifiable
fraction was extracted with different washes of n-hexane and
centrifugation (18 °C/3600 rpm/10 min). The organic phase
obtained was derivatized with 200 μL of 10:3 (v/v) N,O-
bis(trimethylsilyl)-trifluoroacetamide [1% trimethylchorosilane]/pyr-
idine at 65 °C for 1 h. The trimethylsilyl ether derivatives obtained
were dissolved and filtered (Millex-FH filter unit, 0.45 μm Millipore,
Milford, MA) with n-hexane, evaporated, and dissolved in 50 μL of n-
hexane. A total of 1 μL of derivatized samples was injected into the
GC−FID system.

Fecal Sterols and Their Metabolites. This determination was
carried out following the methodology validated by Cuevas-Tena et al.
(2017).26 The procedure applied was the same as for the
determination of serum sterols, with the exception that feces samples
require a pre-treatment step. In this regard, fresh fecal samples were
stored at −20 °C and subsequently freeze-dried (Sentry 2.0, Virtis SP
Scientific) and crushed in a glass mortar and stored at −20 °C until
analysis. Then, approximately 30 mg of freeze-dried feces were
dispersed in 5 mL of Milli-Q water, sonicated (20 min), and allowed
to stand for 2 h at room temperature. The analysis was carried out on

Figure 2. Overview of the study.
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aliquots of different volumes depending on the concentration of the
sterol to be analyzed (25, 100, and 500 μL) and using 20 μg of 5α-
cholestane as the internal standard. The saponification, extraction of
the unsaponifiable fraction, and derivatization steps were performed
as described in the previous section, and 1 μL of derivatized samples
was injected into the GC−MS system.
Statistical Analysis. Comparison of the total cholesterol and

HDL- and LDL-cholesterol levels was performed by paired t-test for
parametric variables. A value of p < 0.05 will be considered statistically
significant, and Medcalc program (MedCalc Version 11.4.2.0) was
used.
To confirm the use of nonparametric test, the normal distribution

of sterol and metabolite contents in serum and feces was evaluated
using the Shapiro−Wilk test. Wilcoxon test was used in order to
detect statistically significant differences in serum sterol (cholesterol
precursors and metabolite and PS) and in fecal sterol contents
between pre-treatment and post-treatment and changes in values
(absolute and percentage) between beverages (PS-enriched or GOS−
PS-enriched). Univariate correlations between serum cholesterol
levels and fecal cholesterol/coprostanol ratio or fecal cholesterol
percentage of conversion after the intake of both beverages were
investigated using the Spearman coefficient. In all cases, a level of p <
0.05 was used as the criterion for statistical significance, and the
Statgraphics Centurion XVI.I statistical package was used. The
analysis of all samples was performed in triplicate.

■ RESULTS AND DISCUSSION

Progress of the Study. Participant flow, which started in
March 2017 and was completed in June 2017, is shown in
Figure 3. 54 postmenopausal women were contacted for
participation and interviewed in order to confirm that they met
the inclusion criteria (enrollment). 12 were excluded; 42
women participated, and they were randomly assigned. In the
analysis phase of sterol determination in serum samples, a
subject was excluded due to incomplete sampling in the second
intervention period. The women who finally participated in the
study had an average age of 58.4 ± 4.1 years (range 45−67)
and presented untreated mild hypercholesterolemia (229.8 ±
25.2 g/dL) with a BMI of 24.5 ± 3.2 kg/m2. At the end of the
study, the participants reported not having detected any
differences in the organoleptic properties of the two beverages
in the FFQ; neither did they express any body weight changes.

Impact of GOS on the Lipid Profile. Hypocholester-
olemic Effect. Contents of total, HDL-, and LDL-cholesterol at
pre-treatment and posttreatment are reported in Table 1. As it
can be observed, the addition of GOS to these beverages did
not modify the hypocholesterolemic effect. The consumption
of the beverages exerted similar (p > 0.05) decreases in total

Figure 3. Participant flow.

Table 1. Serum Lipid Profile Response upon Regular Consumption of the Beverages (n = 42)ab

PS-enriched beverage GOS−PS-enriched beverage

(mg/dL) pre-treatment post-treatment pre-treatment post-treatment

total cholesterol 229.8 ± 25.2 a 219.1 ± 22.9 b,x 227.7 ± 25.4 a 216.2 ± 23.8 b,x
LDL cholesterol 142.0 ± 21.1 a 129.2 ± 22.5 b,x 138.9 ± 21.5 a 128.3 ± 18.8 b,x
HDL cholesterol 70.1 ± 14.8 a 71.9 ± 14.8 a,x 71.4 ± 17.7 a 71.0 ± 19.0 a,x

