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Background: Cholesterol microbial transformation has been widely studied using in vitro fermen-
tation assays, but less information is available on the biotransformation of plant sterols (PS).
The excretion percentage of animal sterols (AS) (67e73%) is considerably greater than that of PS (27
e33%) in feces from healthy humans following a Western diet. However, a lower content of AS in
feces from subjects following a vegetarian, vegan or low-fat animal diet has been seen when
compared to omnivorous subjects. Although only one human study has reported fecal sterol
excretion after the consumption of PS-enriched food (8.6 g PS/day), it was found that the target
group showed an increase in the excretion of cholesterol and a 57% decrease in its metabolites
compared to the control group.
Objective: Evaluation of the impact of a PS-enriched milk based fruit beverage intake on fecal sterol
excretion and the microbial conversion of sterols in postmenopausal women with mild
hypercholesterolemia.
Methods: Forty postmenopausal women participated in a randomized, double-blind, crossover study
with two beverages, with a PS-enriched (2 g PS/day) or without. The womenwere divided in two groups:
20 women consumed the PS-enriched beverage and the other 20 women consumed a placebo (without
PS) beverage for 6 weeks. After a four-week washout period, the type of beverage was exchanged and
consumed for another 6 weeks.
Feces were collected at the start (0 and 10 weeks) and end of each intervention period (6 and 16 weeks),
and fecal sterols were determined by capillary gas chromatography with mass spectrometry.
Results: The intake of the PS-enriched beverage modified the fecal sterol excretion profile. A signifi-
cant increase mainly in PS and their metabolites versus the placebo intervention period was observed.
Although the same effect was not observed in the case of AS, a tendency towards increased cholesterol
and decreased coprostanol (the main metabolite of cholesterol) was recorded after PS-enriched
beverage intake versus placebo. Furthermore, the PS-enriched beverage also modified the microbial
conversion of sterols. In this context, an important decrease in the conversion percentage of choles-
terol in 16 women (between 11% and 50%) and of sitosterol in 24 women (between 15% and 61%) was
observed.
Conclusions: The results obtained suggest that the microbiota could preferably use PS as a substrate,
when present in a greater proportion compared with cholesterol. Besides, a lower sitosterol and
cholesterol conversion trend would mean that intake of the PS-enriched beverage could modulate the
metabolic activity of the gut microbiota. Therefore, further studies on the impact of PS-enriched foods
upon gut microbiota modulation are needed.
Clinical Trial Registry Number: NCT 02065024 listed on the NIH website: ClinicalTrials.gov.
; TMSE, trimethylsilyl ethers; ROC, receiver operating characteristic.

vas-Tena), Jose.D.Bermudez@uv.es (J.D. Bermúdez), ramonaangeles.silvestre@salud.madrid.org (R.�A. Silvestre), amparo.
arda).

for Clinical Nutrition and Metabolism. All rights reserved.

http://ClinicalTrials.gov
mailto:maria.cuevas-tena@uv.es
mailto:Jose.D.Bermudez@uv.es
mailto:ramonaangeles.silvestre@salud.madrid.org
mailto:amparo.alegria@uv.es
mailto:amparo.alegria@uv.es
mailto:m.j.lagarda@uv.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clnu.2018.08.012&domain=pdf
www.sciencedirect.com/science/journal/02615614
http://www.elsevier.com/locate/clnu
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


M. Cuevas-Tena et al. / Clinical Nutrition 38 (2019) 1549e15601550
Clinical Trial Registry Name: Food Matrix and Genetic Variability as Determinants of Bioavailability and
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Table 1
Energy and nutritional composition per 100mL of active and placebo beverages used
in the clinical trial intervention.

Active Placebo

Energy (Kcal) 65.3 64.0
Protein (g) 3.1 2.6
Carbohydrate (g) 8.9 10
Fat without PS (g) 1.6 1.5
Fiber (g) 1.5 1.5

~

1. Introduction

The daily dietary intake of plant sterols (PS) (160e400 mg/day)
[1] does not reach the established levels to have a hypocholester-
olemic effect (1.5e3.0 g/day) [2]. Therefore, several foods (yellow
fat spreads, salad dressings, milk type products, fermented milk
products, soya drinks, cheese type products, rye bread and rice
drinks) may be enriched with PS for this purpose and can also be
used in patients with mild hypercholesterolemia.

There is an association between postmenopausal women and
higher serum levels of total cholesterol and low-density lipoprotein
cholesterol (LDL-C), which could increase the risk of cardiovascular
disease [3,4]. In fact, in a previous clinical study (NCT01074723) of
our group with postmenopausal women [5], b-critptoxanthin (b-
Cx) improved the cholesterol lowering effect of PS when they were
supplied simultaneously from a PS-enriched milk-based fruit
beverage rich in b-Cx. This combination may also be beneficial in
reducing the risk of osteoporosis, suggesting a synergistic effect.
The effect observed, however, implies a moderate reduction of c-
LDL and total cholesterol, on average 5e7%, which is in the range of
other studies using different food matrices.

Fifty percent of dietary cholesterol is absorbed [6], although its
absorption varies substantially between individuals (20e80%) [7].
However, the intestinal absorption rate of total PS is only 2e3% [8].
Non-absorbed sterols reach the colon and can be biotransformed by
the gut microbiota. Although cholesterol biotransformation medi-
ated by gut microbiota has beenwidely studied using in vitro assays
(Wong, 2014) [9] and some studies have suggested that cholesterol
metabolites could act as carcinogenic compounds [10e13], less
information is available on the biotransformation of PS and its
possible effects (in the case of high intake levels) upon cholesterol
metabolization within the colon. Sterols and their corresponding
microbial metabolites have been detected in feces from healthy
humans following a Western diet [14e18] - the percentage of ani-
mal sterols (AS) (67e73%) being considerably greater than PS
(27e33%). The AS excretion in subjects following a vegetarian
[18e21], vegan [22] or low-animal fat diet [10,23,24] is lower (be-
tween 10 and 50%) than in omnivorous subjects. Besides, compared
with healthy individuals, greater excretion of cholesterol and its
metabolites has been found in feces from subjects with colon
cancer (74e92%) [11,20,25] or with precancerous conditions such as
adenomatous polyposis (80%) [11] or ulcerative colitis (83%) [26].
These authors attributed the increased excretion of cholesterol
metabolites to diet and microbial conversion. However, other in-
vestigators have found no differences in AS excretion between
patients with colon cancer [13] or familial polyposis [27,28] and
healthy subjects.

As far as we know, only one human study has reported fecal
sterol excretion after PS-enriched food intake (margarine,
8.6 g PS/day) [29] e the mentioned content exceeding the values
established by the European Commission. Therefore, the aim of
the present study was to evaluate the impact of the daily
consumption of a PS-enriched milk based fruit beverage (2 g PS/
day) on fecal sterol excretion and its microbial conversion in
postmenopausal women with mild hypercholesterolemia
through a clinical trial.
2. Material and methods

2.1. Clinical study

This clinical trial was a single and combined randomized,
double-blind, crossover trial carried out with two beverages: a PS-
enriched skimmed milk based fruit beverage containing b-Cx and
2 g of PS/250 mL (active beverage), and a skimmed milk based fruit
beverage (placebo beverage), in postmenopausal womenwith mild
hypercholesterolemia (ClinicalTrials.gov number NCT 02065024).

