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Abstract: Cholesterol-derived bile acids (BAs) affect numerous physiological functions such as
glucose homeostasis, lipid metabolism and absorption, intestinal inflammation and immunity, as well
as intestinal microbiota diversity. Diet influences the composition of the BA pool. In the present study,
we analyzed the impact of a dietary supplementation with a freeze-dried blueberry powder (BBP) on
the fecal BA pool composition. The diet of 11 men and 13 women at risk of metabolic syndrome was
supplemented with 50 g/day of BBP for 8 weeks, and feces were harvested before (pre) and after
(post) BBP consumption. BAs were profiled using liquid chromatography coupled with tandem mass
spectrometry. No significant changes in total BAs were detected when comparing pre- vs. post-BBP
consumption samples. However, post-BBP consumption samples exhibited significant accumulations
of glycine-conjugated BAs (p = 0.04), glycochenodeoxycholic (p = 0.01), and glycoursodeoxycholic
(p = 0.01) acids, as well as a significant reduction (p = 0.03) in the secondary BA levels compared with
pre-BBP feces. In conclusion, the fecal bileacidome is significantly altered after the consumption of
BBP for 8 weeks. While additional studies are needed to fully understand the underlying mechanisms
and physiological implications of these changes, our data suggest that the consumption of blueberries
can modulate toxic BA elimination.

Keywords: blueberries; bile acids; dietary supplements; polyphenols; LC-MS/MS profiling

1. Introduction

Cholic acid (CA) and chenodeoxycholic acid (CDCA) are the primary bile acids (BAs)
formed from cholesterol in the liver, and stored in the gallbladder under the forms of
conjugates to the amino acids glycine or taurine also known as bile salts [1]. Glyco- and
tauro-conjugated BAs can then be secreted into the biliary tract to reach the intestinal lumen
where they favor the absorption of fat-soluble nutrients [1]. Due to their amphipathic
nature, BAs have the ability to form micelles, which promote the intestinal absorption of
dietary lipids and other lipophilic compounds such as vitamins A, D, K, and E [2]. From
the intestinal lumen, BAs are recycled through enterohepatic recirculation. The majority
of BAs are actively reabsorbed in the ileum via captation by the apical sodium-dependent
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bile salt transporter from enterocytes [3]. Then, BAs can be secreted from the ileocytes to
the portal circulation to return to the liver [3]. This mechanism, together with low passive
absorption throughout the intestinal tract, is responsible for the effective recycling of 95%
of the BAs secreted in the intestine [1]. The remaining 5% (roughly 500 mg per day) are
excreted in feces [4]. BAs that are not reabsorbed undergo many transformations by the
microbiota, most of which occur in the ileum and colon. Gut bacteria can deconjugate
conjugated BAs via bile salt hydrolase enzymes to form unconjugated BAs, which can then
be dehydroxylated into secondary lithocholic acid (LCA) and deoxycholic acid (DCA) via
the 7α-dehydroxylase enzyme [5].

BAs and their derivatives play major roles in the regulation of cholesterol and act as
endogenous ligands for several nuclear and membrane receptors (namely the farnesoid
X receptor (FXR), pregnane X receptor (PXR), vitamin D receptor (VDR), constitutive
androstane receptor (CAR), and Takeda G protein-coupled receptor 5 (TGR5)), to regulate
functions such as glucose and lipid metabolism, inflammation, and immunity [1,4,6,7]. BAs
display different capabilities for binding to and activating these receptors. For example,
as an FXR agonist, the primary acid CDCA and its tauro-conjugates play a determinant
role in the intracrine negative feedback loop in which BAs control their own hepatic
synthesis [4]. By contrast, the secondary acid, glycoursodeoxycholic acid (GUDCA), can
act as an FXR antagonist [8]. Intestinal secondary acids such as DCA and LCA also act as
natural antibiotics and thus influence microbiota diversity [9]. In such a context, minimal
changes in the BA pool composition can have a major impact on human health.