aResults are expressed as mean ± SD. bDifferent letters denote significant differences (p < 0.05) in the same kind of beverage (PS-enriched or
GOS−PS-enriched) between pre-treatment and post-treatment values (a, b) and in the post-treatment values between beverages (x). Reference
range (mg/dL): total cholesterol (150−200); LDL cholesterol (70−160); and HDL cholesterol (35−75).
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(4.7−5.1%) and LDL-cholesterol (7.6−9.0%) without signifi-
cant changes in HDL-cholesterol. Accordingly, a clinical study
carried out with healthy adults showed that the intake of GOS
(in powder form) at a similar dose of our study (5.5 vs 4.3 g/
day, respectively) during 10 weeks did not modify cholesterol
and HDL plasma cholesterol.19 However, in a study
concerning adults with metabolic syndrome and using the
same type and dose of GOS, a significant decrease in the total
cholesterol/HDL-cholesterol ratio was detected (only after 12
weeks of treatment).20 This suggest that the treatment period
could be a determining factor in the hypocholesterolemic effect
of the GOS. Therefore, the 6 week treatment period of our
study could be a limitation, although longer intervention
periods could increase the risk of lifestyle changes (diet,
physical activity, etc.) as well as favor the withdrawal of the
trial. On the contrary, studies carried out in doses of GOS both
equivalent to and much higher (5.4−54 g/day, assuming a 65
kg of body weight) than those used in humans during 6−8
weeks reported an improvement in the lipid-related serum
parameters (triglycerides, total, HDL-, LDL-, and very low
density lipoprotein-cholesterol) in high fat diet-induced
metabolic syndrome mice17 and dyslipidemia rats18 and in
healthy rats with a dose−response effect.16 Thus, the studies
related to the effect of GOS on the serum lipid profile in
humans cannot be as conclusive as in murine models.
On the other hand, it has been stated that higher baseline

LDL-cholesterol concentrations result in greater absolute LDL-
cholesterol reductions.27 In this regard, we have observed this
association among the previous clinical trials carried out with
PS-enriched beverages (providing 1.5−2 g PS/day), 129.4 ±
28.5 mg/dL with a 5.1% of reduction8 and 146.0 ± 31.8 mg/

dL with a 7%,7 as well as in the present study (138.9−142 mg/
dL with a reduction between 7.6−9%).

Serum Sterols. In Table 2, the serum sterol contents and
change values (absolute and percentages) are shown. The
values have also been normalized with total cholesterol levels
in order to compare our results with those previously reported
which also applied this method to avoid the interindividual
variations in lipoprotein levels. No significant differences in the
percentages of the change in PS levels were detected after the
consumption of either beverage (without and with GOS
addition), suggesting no effect of the presence of GOS on PS
bioavailability. These results are in agreement with a previous
preliminary in vitro study carried out by our research group, in
which PS bioaccessibility was not modified by the presence of
GOS in milk-based fruit beverages with a similar dosage of
enrichment (2.5 g PS and 5.0 g GOS/250 mL).21

The regular intake of the beverages significantly increased
normalized concentrations of campesterol (13.6−23.5%) and
β-sitosterol (35.7−38.8%) as markers of dietary PS intake.
Stigmasterol (minor PS in the beverage) only increased in the
PS-enriched beverage. In this study, serum levels of PS cannot
be considered as markers of cholesterol absorption since the
intake of dietary PS increased due to intervention.28

Similarly to the PS contents, no differences in cholesterol
metabolism markers were observed between treatments.
Cholestanol, desmosterol, and lathosterol showed increases
of 6.0−7.2, 8.9−12.5, and 10.0−11.1%, respectively, after
intervention. On comparing our results with a previous clinical
study,8 we find that similar significant increases of desmosterol,
lathosterol, campesterol, and β-sitosterol were obtained with a
close PS-enriched beverage. Although in the present study,
there was a significant change in stigmasterol contents with

Table 3. Fecal Animal Sterol Contents (mg/g Freeze-Dried Feces) after Regular Consumption of the Beverages (n = 42)
(Median, Percentile 25−75%)a

conversion percentages

sterol pre-treatment post-treatment (6 weeks) p value absolute change
p

value
low

converters
high

converters

PS-Enriched Beverage
cholesterol 2.19 (1.48; 2.76) a 3.94 (1.99; 5.58) b 2 × 10−4 1.43 (0.04; 3.09) y 30.3−36.0

(2)
51.3−93.8
(40)

coprostanol 13.38 (9.62;
18.71) a

10.68 (6.74; 15.89) b 8 × 10−4 −3.16
(−5.35; −0.47) y

coprostanone 0.93 (0.40; 2.28) a 1.67 (0.96; 3.11) b 2 × 10−3 0.54 (−0.27; 1.22) y
cholestanol + methylcoprostanolb 1.15 (0.93; 1.42) a 1.77 (1.23; 2.76) b 3 × 10−6 0.62 (0.16; 1.41) y
lathosterol 0.09 (0.07; 0.12) a 0.09 (0.07; 0.13) a 0.40 0.01 (−0.01; 0.02) y
total animal sterols 19.28

(13.49; 26.24) a
20.05 (13.29; 27.10) a 0.65 −0.01 (−3.33;

5.40) y
GOS−PS-Enriched Beverage

cholesterol 1.90 (1.49; 3.03) a 3.99 (2.33; 6.05) b 7 × 10−6 1.35 (0.43; 3.79) y 0.38 2.1−44.1
(3)

51.0−94.3
(39)

coprostanol 14.45
(10.96; 18.64) a

12.07 (7.06; 15.26) b 4 × 10−3 −2.05 (−7.51;
0.70) y

0.96

coprostanone 0.87 (0.47; 2.14) a 2.34 (1.15; 3.13) b 7 × 10−4 0.76 (−0.17; 2.24) y 0.45
cholestanol + methylcoprostanolb 1.02 (0.90; 1.35) a 1.84 (1.33; 2.37) b 7 × 10−7 0.78 (0.21; 1.29) y 0.48
lathosterol 0.09 (0.07; 0.12) a 0.09 (0.07; 0.15) a 0.11 0.01 (−0.02; 0.03) y 0.50
total animal sterols 19.58