The inclusion criteria were: age 45e65 years, amenorrhea for
over 12 months, and mild hypercholesterolemia (200e239 mg/dL)
according to the guidelines of the American Heart Association [30].
Non-dieting and non-intake of vitamin D, calcium, u-3 fatty acids
and PS or vitamin-enriched foods, supplements or other dietary
bioactive components were also considered as inclusion criteria.

Body mass index (BMI) > 35 kg/m2, the use of vitamins, anti-
biotics, hormone replacement therapy, fibrates or statins, as well as
acute inflammation, chronic medication and infection or intercur-
rent illness capable of affecting the bioavailability or status of the
compounds of interest were regarded as exclusion criteria.

The nutritional composition of the two beverages (active and
placebo) is shown in Table 1. It should be noted that although both
beverages had a similar composition (50% skimmed milk/50% fruit
juice), the placebo beverage was formulated with grape juice from
concentrate, and banana puree, while the active beverage was
elaborated mainly with mandarin juice from concentrate (as a b-Cx
source) and a lower proportion of grape and banana. Free micro-
crystalline PS from tall oil in powder form (Lipohytol® 146 ME
Dispersible, Lipofoods) was added only to the active beverage. The
manufacturing conditions were similar for both beverages, which
had the same appearance, but with different anonymous labeling
(A or B). Plant sterols from the active beverage were characterized
(sitosterol: 79%, sitostanol: 12%, campesterol: 7%, stigmasterol: 0.8%
and campestanol: 1%) [31], and their stability along a 6-months
period (intervention period) was confirmed.

The clinical study took place in the Vitamins Unit of the
Department of Clinical Biochemistry of Hospital Universitario
Puerta de Hierro-Majadahonda (Madrid, Spain).

Fifty postmenopausal women were contacted for participation
and interviewed in order to confirm that they met the inclusion
criteria (enrollment). A total of 40 apparently healthy post-
menopausal women were finally included in the study and were
sequentially numbered from 1 to 40. The sample size was calculated
taking into account the results referred to total PS and cholesterol
Information provided by the manufacturer (Hero Espana, S.A).
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Table 2
Serum cholesterol profile response upon regular consumption of the beverages
(n ¼ 36). Results are expressed as Mean ± SD.

mg/dL Placebo beverage PS-enriched beverage

Basal Final Basal Final

Total cholesterol 219.7 ± 24.5a 221.8 ± 25.4a 219.2 ± 28.0a 212.6 ± 25.5b

LDL-cholesterol 129.6 ± 27.5a 131.5 ± 23.6a 128.6 ± 29.0b 121.3 ± 24.4b

HDL-cholesterol 71.9 ± 18.7a 70.1 ± 17.3a 71.9 ± 17.3a 71.9 ± 20.4a

Different superscript letters denote significant differences (p < 0.05) in the same
type of beverage (with PS-enriched or placebo) among basal and final values (within
lines) (a,b). Reference range (mg/dL): total cholesterol (150e200); LDL-cholesterol
(70e160); HDL-cholesterol (35e75). The statistical analysis was done by applying
a t-test for paired samples using the SPSS program.
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obtained in a previous clinical trial (ClinicalTrials.gov number
NCT01074723). Taken from previous assumption, we chose themore
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%.
Furthermore, taking into account that 45% of the Western popula-
tion may present polymorphisms implicated in the cholesterol
absorption process, and assuming a drop-out rate of 10%, the final
required sample size was considered to comprise 40 subjects.

During the trial period, 40 women were selected and randomly
distributed into two groups: 20 women consumed the active
beverage (1 brick x 250 mL/day) and the other 20 women
consumed the placebo beverage (1 brick x 250mL/day) for 6 weeks.
After a four-week washout period, the type of beverage was
exchanged and consumed for another 6 weeks.

The volunteers were allocated to receive either intervention in
random order by using a computer-generated pseudo-random
numbers 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 investi-
gator recorded which type of beverage (active or placebo) should be
assigned to each subject, and prepared a pack with enough tetra-
bricks to cover the first experimental period (6 weeks). This inves-
tigator also ensured that each subjectwas assigned to the other study
group (placebo or active) following the corresponding washout
period. The details of group assignment were kept in a sealed en-
velope that was opened at the end of the complete experimental
period. Neither the subject 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 bever-
ages rich in b-Cx that were to be avoided, and were asked 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 semi-quantitative Food Frequency Questionnaire (FFQ)
(Supplementary Table 1) at the end of each intervention period, in
which the women recorded the number of food portions per week.
In addition, the subjects reported no differences in the organoleptic
properties of the two beverages in the FFQ. However, the FFQ was
not validated, constituting a limitation of the study.

Study compliance was assessed by means of an adherence
questionnaire. Each participant completed this questionnaire
after the active and placebo periods, reporting the number of non-
ingested tetra-bricks.

Feces collection was performed before and after each 6-week
treatment period. At this time, a centralized service assigned an
identification number (7 digits) to each subject (following the usual
practice for all hospital patients), and a member of the research
team supervised that samples from each subject were collected in
the sterile plastic containers and stored at �20 �C until analysis. In
order to confirm mild hypercholesterolemia in the women, serum
total cholesterol levels were measured by a routine quality
controlled method using an Advia 2400 Clinical Chemistry system
(Siemens Healthineers). Only phlebotomists or laboratory techni-
cians knew the assigned number of the sample, and were unaware
of which treatment was received by the patients.

The women of this study had a mean age of 55.7 ± 3.4 years
(range 50e65), with a mean body mass index of 24.6 ± 4.7 kg/m2

[32], and presented untreated mild hypercholesterolemia
(220 ± 27.8 mg/dL). In addition, in Table 2, the serum cholesterol
profile after each intervention period (placebo and active) is shown.

An overview of the clinical trial is provided in Fig. 1. The study
protocol was approved by the Clinical Research Ethics Committee of
Hospital Universitario Puerta deHierro-Majadahonda (Madrid, Spain),
and all subjects gave written consent to participate in the study.
2.2. Analyses performed

2.2.1. Fecal samples
Fresh fecal samples were collected before (V1 and V3) and after

(V2 and V4) each intervention period (see Fig. 1). The samples were
then 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.

2.2.2. Sterol analysis
Fecal sterols and their metabolites as secondary outcomewithin

the clinical trial were determined according to Cuevas-Tena et al.
(2017) [33]. Briefly, approximately 30 mg of freeze-dried feces were
dispersed in 5 mL of Milli-Q water, sonicated (20 min) and allowed
to stand for two hours at room temperature. The analysis was
performed in triplicate using 5a-cholestane (20 mg) as internal
standard in aliquots of 100 and 500 mL. The saponification step was
carried out with 1 mL of ethanolic potassium hydroxide solution
0.71 M (65 �C/1 h) using a block heater. The unsaponifiable fraction
was extracted with 0.5 mL of Milli-Q water and 2 mL of n-hexane
(centrifuged at 18 �C/10 min/3600 rpm). The n-hexane extraction
step was performed twice under the same conditions as described
above. The organic extracts were evaporated to dryness under
nitrogen. In order to obtain the trimethylsilyl ether (TMSE) de-
rivatives, 200 mL of BSTFA þ 1% TMCS:pyridine 10:3 (v/v) were
added (65 �C/1 h). The TMSE derivatives obtained were dissolved
with 3 mL of hexane, filtered (Millex-FH filter unit, 0.45 mm Milli-
pore, Milford, MA, USA), evaporated under nitrogen, and dissolved
in 40 mL of hexane. One mL of this solutionwas injected into a GC/MS
system (Thermo Science Trace® GC-Ultra with ion trap ITQ 900,
Waltham,MA, USA) with a CP-Sil8 CB low bleed/MS (50m� 25mm
x 0.25 mm) column (Agilent Technologies®, CA, USA). Hydrogenwas
used as carrier gas, operating at a constant flow of 1 mL/min. The
mass spectrometer operated at �70 eV, and a mass range from 50
to 650 m/z was scanned.