To ensure an optimal level for these biological functions, the formation and metabolism
of BAs are highly and specifically regulated by endo- and exogenous factors such as
negative feedback loops, feeding state, circadian rhythm, and enteric reabsorption [1]. In
addition, the composition of the BA pool can be influenced by dietary factors, microbiota
composition, metabolic disorders, and several pathologies of the gut–liver axis [10]. Such a
complex regulation process results in different BA profiles, particularly following specific
dietary intervention [11].

Dietary polyphenols are among the food components currently investigated in depth
regarding human health are polyphenols [12,13]. Recent observations revealed that con-
sumption of polyphenol-rich fruits can affect the bileacidome [13,14]. Blueberries are highly
concentrated in anthocyanins, a type of polyphenol that give the characteristic colors of the
berries [15] and are known to influence the microbiome [16,17]. Based on these observa-
tions, we hypothesized that the consumption of blueberry extracts may have significant
impacts on the fecal bileacidome. To test this hypothesis, the fecal bile acid profile was
measured before and after an 8-week consumption period of 50 g/day of freeze-dried
blueberry powder (BBP) by in 24 human volunteers.

2. Methods
2.1. Ethics Statement

This study was approved by the Ethics Committees of Université Laval and the CHU
de Québec Research Centre. The study is registered at https://clinicaltrials.gov/ (accessed
on 8 May 2022) (NCT03266055). All subjects signed a written informed consent prior to
their participation in the study.

2.2. Participants and Original Design

Samples analyzed in this study were originally collected from volunteers of a random-
ized, double-blind, placebo-controlled trial measuring the impact of BBP supplementation
on immune related pathways (see reference [18]). Briefly, the original study was con-
ducted between 2017 and 2019 at the Institute of Nutrition and Functional Foods (INAF)
of Université Laval in the Quebec City area (Canada). Caucasian men and women (pre-
menopausal), in good health, and aged 18–55 years were recruited. The original trial
involved 49 participants randomized to either the placebo (n = 24) or BBP intervention
group (n = 25).

https://clinicaltrials.gov/


Nutrients 2022, 14, 3857 3 of 11

From the 49 participants involved in the original trial [18], only those from the in-
tervention group were selected for the present proof-of-concept study on bile acids. A
sample from one participant in the BBP group could not be used as it was of insufficient
quantity to be profiled for BAs. In summary, the final cohort involved in the present inves-
tigation comprised 24 Caucasian individuals (11 men and 13 premenopausal, nonpregnant
and nonlactating women) of the BBP intervention group that were at risk of metabolic
syndrome (Table 1).

Table 1. General baseline characteristics of participants from whom fecal samples were used in the
present study. Adapted from Rousseau et al. [18].

Parameter Mean [Range]

Weight (kg) 89.5 [62.5–126.5]
Height (m) 1.71 [1.53–1.88]

BMI (kg/m2) 30.8 [23.4–47.1]
Waist circumference (cm) 101.5 [81.0–131.3]
Hip circumference (cm) 110.2 [92.2–141.8]

SBP (mmHg) 115.2 [99.0–131.7]
DBP (mmHg) 72.5 [57.0–82.3]
Apo B (g/L) 0.91 [0.60–1.41]

Total-C (mmol/L) 4.56 [2.99–6.41]
TG (mmol/L) 1.54 [0.53–3.98]

HDL-C (mmol/L) 1.17 [0.74–1.99]
LDL-C (mmol/L) 2.68 [1.58–4.05]
Total-C/HDL-C 4.06 [2.42–6.97]

HbA1c 0.051 [0.045–0.056]
Age (year) 35.0 [23.0–53.0]

Sex [n]
Men 11

Women 13
Annual household income (CAD) [n]

0–39,999 7
40,000–79,000 8
80,000–99,000 4
≥100,000 4

Nondisclosed 1
Highest education level completed [n]

High school 2
College 6

University 16
BMI, body mass index; Waist circ, waist circumference; Hip circ, hip circumference; SBP, systolic blood pressure;
DBP, diastolic blood pressure; ApoB, Apolipoprotein B; Total-C, total cholesterol; TG, triglycerides; HDL-C, HDL
cholesterol; LDL-C, LDL cholesterol; HbA1c, glycated hemoglobin; n, number of participants.