(16.30; 25.90) a
22.49 (17.66; 27.91) a 0.65 1.59 (−3.21; 5.84) y 0.67

aAbsolute change: post-treatment level minus pre-treatment level. Different letters denote significant differences (p < 0.05) in the same kind of
beverage (PS-enriched or GOS−PS-enriched) among pre-treatment and post-treatment values (within lines) (a,b), or in different beverages among
absolute changes (within columns) (y,z). Cholesterol conversion percentage: [coprostanol + coprostanone/(cholesterol + coprostanol +
coprostanone)] × 100. Low and high converters were defined according to Wilkins & Hackman (1974)36 considering that low converters have a
sterol conversion rate of <50% and high converters of >50%. The number of subjects corresponding to each group is indicated in parentheses. bThe
applied method does not allow the separation of these compounds.
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respect to the aforementioned clinical trial; the absolute
increments (in μg/mL, 0.03 vs 0.00) cannot be considered
relevant as it presented a low concentration in the beverages
and a low absorption.
The decrease (p < 0.05) in total cholesterol levels obtained

during the intervention was not reflected in a drop of
cholestanol (cholesterol absorption marker), but there was a
significant increase in desmosterol and lathosterol (cholesterol
synthesis markers) (Table 2). In agreement with our results, an
increase in serum cholesterol synthesis markers in post-
menopausal women with mild hypercholesterolemia who
intake PS-enriched margarine has been observed,29 although
they also reported a decrease in cholestanol levels. It could be
assumed that with higher intervention times (6 months vs 6
weeks), the different types and doses of PS (3 g of plant stanol
ester vs 2 g of free phytosterols) could partly justify these
differences.
Impact of GOS on Colonic Sterol Metabolization.

Fecal Animal Sterols. Fecal animal contents for the two
sampling points (pre-treatment and posttreatment) as well as
the absolute change from basal values after regular
consumption of the PS or GOS−PS-enriched beverages are
shown in Table 3.
The total fecal animal sterol contents ranged from 13.29 to

27.10 mg/g freeze-dry feces, which are in line with those
obtained in a previous study of our research group (13.9−
30.10 mg/g freeze-dry feces).14 Coprostanol was the major
metabolite, accounting for 53−54% of the total animal sterols
after treatment. No statistically significant differences (p <
0.05) were observed after the intake of the beverages (neither

with respect to the baseline/pre-treatment value or between
absolute change for both beverages).
After intake of PS- or GOS−PS-enriched beverages, a

significant increase (post-treatment vs pre-treatment) in the
excretion of cholesterol (65 and 71%), coprostanone (58 and
87%), and cholestanol + methylcoprostanol (54 and 76%) was
observed. A significant decrease in coprostanol (24 and 14%)
and no change in the lathosterol content were also reported. It
should be noted that although in the presence of GOS, these
changes are more pronounced and there are no differences
between the absolute changes of individual animal sterols for
both beverages (see Table 3).
The increase of cholesterol fecal excretion is a fact already

indicated in a previous study by our group after the intake of a
beverage enriched in PS (2 g/day) similar to that administered
in this study.14 It can be justified by the known interaction of
PS in the absorption of cholesterol. In addition, this work
confirms again that in the presence of large amounts of PS, the
metabolism of cholesterol by the microbiota occurs through an
incomplete indirect route which results in greater excretion of
coprostanone and less coprostanol or another pathway, in
which cholestanol is formed by reduction of cholestenone and
cholestanone.30 The intake of margarine containing PS (8.6 g/
day) by normolipidic subjects during 28 days also reduces the
metabolism of cholesterol to coprostanol.12

Fecal PS. In contrast to total animal sterols, significant
increases (p < 0.05) are observed in total PS after the intake of
both beverages with respect to pre-treatment values (23.31−
55.94 vs 4.96−7.58) (see Table 4). These results reflect
women’s adherence to the study, although no influence of

Table 4. Fecal PS Contents (mg/g Freeze-Dried Feces) after Regular Consumption of the Beverages (n = 42) (Median,
Percentile 25−75%)a

conversion percentages

sterol pre-treatment post-treatment (6 weeks) p value absolute change
p

value low converters high converters

PS-Enriched Beverage
β-sitosterol 0.74 (0.64; 0.99) a 11.21 (2.29; 22.33) b 2 × 10−7 8.29 (1.49; 17.27) y 9.4−49.5 (15) 50.0−87.8 (26)
sitostanol 0.57 (0.46; 0.66) a 3.33 (1.99; 5.74) b 5 × 10−8 2.84 (1.34; 4.91) y
ethylcoprostanol 3.97 (2.70; 5.17) a 17.49 (7.36; 28.66) b 8 × 10−8 12.95 (2.65; 20.66) y
campesterol 0.32 (0.24; 0.43) a 1.57 (0.62; 2.40) b 2 × 10−7 1.09 (0.34; 2.03) y 0.5−44.3 (42)
campestanol 0.38 (0.31; 0.50) a 0.86 (0.58; 1.31) b 4 × 10−8 0.46 (0.20; 0.80) y
methylcoprostanone 0.05 (0.03; 0.11) a 0.24 (0.07; 0.43) b 2 × 10−6 0.15 (0.03; 0.40) y
stigmasterol 0.06 (0.04; 0.08) a 0.16 (0.08; 0.26) b 1 × 10−5 0.07 (0.00; 0.19) y 0.0002−48.6 (30) 50.9−90.3 (12)
ethylcoprostenol 0.11 (0.08; 0.13) a 0.10 (0.08; 0.13) a 0.93 0.002 (−0.02; 0.02) y
total PS 6.77 (4.96; 7.58) a 36.49 (23.27; 53.89) b 2 × 10−10 29.05 (11.77; 44.55) y