3. Statistical analysis

To confirm the use of a nonparametric test, the normal distri-
bution of neutral sterol content and net increment was evaluated
using the ShapiroeWilk test. The two-sample Wilcoxon test was
used to detect significant differences in fecal sterol contents be-
tween the basal and final intervention period and in net increments
between placebo and active beverage intake. Univariate correla-
tions between excreted contents after active beverage or placebo
intake were investigated using the Spearman coefficient. In all
cases, p < 0.05 was used as the criterion for statistical significance.
The statistical analyses were performed using the Statgraphics
Centurion XVI.I statistical package. It should be noted that
most excretion values for cholestanone were below the limit of
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Fig. 1. Overview of the study.
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quantification (0.0036 mg/g); limits of detection (0.0011 mg/g)
were therefore used.

We used a binary logistic regression analysis for paired data to
determine which fecal sterol grouping discriminates best between
active or placebo beverage intake. Logistic regression for paired
data was necessary due to the crossover design of the trial. These
analyzes were performed using the statistical package R V3.2.2
(http://cran.r-project.org). The goodness of fit of the resulting
models was tested according to the area under the curve (AUC) of
the receiver operating characteristic (ROC).

4. Results

4.1. Participant enrollment

The participant flow of the randomized, double-blind crossover
trial is shown in Fig. 2, starting in March 2014 and ending in August
2015. Fifty postmenopausal women with mild hypercholesterole-
mia (age range 50e65 years) were enrolled. Of these, 10 were
excluded and 40 were randomized to participate in the interven-
tion study (from April to July 2014). Thirty-six women finally
completed the study.

4.2. Subject adherence

In both intervention periods, active and placebo (6 weeks), one
tetra-brick beverage was ingested per day. Thus, the tetra-bricks
consumed in each period totaled 42. According to the registry of
non-ingested tetra-bricks, 35women consumed�38 tetra-bricks of
active beverage and �39 tetra-bricks of placebo beverage during
the intervention periods, and only one woman consumed 35 or 36
tetra-bricks of active and placebo beverage, respectively.

Binary logistic regression analysis was used to diagnose active or
placebo beverage intake. For this purpose, ROC curves were plotted
to calculate the sensitivity and specificity of animal and plant fecal
sterols as predictors (cut-off points). Figure 3 shows the ROC curves
with several cut-off points corresponding to cholesterol and its
metabolites (area under the curve [AUC]: 0.60, 95%CI: 0.46e0.73,
Fig. 3A), which were not found to be of use in the study adherence
determination. Some PS and their metabolites such as sitosterol
(Fig. 3B), campesterol (Fig. 3C) and stigmasterol (Fig. 3D) showed
high sensitivity and specificity (AUC: 0.92, 95%CI: 0.84e0.99; AUC:
0.87, 95%CI: 0.78e0.97; and AUC: 0.82, 95%CI: 0.71e0.93, respec-
tively). In addition, neutral sterols such as cholesterol, sitosterol,
campesterol and stigmasterol (Fig. 3E), and total AS together with
total PS (Fig. 3F) were also used as cut-off points, and were seen to
be highly sensitive and specific (AUC: 0.88, 95%CI: 0.79e0.97; and
AUC: 0.91, 95%CI: 0.83e0.99, respectively) in diagnosing active or
placebo beverage intake.
4.3. Excretion of fecal sterols

Figure 4 shows the net excretion increments for AS and PS after
active and placebo beverage intake. Generally, the postmenopausal
women showed a higher net increment in PS excretion after active
beverage intake compared to placebo. After active beverage intake,
fewer outliers in the net increment in excretion of neutral sterols
(cholesterol, sitosterol, sitostanol, campesterol and stigmasterol)
were observed (1, 1, 1, 1 and 0 outliers, respectively) compared to
placebo (7, 8, 5, 8 and 2 outliers, respectively). Conversely, the
outliers in the net increment in excretion of sterol metabolites such
as coprostanol, coprostanone and methylcoprostanone proved
more numerous after active beverage intake (3, 5 and 5 outliers,
respectively) versus placebo (0, 3 and 3 outliers, respectively).
However, the outliers of ethylcoprostanol were more numerous
after placebo intake (2 outliers) versus active beverage (0 outliers).
For the rest of the sterol metabolites, the number of outliers
remained the same after both beverages.

Fecal AS contents at basal and after active and placebo beverage
(final), and their net increments, are shown in Table 3. Due to
the non-normal distribution of the data, the total AS contents,
expressed as medians, were found to be 19.82 and 18.81 mg/g
freeze-dried feces at basal and 21.58 and 18.64 mg/g freeze-dried
feces after placebo and active beverage intake (final), respectively.

After placebo intake, only the cholesterol content showed a
significant increase (34%). However, after active beverage intake,
significant increases in cholesterol (65%), coprostanone (80%),
cholestanol þ methylcoprostanol (42%), and lathosterol (9%) were
observed.

Cholestanol þ methylcoprostanol increased significantly after
active beverage intake compared to placebo. In the case of choles-
tanone, the statistically significant difference proved irrelevant, as
the values obtained were below the detection or quantitation limits.

Fecal PS contents after the intervention and their net increments
are shown in Table 4. A statistically significant increase in total and
individual PS (except ethylcoprostenol and brassicasterol) was
recorded after active beverage intake (final). Furthermore, statis-
tically significant differences (p < 0.05) in net increment between
placebo and active beverage intake were observed for all PS except
for ethylcoprostenol and brassicasterol.

http://cran.r-project.org


Fig. 2. Flow diagram of the progress through the phases of a randomized double-blind crossover trial (intervention allocation, follow-up, and data analysis).
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4.4. Conversion of sterols

Figure 5 shows the conversion percentages of different neutral
sterols (cholesterol, sitosterol, and stigmasterol) in all subjects
after active and placebo beverage intake. To calculate this
percentage, the following equationwas used: [metabolites/(neutral
sterol þ metabolites)] x 100. In order to classify women as low or
high converters, we considered that a low converter presents a
sterol conversion rate of <50%, while a high converter presents a
sterol conversion rate of �50% [34]. Hence, the number of women
found to be high converters after placebo and active beverage
intake were: cholesterol 33 and 29 (Fig. 5A); sitosterol 29 and 17
(Fig. 5B); and finally stigmasterol 18 and 27 (Fig. 5C), respectively.
However, in the case of campesterol, all women were low con-
verters after placebo and active beverage intake (data not shown).