As extensively described in Rousseau et al. [18], the inclusion criteria were a BMI of
25.0–40.0 kg/m2 or abdominal obesity (waist circumference ≥ 94 cm for men and ≥80 cm
for women); triglycerides ≥1.35 mmol/L or fasting insulin concentration ≥ 42 pmol/L [19].
Participants were excluded if, prior to the study, they were diagnosed with diabetes,
hypercholesterolemia, or hypertension, and if they were taking medications for these
conditions. Participants were also excluded if they took antibiotics during or up to the
months before the study [18].

2.3. Intervention

Participants were asked to consume 50 g of a freeze-dried BBP per day (2 doses of
25 g separated by at least 8 h) for 8 weeks. A total of 50 g BBP is roughly equivalent to
350 g of fresh blueberries [18]. The BBP was provided by the U.S. Highbush Blueberry
Council (Folsom, CA). It consisted of a blend of milled freeze-dried highbush blueberries
from two cultivars (Vaccinium virgatum (ashei) and Vaccinium corymbosum) in a 1:1 ratio [18].
Participants were asked to add the BBP to 300 mL of water or to mix it in food that
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would not compromise the phytochemicals [18]. They were instructed not to make major
changes to their lifestyle or dietary pattern for the duration of the study. Restrictions were
imposed on whole-berry consumption as well as on certain products with high contents of
phytochemicals such as red wine, coca products, tea, and coffee [18].

At week 0 (pre-) and 8 (post-treatment), participants were asked to collect stool
samples at home at a bowel movement as close as possible to the visit planned to the
research center [18]. They had to keep the samples in their freezer (−20 ◦C) until they
brought it to the research center. An icepack was provided to keep the samples frozen
during transportation. Thereafter, stool samples were stored at −80 ◦C at the research
center until BA profiling.

2.4. Measurement of Fecal Bile Acids

A total of 19 BA species were extracted, separated, and quantified using a previously
reported liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
method [20,21]. Briefly, fecal samples were lyophilized under nitrogen and resolubilized
in a water:methanol (50:50) solution containing 0.1% formic acid. Stainless-steel beads
were added to the resulting suspension and blended at 4 ◦C to obtain a homogenate
(Blender, Next Advance, NY, USA). Organic fraction was evaporated under nitrogen before
resuspension in water containing 0.1% formic acid. Deuterated BAs were added as an
internal standard. After centrifugation at 5000 g for 5 min, the supernatant was collected
and the organic fraction was evaporated under nitrogen before resuspension in water
containing 0.1% formic acid. The solution containing BAs then underwent a solid-phase
extraction using Strata-X 60 mg columns (Phenomenex, Torrance, CA, USA). As extensively
reported [20,21], the LC-MS/MS system consisted of a Nexera ultra-high-pressure liquid
chromatography (UHPLC) instrument (Shimadzu Scientific Instruments, Columbia, MO,
USA) coupled with an API6500 tandem mass spectrometer (Applied Biosystems, Concord,
ON, Canada).

HPLC-grade solvents were purchased from VWR Canlab (Montréal, QC, Canada). Am-
monium formate was bought from Laboratoire Mat (Quebec City, QC, Canada). Deutered
BAs standards (d4-CA, d4-CDCA, d4-LCA d4-DCA, d4-GCA and d4-TCA) were purchased
from C/D/N Isotopes (Montréal, QC, Canada) and Toronto Research Chemicals (Toronto,
ON, Canada). The separation column for chromatographic separation used was a Poroshell
120 EC-C18 2.7 µm; 2.1 × 150 mm (Agilent, Santa Clara, CA, U.S.A.).