GOS−PS-Enriched Beverage
β-sitosterol 0.76 (0.56; 1.13) a 12.02 (2.68; 20.36) b 3 × 10−8 10.79 (2.14; 19.30) y 0.79 1.5−45.1 (15) 51.2−85.8 (26)
sitostanol 0.56 (0.50; 0.73) a 3.90 (1.98; 5.42) b 3 × 10−8 3.16 (1.27; 4.80) y 1.00
ethylcoprostanol 3.47 (2.47; 4.58) a 17.40 (8.65; 27.32) b 5 × 10−8 14.47 (4.91; 21.56) y 0.88
campesterol 0.31 (0.23; 0.42) a 1.60 (0.87; 2.55) b 1 × 10−10 1.41 (0.47; 2.11) y 0.64 0.7−49.0 (42)
campestanol 0.36 (0.26; 0.46) a 0.83 (0.59; 1.23) b 8 × 10−8 0.44 (0.23; 0.82) y 0.61
methylcoprostanone 0.05 (0.03; 0.08) a 0.25 (0.12; 0.50) b 1 × 10−6 0.18 (0.03; 0.45) y 0.36
stigmasterol 0.06 (0.05; 0.09) a 0.18 (0.09; 0.30) b 8 × 10−8 0.09 (0.02; 0.23) y 0.67 0.0002−47.9 (29) 51.9−83.7 (13)
ethylcoprostenol 0.10 (0.09; 0.12) a 0.11 (0.09; 0.13) a 0.37 0.01 (−0.01; 0.02) y 0.25
total PS 6.01 (5.01; 7.26) a 38.99 (23.21; 55.94) b 4 × 10−8 32.54 (18.07; 49.28) y 0.60

aAbsolute change: post-treatment level minus pre-treatment level. Different superscript letters denote significant differences (p < 0.05) in the same
kind of beverage (PS-enriched or GOS−PS-enriched) among pre-treatment and post-treatment values (within lines) (a,b) or in different beverages
among absolute change (within columns) (y,z). β-Sitosterol conversion percentage: [ethylcoprostanol/(β-sitosterol + sitostanol +
ethylcoprostanol)] × 100; campesterol conversion percentage: [methylcoprostanone/(campesterol + campestanol + methylcoprostanone)] ×
100; stigmasterol conversion percentage: [ethylcoprostenol/(stigmasterol + ethylcoprostenol)] × 100. Low and high converters were defined
according to Wilkins & Hackman (1974)36 considering that low converters have a sterol conversion rate of <50% and high converters of >50%.
The number of subjects corresponding to each group is indicated in parentheses.
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GOS on the absolute changes is observed (see Table 4). These
facts also occur in individual sterols, mainly increases in
ethylcoprostanol (post-treatment: 45−48% of the total PS and
derived from β-sitosterol) and methylcoprostanone (from
campesterol).
GOS and Sterol Metabolism Interaction. No influence of

GOS on colonic fermentation of cholesterol and PS has been
observed, and this fact is well displayed on the boxes, which
represent the mean of the absolute change after consumption
of PS- or GOS−PS-enriched beverages (see Figure 4). In both

cases, the response of the women was very similar, observing
very few outliers despite the fact that cholesterol and PS intake
from the diet was not controlled (which constitutes a
limitation of the study). The absence of effect of GOS
enrichment upon sterol metabolism disagrees with what was
observed in a novel in vitro approach carried out by our
research group. During dynamic colonic fermentation of a PS-
enriched beverage (2.5 g/250 mL) for one week, an absence of
sterol metabolites was observed.31 In contrast, in the same kind
of beverage also enriched with GOS (4.5 g/250 mL), a rapid
sterol metabolization (indicated by the absence of intermediary
metabolites) was determined in the vessels corresponding to
the transverse and descending sections of the colon.32