We consider it interesting to note the effect of the active
beverage upon the decrease in conversion percentage. Based on the
conversion percentage frequency distribution used by Wilkins and
Hackman (1974) [34], the �10% reduction in the conversion per-
centage of the sterols stands out (Fig. 5). In this context, active
beverage intake produced a significant decrease (between 11% and
50%) in cholesterol conversion in 16 women (Fig. 5A, marked with
arrows), although 12 of whom remained high converters and 4
became low converters. Regarding sitosterol, 24 women showed a
significant decrease (between 15% and 61%) after active beverage
intake (Fig. 5B, markedwith arrows), and 7 of whom remained high
converters and 4 low converters, while 13 women changed from
high to low converters. However, in the case of stigmasterol, the
intake of the active beverage only produced a significant decrease
(between 14% and 67%) in 6 women (Fig. 5C, marked with arrows),
of whom only 3 remained as high converters. In general, most
women (n ¼ 31) did not change their conversion percentage with
regard to campesterol after active beverage intake.
4.5. Correlation of sterols

The Spearman correlation coefficient (r) was used to evaluate
statistically significant associations referred to fecal AS, PS contents
and their corresponding metabolites, after active or placebo
beverage intake. In this sense, only after active beverage intake, was
a statistically significant correlation found between fecal sitosterol
(r: 0.632, p ¼ 0.0002), campesterol (r: 0.428, p ¼ 0.0112) and
stigmasterol (r: 0.370, p ¼ 0.0282) (sterols present in active
beverage) and total fecal PS. In addition, a positive and strong
correlation was observed between total fecal PS and total sterols
after active beverage intake (r: 0.926, p ¼ 0.0000), the correlation
being weaker in the case of the placebo (r: 0.654, p ¼ 0.0001).
However, a weak correlation was observed between total fecal AS
and total fecal sterols after active beverage intake (r: 0.643,
p¼ 0.0001), with a strong correlation after placebo intake (r: 0.944,
p ¼ 0.0000).

It should be noted that the inverse relationship observed be-
tween fecal cholesterol and its metabolites after both active
(r: �0.592, p ¼ 0.0005) and placebo beverage intake (r: �0.335,
p ¼ 0.0471), was more intense and significant after consumption of
the active beverage. Furthermore, negative and strong correlations
were observed for fecal sitosterol, stigmasterol and campesterol
with fecal cholesterol metabolites after active beverage intake
(r: �0.519, p ¼ 0.0021; r: �0.643, p ¼ 0.0001; and r: �0.620,
p ¼ 0.0002, respectively) versus placebo (only for sitosterol
r: �0.361, p ¼ 0.0325; and stigmasterol r: �0.506, p ¼ 0.0027).



Fig. 3. Receiver Operating Characteristic (ROC) curves to predict beverage intake (active or placebo) in the intervention clinical trial. Active: PS-enriched skimmed milk based fruit
beverage. Placebo: skimmed milk based fruit beverage. Group: A: cholesterol þ coprostanol þ coprostanone; B: sitosterol þ sitostanol þ ethylcoprostanol þ ethylcoprostanone; C:
campesterol þ campestanol þ methylcoprostanone; D: stigmasterol þ stigmastenol þ ethylcoprostenol; E: cholesterol þ sitosterol þ campesterol þ stigmasterol; F: total animal
sterols þ total plant sterols.
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Fig. 4. Sterols and their metabolites response in feces upon regular consumption of active and placebo beverages (n ¼ 36). Active: PS-enriched skimmed milk based fruit beverage.
Placebo: skimmed milk based fruit beverage. Boxes represent the mean of the net increment: final e basal (n ¼ 36). Points in each box represent outlier values.
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Table 3
Fecal animal sterols contents (mg/g freeze-dry feces) after placebo and active beverages intake.

Sterol Basal Final p value Net increment p value

Placebo
Cholesterol 1.51a (0.79; 3.02) 2.02b (1.12; 4.25) 0.03 0.43 (�0.14, 1.71)
Coprostanol 12.74a (7.77, 22.02) 12.50a (9.51, 21.21) 1.00 0.00 (�3.72, 4.74)
Coprostanone 1.40a (0.55, 2.85) 1.23a (0.60, 3.04) 0.49 0.10 (�0.38, 0.66)
Cholestanol þ methylcoprostanolc 0.55a (0.46, 0.81) 0.58a (0.40, 0.80) 0.61 �0.01 (�0.16, 0.10)
Cholestanoned 0.0011a (0.0011, 0.095) 0.0011a (0.0011, 0.10) 0.93 0.00 (0.00, 0.02)
Lathosterol 0.11a (0.09, 0.15) 0.12a (0.09, 0.16) 1.00 0.00 (�0.02, 0.03)
Total animal sterols 19.82a (13.89, 28.50) 21.58a (14.47, 30.10) 0.61 �1.10 (�3.34, 6.45)

Active
Cholesterol 2.30a (1.70, 4.20) 3.80b (1.87, 7.24) 0.01 0.76 (�0.12, 3.20) 0.16
Coprostanol 12.87a (7.03, 19.05) 9.90a (6.39, 16.26) 0.13 �0.35 (�5.30, 1.52) 0.11
Coprostanone 1.24a (0.61, 3.00) 2.23b (0.83, 4.54) 0.04 0.52 (�0.26, 1.65) 0.14
Cholestanol þ methylcoprostanolc 0.67a (0.44, 0.85) 0.95b (0.62, 1.53) 5 � 10�4 0.36* (0.005, 0.71) 6 � 10�4

Cholestanoned 0.0011a (0.0011, 0.090) 0.0011b (0.0011, 0.22) 0.01 0.00* (0.00, 0.10) 6 � 10�4

Lathosterol 0.11a (0.09, 0.17) 0.12b (0.09, 0.17) 0.04 0.01 (�0.01, 0.05) 0.32
Total animal sterols 18.81a (14.18; 25.20) 18.64a (15.92; 28.51) 0.24 1.44 (�4.76; 7.38) 1.00

Placebo: skimmed milk based fruit beverage intake. Active: PS-enriched skimmed milk based fruit beverage intake. Net increment: final e basal. Values are expressed as
median (n ¼ 36). Percentile: 25e75% is indicated between parentheses.
Different lowercase letters (a, b) indicate statistically significant differences (p < 0.05) in the excretion to each sterol (mg sterol/g freeze-dry feces) between basal and final
samples for each type of period (active or placebo).
*Indicate statistically significant differences (p < 0.05) in the net increment excretion of each sterol (mg sterol/g freeze-dry feces) between placebo and active period.

c The applied method does not allow the separation of these compounds.
d In those women who had cholestanone contents lower than the limit of detection (0.0011 mg/g) or quantitation (0.0036 mg/g); the limit of detection were used for

statistical treatment.
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However, negative correlations between fecal cholesterol and PS
metabolites were similar after active (r: �0.397, p ¼ 0.0187) and
placebo beverage intake (r: �0.442, p ¼ 0.0089). In addition,
similar positive correlations between fecal cholesterol metabolites
and PS metabolites after active (r: 0.702, p ¼ 0.0000) and placebo
beverage intake (r: 0.711, p ¼ 0.0000) were observed. Finally, the
positive correlation observed between fecal PS metabolites and
total PS was greater after placebo (r: 0.873, p ¼ 0.0000) than after
active beverage intake (r: 0.589, p ¼ 0.0005).
Table 4
Fecal plant sterols contents (mg/g freeze-dry feces) after placebo and active beverages in