Moreover, beverage fermentation in the presence of GOS
showed higher ratios of cholesterol biotransformation
compared to PS and that the direct pathway of conversion
to coprostanol is predominant (in contrast with the above-
mentioned results), suggesting that GOS promotes its
metabolization. However, these in vitro studies also reveal a
close relation between microbiota composition and sterol
metabolism. In the case of the in vitro dynamic fermentation of
GOS−PS-enriched beverage,32 sterol metabolites were only
observed in those compartments of the colon with a more
similar microbial community (transverse and descending colon
reactors). For that reason, other limitation of our study was the
lack of microbiota analysis, which would have provided
valuable information about the absence of effect of GOS and
other bioactive compounds (polyphenols) present in the
beverage on sterol metabolism. As indicated above, the
hypothesis of the present study suggests that the addition of
GOS to the beverage could alter sterol metabolism through
modification of the microbiota composition (see Figure 1). In
this sense, GOS could modulate the Bifidobacterium population
(as they are highly specific in promoting its growth) as well as
other bacterial species, also considering coprostanoligenic
(Bacteroides or Eubacterium species). Note that Eubacterium is
the only species associated with the PS biotransformation
pathway.11 The results obtained in the present study suggest
that this bifidogenic effect and/or modification of microbial
species related to sterol metabolism did not occur due to the
absence of differences between treatments (GOS−PS- vs PS-
enriched beverages). This is partially coincident with the
results obtained during the in vitro dynamic colonic
fermentation study, in which no bifidogenic effect nor other
modulation in species population related to sterol metabolism
was determined. However, the production of metabolites
during the fermentation assay suggests the involvement of
other so far unidentified bacterial species in the sterol
metabolization pathway. In this sense, although the bifidogenic
effect of GOS is widely reported in in vivo studies,15 certain
investigations have shown a minimum dose of 5 g GOS/day
(slightly higher than the one used in the present study) to
achieve significant increases in bifidobacteria counts.33−35

Differences in GOS ingredient, delivery vehicle, experimental
design, and microbiota methods of analysis used could also
influence the variations in the expected bifidogenic effect.34

Sterol Conversion Percentages and Metabolic Capacity.
In order to know if the intake of the beverages enriched with
GOS modifies the biotransformation of cholesterol and
individual PS (β-sitosterol, stigmasterol, and campesterol),
conversion percentages have been calculated and women have
been classified as low or high converters according to Wilkins
& Hackman (1974)36 (see Tables 3 and 4). Independent of
the beverages ingested, women are predominant high
converters of cholesterol (n = 39 or 40) and β-sitosterol (n
= 26). However, all subjects are low converters of campesterol
and, in general, also of stigmasterol. These results are only
partially in line with a previous study,14 which presented a
lower number of high cholesterol converters (29) and β-
sitosterol (17) and a higher number of high stigmasterol
converters (27 vs 13). Note that it is known that the efficiency
of microbial cholesterol-to-coprostanol conversion in human
populations (members of genus Eubacterium and strains of
Bifidobacterium, Lactobacillus, and Peptostreptococcus) is a
majority of high converters.37 The intake of the GOS-enriched
beverage induces slight changes in the women’s colonic

Figure 4. Sterol response in feces upon regular consumption of
beverages (n = 42). Boxes represent the mean of the absolute change
(post-treatment − pre-treatment values). Points in each box represent
outlier values.
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metabolic capacity (see Supporting Information Figure S1).
The conversion capacity of cholesterol and stigmasterol in 12
women is reduced by 10% and of β-sitosterol by 16%. Only in
five of them, the metabolism of all these sterols reduced
simultaneously. A decrease in cholesterol conversion percent-
age after the intake of a similar PS-enriched beverage has been
previously reported,14 associated with the increase in PS
consumption that could reduce or block cholesterol metabolite
production. Reduction of cholesterol conversion is the interest
since cholesterol metabolites are associated with procarcino-
genic action and could increase the risk of colon cancer.11 The
different responses to the presence of GOS in colonic sterol
metabolism could also be derived from the different
phylogenetic properties of each woman’s microbiota. It has
been reported that composition of the microbiota can be
stratified into three main groups (enterotypes), which have
functional differences with respect to how they obtain energy
from the substrates available in the colon. In this sense,
subjects belonging to enterotype 1 or Bacteroides have been
shown to obtain energy primarily from the fermentation of
carbohydrates and proteins, whereas enterotype 2 and 3
(Prevotella and Ruminococcus, respectively) are more efficient
in degrading mucin.38

As coprostanol has low intestinal absorption, it has been
proposed that a high conversion efficiency of cholesterol to
coprostanol could improve the serum lipid profile by
facilitating the removal of cholesterol from the body.39 In
this sense, Sekimoto et al.40 observed an inverse correlation
between serum cholesterol levels and fecal coprostanol/
cholesterol ratio, suggesting that coprostanol production
could modulate cholesterol blood levels. Recently, a clinical
trial involving overweight postmenopausal women also showed
an inverse correlation between the fecal coprostanol/
cholesterol ratio and serum total and LDL-cholesterol after
an intervention of 4 weeks using milk polar lipids (3−5 g/
day).41 However, in the present study, this correlation has not
been observed for any beverage nor between serum cholesterol
levels and cholesterol conversion percentages in feces. The
absence of this correlation could be due to the presence of PS
at an enrichment dose. As mentioned above, in this case, the
direct metabolization pathway of cholesterol to coprostanol is
modified promoting the formation of intermediary metabolites
in detriment of coprostanol levels.
Therefore, although the results of the present clinical trial

carried out with a regular intake of two PS-enriched beverages
with or without GOS were not as expected in the first
approach, valuable information has been obtained:

(i) GOS do not modify the bioavailability of PS and do not
enhance its blood cholesterol-lowering effect.

(ii) It is confirmed that ingestion of PS from enriched food
modulates fecal excretion of sterols and metabolites.

(iii) Sterol colonic metabolism was not altered by the
addition of GOS to the beverage, a fact that is reflected
with slight changes in women’s colonic metabolic
capacity. This is probably due to the lack of effect of
the prebiotics on coprostanoligenic bacteria, and
presumably, longer intervention times (over 12 weeks)
are required to verify any beneficial effect.

Even though many trials have been carried out in this regard,
the results are at times contradictory and, therefore, prebiotic
supplementation and its relationship with blood lipid levels
warrant further research. In future studies, factors that limit

this work should be controlled, such as individual’s genotype
and lifestyle (physical exercise), cholesterol and PS content of
the diet, and the changes exerted upon microbiota
composition.
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A.; Lagarda, M. J. Impact of colonic fermentation on sterols after the
intake of a plant sterol-enriched beverage: a randomized, double-blind
crossover trial. Clin. Nutr. 2019, 38, 1549−1560.
(15) Sangwan, V.; Tomar, S. K.; Singh, R. R. B.; Singh, A. K.; Ali, B.
Galactooligosaccharides: novel components of designer foods. J. Food
Sci. 2011, 76, R103−R111.
(16) Hashmi, A.; Naeem, N.; Farooq, Z.; Masood, S.; Iqbal, S.;
Naseer, R. Effect of prebiotic galacto-oligosaccharides on serum lipid
profile of hypercholesterolemics. Probiotics Antimicrob. Proteins 2016,
8, 19−30.
(17) Dai, Z.; Lyu, W.; Xie, M.; Yuan, Q.; Ye, H.; Hu, B.; Zhou, L.;
Zeng, X. Effects of α-Galactooligosaccharides from chickpeas on high-
fat-diet-induced metabolic syndrome in mice. J. Agric. Food Chem.
2017, 65, 3160−3166.
(18) Chen, Q.; Liu, M.; Zhang, P.; Fan, S.; Huang, J.; Yu, S.; Zhang,
C.; Li, H. Fucoidan and galactooligosaccharides ameliorate high-fat
diet−induced dyslipidemia in rats by modulating the gut microbiota
and bile acid metabolism. Nutrition 2019, 65, 50−59.
(19) Vulevic, J.; Drakoularakou, A.; Yaqoob, P.; Tzortzis, G.;
Gibson, G. R. Modulation of the fecal microflora profile and immune
function by a novel trans-galactooligosaccharide mixture (B-GOS) in
healthy elderly volunteers. Am. J. Clin. Nutr. 2008, 88, 1438−1446.
(20) Vulevic, J.; Juric, A.; Tzortzis, G.; Gibson, G. R. A mixture of
trans-galactooligosaccharides reduces markers of metabolic syndrome
and modulates the fecal microbiota and immune function of
overweight adults. J. Nutr. 2013, 143, 324−331.
(21) Blanco-Morales, V.; López-García, G.; Cilla, A.; Garcia-Llatas,
G.; Barberá, R.; Lagarda, M. J.; Sánchez-Siles, L. M.; Alegría, A. The
impact of galactooligosaccharides on the bioaccessibility of sterols in a
plant sterol-enriched beverage: adaptation of the harmonized
INFOGEST digestion method. Food Funct. 2018, 9, 2080−2089.
(22) Alvarez-Sala, A.; Garcia-Llatas, G.; Cilla, A.; Barberá, R.;
Sánchez-Siles, L. M.; Lagarda, M. J. Impact of lipid components and
emulsifiers on plant sterols bioaccessibility from milk-based fruit
beverages. J. Agric. Food Chem. 2016, 64, 5686−5691.
(23) Greenland, P.; Alpert, J. S.; Beller, G. A.; Benjamin, E. J.;
Budoff, M. J.; Fayad, Z. A.; Foster, E.; Hlatky, M. A.; Hodgson, J. M.;
Kushner, F. G.; Lauer, M. S.; Shaw, L. J.; Smith, S. C., Jr.; Taylor, A.
J.; Weintraub, W. S.; Wenger, N. K. 2010 ACCF/AHA guideline for
assessment of cardiovascular risk in asymptomatic adults: Executive
summary: A report of the American College of Cardiology
Foundation/American Heart Association task force on practice
guidelines. Circulation 2010, 122, 2748−2764.
(24) 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.
(25) García-Llatas, G.; Vidal, C.; Cilla, A.; Barberá, R.; Lagarda, M. J.
Simultaneous quantification of serum phytosterols and cholesterol
precursors using a simple gas chromatographic method. Eur. J. Lipid
Sci. Technol. 2012, 114, 520−526.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c06120
J. Agric. Food Chem. 2022, 70, 532−542