Plant sterol Basal Final

Placebo
Sitosterol 1.21a (0.93; 2.19) 1.63a (1.08; 2.34)
Sitostanol 0.14a (0.07; 0.24) 0.13a (0.03; 0.21)
Ethylcoprostanol 4.00a (3.06; 5.85) 4.42a (3.05; 5.22)
Ethylcoprostanone 0.96a (0.57; 1.45) 1.13a (0.75; 1.66)
Campesterol 0.22a (0.04; 0.36) 0.24a (0.12; 0.33)
Campestanol 0.37a (0.20; 0.58) 0.41a (0.13; 0.55)
Methylcoprostanone 0.01a (0.004; 0.03) 0.01a (0.004; 0.03
Stigmasterol 0.17a (0.09; 0.24) 0.18a (0.13; 0.26)
Stigmastenol 0.21a (0.0003; 0.51) 0.23a (0.0003; 0.7
Ethylcoprostenol 0.06a (0.04; 0.06) 0.06a (0.05; 0.07)
Brassicasterol 0.25a (0.15; 0.34) 0.22a (0.15; 0.34)
Total plant sterols 8.73a (6.50; 10.94) 9.20a (7.11; 10.28

Active
Sitosterol 1.83a (1.06; 2.68) 11.82b (5.87; 21.0
Sitostanol 0.11a (0.0002; 0.35) 5.75b (4.31; 7.89)
Ethylcoprostanol 4.62a (2.64; 5.36) 11.42b (6.74; 20.6
Ethylcoprostanone 1.03a (0.73; 1.46) 1.85b (1.40; 2.23)
Campesterol 0.31a (0.17; 0.50) 1.88b (1.06; 3.35)
Campestanol 0.32a (0.15; 0.63) 1.01b (0.74; 1.40)
Methylcoprostanone 0.01a (0.0004; 0.04) 0.05b (0.02; 0.13)
Stigmasterol 0.18a (0.10; 0.28) 0.39b (0.22; 0.60)
Stigmastenol 0.10a (0.0003; 0.46) 1.58b (0.38; 3.57)
Ethylcoprostenol 0.06a (0.05; 0.06) 0.06a (0.05; 0.07)
Brassicasterol 0.25a (0.18; 0.38) 0.25a (0.18; 0.35)
Total plant sterols 8.58a (6.75; 11.64) 43.86b (33.51; 55.

Placebo: skimmed milk based fruit beverage intake. Active: PS-enriched skimmed milk
median (n ¼ 36). Percentile: 25e75% is indicated between parentheses.
Different lowercase letters (a, b) indicate statistically significant differences (p < 0.05) in
samples for each type of period (active or placebo).
*Indicate statistically significant differences (p < 0.05) in the net increment excretion of
5. Discussion

This clinical study was carried out to evaluate the impact of high
PS intake on excreted fecal sterols and their microbial conversion in
postmenopausal women with mild hypercholesterolemia. Fecal
sitosterol together with its metabolites (Fig. 3B) and fecal AS with
PS (Fig. 3F) were identified as the most adequate predictors in the
binary logistic regression analysis (ROC curves) for establishing
subject adherence in the trial. In addition, individual fecal sterol PS
take.

p value Net increment p value

1.00 �0.03 (�0.26; 0.21)
0.71 0.00 (�0.09; 0.05)
0.73 �0.02 (�1.14; 0.92)
0.49 0.15 (�0.20; 0.62)
0.85 0.00 (�0.085; 0.07)
0.47 �0.02 (�0.20; 0.19)

) 0.90 0.00 (�0.01; 0.01)
0.15 0.01 (�0.03; 0.08)

4) 0.23 0.00 (0.00; 0.01)
0.26 0.00 (0.00; 0.01)
1.00 0.00 (�0.08; 0.05)

) 0.86 0.10 (�1.33; 1.67)

3) 4 � 10�6 10.00* (4.12; 17.73) 7 � 10�7

6 � 10�7 5.42* (3.34; 7.38) 4 � 10�7

3) 2 � 10�5 6.40* (0.77; 14.72) 2 � 10�5

1 � 10�5 0.66* (0.27; 1.20) 2 � 10�3

2 � 10�6 1.57* (0.91; 2.44) 5 � 10�6

5 � 10�6 0.67* (0.31; 1.06) 5 � 10�6

2 � 10�4 0.04* (0.02; 0.10) 5 � 10�4

3 � 10�5 0.20* (�0.005; 0.36) 7 � 10�4

4 � 10�5 1.17* (0.00; 2.53) 6 � 10�5

0.10 0.00 (0.00; 0.01) 0.52
0.88 0.00 (�0.07; 0.07) 1.00

72) 1 � 10�6 33.29* (22.19; 47.62) 2 � 10�6

based fruit beverage intake. Net increment: final e basal. Values are expressed as

the excretion to each sterol (mg sterol/g freeze-dry feces) between basal and final

each sterol (mg sterol/g freeze-dry feces) between placebo and active period.



Fig. 5. Conversion percentages of cholesterol, sitosterol and stigmasterol from intervention clinical trial with post-menopausal women after active and placebo beverage intake
(n ¼ 36). Abscissa axis represents the 36 post-menopausal women who participated in the clinical study; Ordinate axis shows the sterol conversion percentage, which
was calculated according to the following equation: [metabolites/(neutral sterols þ metabolites)] x 100. A: cholesterol conversi�on [coprostanol þ coprostanone/
(cholesterol þ comprostanol þ coprostanone)]; B: sitosterol conversion [ethylcoprostanol þ ethylcoprostanone/(sitosterol þ sitotanol þ ethylcoprostanol þ ethylcoprostanone)]; C:
stigmasterol conversion [stigmastenol þ ethylcoprostenol/(stigmasterol þ stigmastenol þ ethylcoprostenol)]. Solid line with a circle as marker: conversion after active beverage;
Dashed line with a triangle as marker: conversion after placebo. The dashed line located on each graph shows the threshold at 50% to define the low and high converters according
to Wilkins & Hackman, (1974) [27]. The arrow indicates the significant decrease (�10%) after active beverage intake compared to placebo.
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(sitosterol, campesterol and stigmasterol present in the active
beverage) were directly and strongly correlated to total fecal PS
after active beverage intake.

Furthermore, the net increment of excretion of neutral sterols
(those present in the active beverage) showed fewer outliers after
active beverage intake (Fig. 4). This suggests that both groups, A and
B (Fig. 1), responded homogeneously to active beverage intake,
independently of the timing of ingestion. However, the net incre-
ment in ethylcoprostanol excretion showed a more homogeneous
response after active beverage intake, perhaps due to the high
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sitosterol content present in the latter (Fig. 4B). The heterogeneous
response referred to the net increment excretion of neutral sterols
after placebo beverage intake was possibly the result of variability
in dietary habits among the women [10,21,22,24], which was not
controlled and has emerged as an instrumental factor in the
configuration of the gut microbiota [22,24,35,36]. In this context,
the response of fecal sterol metabolites after active beverage intake
was more heterogeneous, especially with regard to AS (Fig. 4A) and
methylcoprostanone (Fig. 4C), due to interindividual microbial
variability. In fact, each individual human is known to harbor
specific bacteria [37], and the long-term intake of high-animal fat
diets is associated to changes in the gut microbiota [38,39].

The total fecal AS contents found in our study (13.9e30.10 mg/g
freeze-dried feces) (Table 3) were similar to those reported by other
authors after diets not enriched with PS (19.4e28.5 mg/g freeze-
dried feces) [12,16,19,29,33,34,40]. In humans with PS-enriched
margarine intake (8.6 g PS/day) [29], an increase has been evi-
denced in fecal cholesterol content (net cholesterol excretion
20.7 mg/g freeze-dried feces). However, this fact was not observed
in our study, probably due to a lower PS intake (2.0 g/day).