541

https://doi.org/10.1016/j.atherosclerosis.2013.11.043
https://doi.org/10.1016/j.atherosclerosis.2013.11.043
https://doi.org/10.1016/j.atherosclerosis.2013.11.043
https://doi.org/10.1093/ije/dyz016
https://doi.org/10.1093/ije/dyz016
https://doi.org/10.1093/ije/dyz016
https://doi.org/10.1093/aje/kwp043
https://doi.org/10.1093/aje/kwp043
https://doi.org/10.1093/aje/kwp043
https://doi.org/10.1016/j.numecd.2014.04.013
https://doi.org/10.1016/j.numecd.2014.04.013
https://doi.org/10.1016/j.numecd.2014.04.013
https://doi.org/10.1039/c8fo00353j
https://doi.org/10.1039/c8fo00353j
https://doi.org/10.1039/c8fo00353j
https://doi.org/10.1016/j.jff.2015.01.023
https://doi.org/10.1016/j.jff.2015.01.023
https://doi.org/10.1016/j.jff.2013.10.023
https://doi.org/10.1016/j.jff.2013.10.023
https://doi.org/10.1016/j.jff.2013.10.023
https://doi.org/10.1002/ejlt.201800054
https://doi.org/10.1002/ejlt.201800054
https://doi.org/10.1016/s0278-6915(99)00102-7
https://doi.org/10.1016/s0278-6915(99)00102-7
https://doi.org/10.1016/s0278-6915(99)00102-7
https://doi.org/10.1016/s0278-6915(99)00102-7
https://doi.org/10.1016/j.clnu.2018.08.012
https://doi.org/10.1016/j.clnu.2018.08.012
https://doi.org/10.1016/j.clnu.2018.08.012
https://doi.org/10.1111/j.1750-3841.2011.02131.x
https://doi.org/10.1007/s12602-016-9206-1
https://doi.org/10.1007/s12602-016-9206-1
https://doi.org/10.1021/acs.jafc.7b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.7b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nut.2019.03.001
https://doi.org/10.1016/j.nut.2019.03.001
https://doi.org/10.1016/j.nut.2019.03.001
https://doi.org/10.3945/ajcn.2008.26242
https://doi.org/10.3945/ajcn.2008.26242
https://doi.org/10.3945/ajcn.2008.26242
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.1039/c8fo00155c
https://doi.org/10.1039/c8fo00155c
https://doi.org/10.1039/c8fo00155c
https://doi.org/10.1039/c8fo00155c
https://doi.org/10.1021/acs.jafc.6b02028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b02028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b02028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1161/CIR.0b013e3182051bab
https://doi.org/10.1161/CIR.0b013e3182051bab
https://doi.org/10.1161/CIR.0b013e3182051bab
https://doi.org/10.1161/CIR.0b013e3182051bab
https://doi.org/10.1161/CIR.0b013e3182051bab
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1002/ejlt.201100331
https://doi.org/10.1002/ejlt.201100331
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c06120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Cuevas-Tena, M.; Alegría, A.; Lagarda, M. J. Determination of
fecal sterols following a diet with and without plant sterols. Lipids
2017, 52, 871−884.
(27) Demonty, I.; Ras, R. T.; Van Der Knaap, H. C. M.; Duchateau,
G. S. M. J. E.; Meijer, L.; Zock, P. L.; Geleijnse, J. M.; Trautwein, E. A.
Continuous dose-response relationship of the LDL-cholesterol-
lowering effect of phytosterol intake. J. Nutr. 2009, 139, 271−284.
(28) 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.
(29) Gylling, H.; Rajaratnam, R. A.; Vartiainen, E.; Puska, P.;
Miettinen, T. A. Changes in serum level and metabolism of
cholesterol with plant stanol esters in postmenopausal women with
and without coronary artery disease. Menopause 2006, 13, 286−293.
(30) Cuevas-Tena, M.; Gómez del Pulgar, E. M.; Benítez-Páez, A.;
Sanz, Y.; Alegría, A.; Lagarda, M. J. Plant sterols and human gut
microbiota relationship: an in vitro colonic fermentation study. J.
Funct. Foods 2018, 44, 322−329.
(31) Blanco-Morales, V.; Garcia-Llatas, G.; Yebra, M. J.; Sentandreu,
V.; Alegría, A. In vitro colonic fermentation of a plant sterol-enriched
beverage in a dynamic-colonic gastrointestinal digester. LWT 2021,
145, 111273.
(32) Blanco-Morales, V.; Garcia-Llatas, G.; Yebra, M. J.; Sentandreu,
V.; Lagarda, M. J.; Alegría, A. Impact of a Plant Sterol- and
Galactooligosaccharide-Enriched Beverage on Colonic Metabolism
and Gut Microbiota Composition Using an In Vitro Dynamic Model.
J. Agric. Food Chem. 2020, 68, 1884−1895.
(33) Tannock, G. W.; Munro, K.; Bibiloni, R.; Simon, M. A.;
Hargreaves, P.; Gopal, P.; Harmsen, H.; Welling, G. Impact of
consumption of oligosaccharide-containing biscuits on the fecal
microbiota of humans. Appl. Environ. Microbiol. 2004, 70, 2129−2136.
(34) Davis, L. M. G.; Martínez, I.; Walter, J.; Hutkins, R. A dose
dependent impact of prebiotic galactooligosaccharides on the
intestinal microbiota of healthy adults. Int. J. Food Microbiol. 2010,
144, 285−292.
(35) Davis, L. M. G.; Martínez, I.; Walter, J.; Goin, C.; Hutkins, R.
W. Barcoded pyrosequencing reveals that consumption of galactoo-
ligosaccharides results in a highly specific bifidogenic response in
humans. PLoS One 2011, 6, No. e25200.
(36) Wilkins, T. D.; Hackman, A. S. Two patterns of neutral steroid
conversion in the feces of normal north americans. Cancer Res. 1974,
34, 2250−2254.
(37) Kriaa, A.; Bourgin, M.; Potiron, A.; Mkaouar, H.; Jablaoui, A.;
Gérard, P.; Maguin, E.; Rhimi, M. Microbial impact on cholesterol
and bile acid metabolism: current status and future prospects. J. Lipid
Res. 2019, 60, 323−332.
(38) Arumugam, M.; Raes, J.; PelletierLe Paslier, D.; Yamada, T.;
Yamada, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.M.;
Bertalan, M.; Borruel, N.; Casellas, F.; Casellas, L.; Gautier, L.;
Hansen, T.; Hattori, M.; Hayashi, T.; Kleerebezem, M.; Kurokawa,
K.; Leclerc, M.; Levenez, F.; Manichanh, C.; Nielsen, H.B.; Nielsen,
T.; Pons, N.; Poulain, J.; Qin, J.; Sicheritz-Ponten, T.; Tims, S.;
Torrents, D.; Ugarte, E.; Zoetendal, E.G.; Wang, J.; Guarner, F.;
Pedersen, O.; de Vos, W.M.; Brunak, S.; Doré, J.; Antolín, M.;
Artiguenave, F.; Blottiere, H.M.; Almeida, M.; Brechot, C.; Cara, C.;
Chervaux, C.; Cultrone, A.; Delorme, C.; Denariaz, G.; Dervyn, R.;
Foerstner, K. U.; Friss, C.; van de Guchte, M.; Guedon, E.; Haimet,
F.; Huber, W.; van Hylckama-Vlieg, J.; Jamet, A.; Juste, C.; Kaci, G.;
Knol, J.; Kristiansen, K.; Lakhdari, O.; Layec, S.; Le Roux, K.; Maguin,
E.; Mérieux, A.; Minardi, R. M.; M’rini, C.; Muller, J.; Oozeer, R.;
Parkhill, J.; Renault, P.; Rescigno, M.; Sanchez, N.; Sunagawa, S.;
Torrejon, A.; Turner, K.; Vandemeulebrouck, G.; Varela, E.;
Winogradsky, Y.; Zeller, G.; Weissenbach, J.; Ehrlich, S. D.; Bork,
P.; Meta; HIT Consortium. Enterotypes of the human gut
microbiome. Nature 2011, 473, 174−180.
(39) Juste, C.; Gérard, P. Cholesterol-to-coprostanol conversion by
the gut microbiota: what we know, suspect, and ignore. Micro-
organisms 2021, 9, 1881.

(40) Sekimoto, H.; Shimada, O.; Makanishi, M.; Nakano, T.;
Katayama, O. Interrelationship between serum and fecal sterols. Jpn. J.
Med. 1983, 22, 14−20.
(41) Vors, C.; Joumard-Cubizolles, L.; Lecomte, M.; Combe, E.;
Ouchchane, L.; Drai, J.; Raynal, K.; Joffre, F.; Meiller, L.; Le Barz, M.;
Gaborit, P.; Caille, A.; Sothier, M.; Domingues-Faria, C.; Blot, A.;
Wauquier, A.; Blond, E.; Sauvinet, V.; Gésan-Guiziou, G.; Bodin, J.-P.;
Moulin, P.; Cheillan, D.; Vidal, H.; Morio, B.; Cotte, E.; Morel-
Laporte, F.; Laville, M.; Bernalier-Donadille, A.; Lambert-Porcheron,
S.; Malpuech-Bruger̀e, C.; Michalski, M.-C. Milk polar lipids reduce
lipid cardiovascular risk factors in overweight postmenopausal
women: towards a gut sphingomyelin-cholesterol interplay. Gut
2020, 69, 487−501.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c06120
J. Agric. Food Chem. 2022, 70, 532−542

542

https://doi.org/10.1007/s11745-017-4286-6
https://doi.org/10.1007/s11745-017-4286-6
https://doi.org/10.3945/jn.108.095125
https://doi.org/10.3945/jn.108.095125
https://doi.org/10.1016/j.numecd.2011.05.005
https://doi.org/10.1016/j.numecd.2011.05.005
https://doi.org/10.1016/j.numecd.2011.05.005
https://doi.org/10.1097/01.gme.0000174095.49029.56
https://doi.org/10.1097/01.gme.0000174095.49029.56
https://doi.org/10.1097/01.gme.0000174095.49029.56
https://doi.org/10.1016/j.jff.2018.03.023
https://doi.org/10.1016/j.jff.2018.03.023
https://doi.org/10.1016/j.lwt.2021.111273
https://doi.org/10.1016/j.lwt.2021.111273
https://doi.org/10.1021/acs.jafc.9b04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/aem.70.4.2129-2136.2004
https://doi.org/10.1128/aem.70.4.2129-2136.2004
https://doi.org/10.1128/aem.70.4.2129-2136.2004
https://doi.org/10.1016/j.ijfoodmicro.2010.10.007
https://doi.org/10.1016/j.ijfoodmicro.2010.10.007
https://doi.org/10.1016/j.ijfoodmicro.2010.10.007
https://doi.org/10.1371/journal.pone.0025200
https://doi.org/10.1371/journal.pone.0025200
https://doi.org/10.1371/journal.pone.0025200
https://doi.org/10.1194/jlr.r088989
https://doi.org/10.1194/jlr.r088989
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nature09944
https://doi.org/10.3390/microorganisms9091881
https://doi.org/10.3390/microorganisms9091881
https://doi.org/10.2169/internalmedicine1962.22.14
https://doi.org/10.1136/gutjnl-2018-318155
https://doi.org/10.1136/gutjnl-2018-318155
https://doi.org/10.1136/gutjnl-2018-318155
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c06120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