The fecal contents in PS and their metabolites (6.50e11.64 mg/g
freeze-dried feces) were similar in the two basal periods and in the
final period for placebo, in concordance with other authors
(5.50e10.20 mg/g freeze-dried feces) [18,33,34,40]. However,
active beverage intake produced greater (nearly 5-fold) PS excre-
tionwith respect to placebo (Table 4), in agreement with one of the
aforementioned studies after PS-enriched margarine consumption
(nearly 17-fold) [29]. We also found a significant increase (nearly 3-
fold) in ethylcoprostanol excretion after active beverage intake.
These results suggest that the gut microbiota preferentially uses PS
as substrate, as they were present in a greater proportion with
respect to cholesterol. In addition, the relative percentages of fecal
AS and PS with respect to total fecal sterols in the two basal periods
and in the final period for placebo were consistent with the results
of other authors (~70 and ~30%, respectively) [15,18,29,33,34,40].
However, these relative percentages were reversed (~30 and ~70%,
respectively) after active beverage intake. Similarly, while the
positive correlation between total fecal PS/total sterols was greater
after active beverage intake, the correlation between total fecal
AS/total sterols was greater after placebo.

An inverse correlation between fecal cholesterol and its
metabolites was observed that proved greater after active beverage
intake than after placebo consumption. In this context, a significant
net increment in the excretion of coprostanone, and a slight and
nonsignificant decrease in the excretion of coprostanol, were
recorded after active beverage intake. However, other authors re-
ported a decrease in the excretion not only of coprostanol but also
of coprostanone (9 and 1.5 mg/g freeze-dried feces, respectively)
after PS-enriched food intake [29]. Besides, epidemiological studies
with subjects following vegetarian and low-animal fat diets have
reported a decrease in coprostanol (from 12.2 to 2.3 mg/g freeze-
dried feces) and coprostanone (between 2.3 and 0.3 mg/g freeze-
dried feces), compared with high-animal fat (Western) diets
[10,19e24]. In our study, this fact could be due to the diet effect in
the women, since the real sterol intake had not been controlled e

this constituting a limitation of the study. Besides, the significant
increase in coprostanone after active beverage intake could also
suggest that the gut microbiotametabolized cholesterol through an
indirect pathway, which was interrupted during this step, causing a
lower production of coprostanol. This also suggests that the ca-
pacity of the gut microbiota was not sufficient to transform AS in
the usual manner, due to the large amounts of PS present [41]. In
fact, it has been suggested that the efficiency of cholesterol con-
version is related to microbial density. In this regard, a coprostanol/
cholesterol ratio of �15 has been associated to high levels of
coprostanoligenic bacteria (108 cells/g) and to nearly complete
cholesterol conversion [42]. In this context, we found lower cop-
rostanol/cholesterol ratios in postmenopausal women after active
beverage intake compared with placebo (3.2 versus 6.2). In coinci-
dence with our findings, other authors have recorded lower ratios
after the intake of PS-enriched margarine compared to the controls
(0.35 versus 2.6) [29], in vegetarian subjects compared to omnivo-
rous individuals (1.62 versus 4.38) [19], and in low converters versus
high converters (0.13 versus 7.6) [34]. In concordance with other
authors [19,34,43], we found a low coprostanol/cholesterol ratio
(<0.9) after active beverage intake versus placebo (8%) in 20% of the
postmenopausal women. Besides, it has also been suggested that
low cholesterol conversion could be due to a lack of mucosal
receptors for coprostanoligenic bacteria [43] or to the inhibition of
these bacteria by other components of the gut microbiota [44].

As far as we know, this is the first time that microbial conversion
percentages corresponding to cholesterol, sitosterol and stigmas-
terol are reported after a PS-enriched food intervention in post-
menopausal women with mild hypercholesterolemia, describing
the effect of high PS intake upon their conversion percentage rates.
Most subjects in our study were high cholesterol converters. They
showed an average conversion percentage of 82.3 ± 11.7 after
placebo versus 75.4 ± 13.3 after active beverage intake, in the same
way as in subjects following a Western diet (75e89%) [12,19,34,45]
and in vegetarians (66%) [19]. Low converters showed percentages
of 23.5 ± 20.9 and 4.5 ± 5.2 after active and placebo intake,
respectively, according to the values reported in other studies
(1.0e43.0) among subjects following a Western diet [12,34].

However, there are no consensus-based data regarding the
thresholds that classify high and low converters. WhileWilkins and
Hackman (1974) [34] reported that high converters present a sterol
conversion percentage of�50%, Midtvedt et al. (1990) [43] reported
a value of �40%. Most authors consider the threshold to be � 50%
[12,13,16,19].

On the other hand, in 16 subjects, active beverage intake
produced a significant decrease in the fecal cholesterol conversion
percentage compared to placebo e a condition that has been re-
ported in humans after PS-enriched margarine intake [29].
However, this decrease has not been observed in vegetarian versus
omnivorous diets (66.3 ± 7.9 versus 75.3 ± 6.3) [19]. In this sense, it
has been suggested that an increase in PS intake could reduce or
block fecal cholesterol conversion, thereby resulting in a lower
production of cholesterol metabolites, which are associated to pro-
carcinogenic action and could increase the risk of colon cancer
[11,29,46]. Furthermore, a previous study by our group found PS at
human colonic concentrations to exhibit antiproliferative effects
against colon cancer cells (Caco-2 cells) [47].

Most subjects were high sitosterol converters after placebo, in
agreement with the only study that reports data in this regard (23
high and 8 low converters) [34], although fewer than half of whom
were high converters after active beverage intake. The high con-
verters showed an average in fecal sitosterol conversion percentage
of 52.7 ± 9.6 after active beverage versus 75.9 ± 11.3 after placebo
intake, while the values for the low converters were 26.9 ± 15.1 and
34.5 ± 8.5, respectively. After active beverage intake, the fecal
sitosterol conversion percentage decreased in 24 subjects. Thus, the
sitosterol/sitosterol metabolites ratio (in 22 subjects) after active
beverage intakewas higher than in the placebo group (expressed as
median, 0.5 versus 0.3). Indeed, the positive correlation between
fecal PS metabolites and total PS was greater after placebo than
after active beverage intake. These observations would suggest that
the gut microbiota was unable to metabolize the PS from active
beverage, due to the abundant presence of these sterols.

A limitation of our study was the lack of a microbiota analysis,
which did not form part of the objectives of the clinical study. Such
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an analysis would have provided valuable information about the
impact of high PS intake upon the intestinal microbial community,
allowing it to be correlated to the fecal sterol conversion percentage
found in our study. Nevertheless, the present study is of interest,
since only one publication has evaluated the effect of a PS-enriched
food upon the fecal sterol profile e this fact represents a limitation
for the discussion of the results.

6. Conclusions

In the present intervention study focusing on the intake of a
PS-enriched skimmed milk based fruit beverage (2 g/day over a
6-week period), which had a hypocholesterolemic effect, a
decrease in fecal cholesterol metabolites was observed. These
metabolites could be associated to pro-carcinogenic action. The
PS-enriched beverage did not modify the fecal excretion of
cholesterol, although an increase in coprostanone was observed,
probably due to saturation of the gut microbiota. Furthermore, an
expected significant increase in PS excretion - especially ethyl-
coprostanol - was recorded. Besides, intake of the PS-enriched
beverage modified the microbial converter profile with regard
to cholesterol and sitosterol (decreasing the number of high
converters), and stigmasterol (increasing the number of high
converters).

Therefore, further studies on the effect of PS-enriched foods
could have in the microbial metabolism of dietary sterols and on
the impact of PS-enriched foods upon the gut microbiota compo-
sition and diversity are needed.

Statements of authorship

MJL was the main researcher. MJL and AA contributed to the
study design and the writing of the study protocol. MC-T was in
charge of sample analysis and data collection. MJL, AA and MC-T
carried out the data analysis and writing the manuscript. JDB
provided statistical advice and carried out the binary logistic
regression for paired data analysis. All authors have read and
approved the final manuscript.

Sources of support

This work was supported by the Spanish Ministry of Economy
and Competitiveness (AGL2012-39503-C02-01) (MINECO-FEDER)
and Maria Cuevas-Tena holds a grant from the Spanish Ministry of
Economy and Competitiveness (BES-2013-062705) MINECO.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgements

We thank the Metabolism and Nutrition Group (Hospital Puerta
de Hierro-Majadahonda, Madrid, Spain) for feces samples, espe-
cially Dr. Ramona de los Angeles Silvestre Mardomingo for her
advice in the clinical trial. Besides, we thank Hero Espa~na, S.A. for
preparing the beverages used in this clinical trial and Laura Perea,
research technician.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.clnu.2018.08.012.
References

[1] Lagarda MJ, García-Llatas G, Farr�e R. Analysis of phytosterols in foods.
J Pharmaceut Biomed Anal 2006;41:1486e96.

[2] Commission Regulation (EU) No 686/2014 of 20 June 2014 amending Regu-
lations (EC) No 983/2009 and (EU) No 384/2010 as regards the conditions of
use of certain health claims related to the lowering effect of plant sterols and
plant stanols on blood LDL-cholesterol.

[3] Choi Y, Chang Y, Kim BK, Kang D, Kwon MJ, Kim CW, et al. Menopausal stages
and serum lipid and lipoprotein abnormalities in middle-aged women.
Maturitas 2015;80:399e405.

[4] Derby CA, Crawford SL, Pasternak RC, Sowers M, Sternfeld B, Matthews KA. Lipid
changes during the menopause transition in relation to age and weight: the
study of women's health across the Nation. Am J Epidemiol 2009;169:1352e61.

[5] Granado-Lorencio F, Lagarda MJ, Garcia-L�opez FJ, S�anchez-Siles LM, Blanco-
Navarro I, Alegría A, et al. Effect of b-cryptoxanthin plus phytosterols on
cardiovascular risk and bone turnover markers in post-menopausal women: a
randomized crossover trial. Nutr Metabol Cardiovasc Dis 2014;24:1090e6.

[6] de Boer JF, Kuipers F, Groen AK. Cholesterol transport revisited: a new turbo
mechanism to drive cholesterol excretion. Trends Endocrin Met 2018;29:123e33.

[7] Stellaard F, Lütjohann D. Fractional cholesterol absorption measurements in
humans: determinants of the blood-based dual stable isotope tracer tech-
nique. J Clin Lipidol 2015;9:14e25.

[8] García-Llatas G, Rodríguez-Estrada MT. Current and new insights on phytos-
terol oxides in plant sterol-enriched food. Chem Phys Lipids 2011;164:607e24.

[9] Wong A. Chemical and microbiological considerations of phytosterols and
their relative efficacies in functional foods for the lowering of serum choles-
terol levels in humans: a review. J Funct Foods 2014;6:60e72.

[10] Hill MJ, Aries VC. Faecal steroid composition and its relationship to cancer of
the large bowel. J Pathol 1971;104:129e39.

[11] Reddy BS, Wynder EL. Metabolic epidemiology of colon cancer: fecal bile acids
and neutral sterols in colon cancer patients and patients with adenomatous
polyps. Cancer 1977;39:2533e9.

[12] Korpela JT. Capillary gas-liquid chromatography of faecal free and esterified
neutral sterols. Scand J Clin Lab Invest 1982;42:529e34.

[13] Perogambros A, Papavassiliou J, Legakis NJ. Fecal neutral sterols in patients
with colon cancer. Oncology 1982;39:274e8.

[14] Shah VG, Dunstan RH, Geary PM, Coombes P, Roberts TK, Von Nagy-
Felsobuki E. Evaluating potential applications of faecal sterols in dis-
tinguishing sources of faecal contamination from mixed faecal samples. Water
Res 2007;41:3691e700.

[15] Batta AK, Salen G, Batta P, Tint GS, Alberts DS, Earnest DL. Simultaneous
quantitation of fatty acids, sterols and bile acids in human stool by capillary
gaseliquid chromatography. J Chromatogr B 2002;775:153e61.

[16] Keller S, Jahreis G. Determination of underivatised sterols and bile acid tri-
methyl silyl ether methyl esters by gas chromatographyemass spectrome-
tryesingle ion monitoring in faeces. J Chromatogr B 2004;813:199e207.

[17] Wu J, Hu R, Yue J, Yang Z, Zhang L. Determination of fecal sterols by gas
chromatographyemass spectrometry with solid-phase extraction and
injection-port derivatization. J Chromatogr A 2009;1216:1053e8.

[18] Olejníkov�a P, Kaszonyi A, �Simkovi�c M, Lakato�s B, Kali�n�ak M, Valachovi�cov�a M,
et al. Differences in gut microbiota activity (antimicrobials, potential
mutagens, and sterols) according to diet. Acta Aliment 2017;46:61e8.

[19] Korpela JT, Adlercreutz H. Fecal neutral sterols in omnivorous and vegetarian
women. Scand J Gastroenterol 1985;20:1180e4.

[20] Korpela JT, Adlercreutz H, Turunen MJ. Fecal free and conjugated bile acids
and neutral sterols in vegetarians, omnivores, and patients with colorectal
cancer. Scand J Gastroenterol 1988;23:277e83.

[21] Reddy S, Sanders TAB, Owen RW, Thompson MH. Faecal pH, bile acid and
sterol concentrations in premenopausal Indian and white vegetarians
compared with white omnivores. Br J Nutr 1998;79:495e500.

[22] van Faassen A, Bol J, van Dokkum W, Pikaar NA, Ockhuizen T, Hermus RJ. Bile
acids, neutral steroids, and bacteria in feces as affected by a mixed, a lacto-
ovovegetarian, and a vegan diet. Am J Clin Nutr 1987;46:962e7.

[23] Hill MJ, Drasar BS, Aries V, Crowther JS, Hawksworth G, Williams REO. Bacteria
and aetiology of cancer of large bowel. Lancet 1971;297:95e100.

[24] Reddy BS, Weisburger JH, Wynder EL. Effects of high risk and low risk diets for
colon carcinogenesis on fecal microflora and steroids in man. J Nutr 1975;105:
878e84.

[25] Reddy BS, Mastromarino A, Wynder E. Diet and metabolism: large-bowel
cancer. Cancer 1977;39:1815e9.

[26] Reddy BS, Martin CW, Wynder EL. Fecal bile acids and cholesterol metabolites
of patients with ulcerative colitis, a high-risk group for development of colon
cancer. Cancer Res 1977;37:1697e701.

[27] Reddy BS, Mastromarino A, Gustafson C, Lipkin M, Wynder EL. Fecal bile acids
and neutral sterols in patientswith familial polyposis. Cancer 1976;38:1694e8.

[28] Owen RW, Day DW, Thompson MH. Faecal steroids and colorectal cancer:
steroid profiles in subjects with adenomatous polyps of the large bowel. Eur J
Cancer Prev 1992;1:105e12.

[29] Weststrate JA, Ayesh R, Bauer-Plank C, Drewitt PN. Safety evaluation of
phytosterol esters. Part 4. Faecal concentrations of bile acids and neutral
sterols in healthy normolipidaemic volunteers consuming a controlled diet
either with or without a phytosterol ester-enriched margarine. Food Chem
Toxicol 1999;37:1063e71.

https://doi.org/10.1016/j.clnu.2018.08.012
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref1
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref1
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref1
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref1
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref3
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref3
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref3
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref3
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref4
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref4
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref4
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref4
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref5
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref6
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref6
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref6
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref7
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref7
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref7
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref7
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref8
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref8
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref8
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref9
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref9
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref9
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref9
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref10
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref10
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref10
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref11
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref11
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref11
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref11
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref12
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref12
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref12
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref13
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref13
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref13
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref14
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref14
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref14
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref14
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref14
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref15
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref15
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref15
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref15
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref15
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref16
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref17
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref17
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref17
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref17
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref17
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref18
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref19
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref19
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref19
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref20
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref20
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref20
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref20
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref21
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref21
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref21
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref21
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref22
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref22
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref22
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref22
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref23
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref23
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref23
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref24
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref24
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref24
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref24
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref25
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref25
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref25
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref26
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref26
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref26
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref26
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref27
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref27
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref27
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref28
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref28
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref28
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref28
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref29


M. Cuevas-Tena et al. / Clinical Nutrition 38 (2019) 1549e15601560
[30] Greenland P, Alpert JS, Beller GA, Benjamin EJ, Budoff MJ, Fayad ZA, et al. 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.
developed in collaboration with the American society of echocardiography,
American society of nuclear cardiology, society of atherosclerosis imaging and
prevention, society for cardiovascular angiography and interventions, society
of cardiovascular computed tomography, and society for cardiovascular
magnetic resonance. J Am Coll Cardiol 2010;56:e50e103.

[31] Alvarez-Sala A, Garcia-Llatas G, Cilla A, Barbera R, S�anchez-Siles LM,
Lagarda MJ. Impact of lipid components and emulsifiers on plant sterols
bioaccessibility from milk-based fruit beverages. J Agric Food Chem 2016;64:
5686e91.

[32] Hern�andez-Alvarez E, Blanco-Navarro I, P�erez-Sacrist�an B, S�anchez-Siles LM,
Granado-Lorencio F. In vitro digestion-assisted development of a b-cryptox-
anthin-rich functional beverage; in vivo validation using systemic response
and faecal content. Food Chem 2016;208:18e25.

[33] Cuevas-Tena M, Alegría A, Lagarda MJ. Determination of fecal sterols following
a diet with and without plant sterols. Lipids 2017;52:871e84.

[34] Wilkins TD, Hackman AS. Two patterns of neutral steroid conversion in the
feces of normal North Americans. Cancer Res 1974;34:2250e4.

[35] Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, et al. Dominant
and diet-responsive groups of bacteria within the human colonic microbiota.
ISME J 2011;5:220e30.

[36] Conlon MA, Bird AR. The impact of diet and lifestyle on gut microbiota and
human health. Nutrients 2017;7:17e44.

[37] Rajili�c-Stojanovi�c M, Heilig HG, Tims S, Zoetendal EG, Vos WM. Long-term
monitoring of the human intestinal microbiota composition. Environ Micro-
biol 2013;15:1146e59.
[38] Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y, Keilbaugh SA, et al. Linking
long-term dietary patterns with gut microbial enterotypes. Science 2011;334:
105e8.

[39] David LA, Maurice CF, Cardomy RN, Gootenberg DB, Button JE, Wolfe BE, et al.
Diet rapidly and reproducibly alters the human gut microbiome. Nature
2014;505:559e63.

[40] Batta AK, Salen G, Rapole KR, Batta M, Batta P, Alberts D, et al. Highly
simplified method for gas-liquid chromatographic quantitation of bile acids
and sterols in human stool. J Lipid Res 1999;40:1148e54.

[41] Cohen BI, Raicht RF, Mosbach EH. Effect of dietary bile acids, cholesterol, and
b-sitosterol upon formation of coprostanol and 7-dehydroxylation of bile
acids by rat. Lipids 1974;9:1024e9.

[42] Veiga P, Juste C, Lepercq P, Saunier K, B�eguet F, G�erard P. Correlation between
faecal microbial community structure and cholesterol-to-coprostanol con-
version in the human gut. FEMS Microbiol Lett 2005;242:81e6.

[43] Midtvedt T, Lingaas E, Carlstedt-Duke B, H€overstad T, Midtvedt AC,
Saxerholt H, et al. Intestinal microbial conversion of cholesterol to coprostanol
in man. APMIS 1990;98:839e44.

[44] Sadzikowski MR, Sperry JF, Wilkins TD. Cholesterol-reducing bacterium from
human feces. Appl Environ Microbiol 1977;34:355e62.

[45] Benno P, Midtvedt K, Ala M, Collinder E, Norin E, Midtvedt T. Examination of
intestinal conversion of cholesterol to coprostanol in 633 healthy subjects
reveals an age-and sex-dependent pattern. Microb Ecol Health Dis 2005;17:
200e4.

[46] Bradford PG, Awad AB. Phytosterols as anticancer compounds. Mol Nutr Food
Res 2007;51:161e70.

[47] L�opez-García G, Cilla A, Barber�a R, Alegría A. Antiproliferative effect of plant
sterols at colonic concentrations on Caco-2 cells. J Funct Foods 2017;39:
84e90.

http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref30
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref31
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref32
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref33
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref33
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref33
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref34
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref34
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref34
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref35
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref35
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref35
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref35
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref36
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref36
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref36
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref37
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref38
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref38
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref38
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref38
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref39
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref39
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref39
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref39
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref40
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref40
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref40
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref40
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref41
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref41
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref41
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref41
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref42
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref43
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref43
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref43
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref43
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref43
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref44
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref44
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref44
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref45
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref45
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref45
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref45
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref45
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref46
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref46
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref46
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47
http://refhub.elsevier.com/S0261-5614(18)32383-5/sref47

	Impact of colonic fermentation on sterols after the intake of a plant sterol-enriched beverage: A randomized, double-blind  ...
	1. Introduction
	2. Material and methods
	2.1. Clinical study
	2.2. Analyses performed
	2.2.1. Fecal samples
	2.2.2. Sterol analysis


	3. Statistical analysis
	4. Results
	4.1. Participant enrollment
	4.2. Subject adherence
	4.3. Excretion of fecal sterols
	4.4. Conversion of sterols
	4.5. Correlation of sterols

	5. Discussion
	6. Conclusions
	Statements of authorship
	Sources of support
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