2.5. Bile Acid Analysis

As previously reported [21,22], total BA concentrations correspond to the sum of
all BAs measured. Total sums of glyco- and tauro-conjugates were calculated by the
summation of concentrations of conjugated BAs: CDCA, CA, DCA, LCA, UDCA, and
hyodeoxycholic acid (HDCA). The sum of unconjugated BAs also included HCA concen-
tration. The total of primary, secondary, and hydroxylated BA species was determined
by adding all unconjugated and/or conjugated species of CDCA + CA, LCA + DCA, or
HDCA + hyocholic acid (HCA), respectively. The total of CA, CDCA, LCA, DCA, HDCA,
or HCA was obtained by summing the concentrations of all forms (unconjugated and
conjugated) for each species.

2.6. Statistical Analysis

All data are presented as mean ± SEM. Bile acid levels showed neither normal nor
lognormal distribution using normality and lognormality hypothesis tests (Anderson-
Darling test, D’Agostino and Pearson test, Shapiro–Wilk test, and Kolmogorov–Smirnov
test) and failed visual test for normality with a quantile–quantile plot. Thus, nonparametric
tests were chosen for all the analyses. To assess differences in BA levels after the intervention
compared with baseline, the Wilcoxon matched-pairs signed rank tests were also corrected
for multiple comparisons using the Bonferroni–Dunn method. For differences between
sex in BA profiles, the Mann–Whitney test corrected for multiple comparisons with the
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Bonferroni-Dunn method was used. Descriptive statistics (mean, standard error of the
mean (SEM), coefficient of variation (CV), range, etc.) are used to present the data and to
characterize interindividual variation. All statistical analyses were made using Prism 9
from GraphPad Software™ (San Diego, CA, USA). The significance threshold was set at
p values < 0.05 (two sided).

3. Results
3.1. Fecal Bile Acid Profiles Sustain Large Inter-Individual Variability

As illustrated in Table 2, unconjugated BAs were the main component of the fecal
pool, representing 95.4 ± 0.7% at the beginning of the study. Most of the unconjugated
species corresponded to secondary acids, which represented 90.2 ± 2.0% of the total BA
pool (Table 2). With respective levels of 2.91 ± 0.31 and 2.53 ± 0.23 nmol/mg of feces, the
unconjugated forms of the secondary acids, DCA and LCA, were the most abundant species
(Table 2). Glycine- and taurine-conjugated BAs together represented only 1.75 ± 0.52% of
fecal BAs.

Table 2. Bile acid concentrations before and after an 8-week period of consumption of freeze-dried
blueberry powder.

Before (Baseline) After (Week 8) Mean
Diff.

Adjusted
p ValueBile Acids Mean SEM Mean SEM

CA 0.1887 ±0.0734 0.2732 ±0.1672 0.0844 >0.999
CDCA 0.0967 ±0.0278 0.1296 ±0.0673 0.0328 >0.999
DCA 2.9097 ±0.3159 2.1280 ±0.2336 −0.7817 0.103
LCA 2.5275 ±0.2297 1.9844 ±0.1574 −0.5431 0.103

HDCA 0.0087 ±0.0011 0.0064 ±0.0008 −0.0023 0.375
HCA 0.0023 ±0.0007 0.0019 ±0.0006 −0.0005 >0.999

UDCA 0.0323 ±0.0093 0.0518 ±0.0192 0.0195 >0.999
GCA 0.0159 ±0.0076 0.0279 ±0.0090 0.0120 0.115

GCDCA 0.0102 ±0.0032 0.0170 ±0.0043 0.0068 0.010
GDCA 0.0132 ±0.0031 0.0145 ±0.0018 0.0013 >0.999
GLCA 0.0003 ±0.0001 0.0003 ±0.0000 −0.0001 >0.999

GUDCA 0.0010 ±0.0002 0.0017 ±0.0004 0.0008 0.011
TCA 0.0153 ±0.0081 0.0212 ±0.0098 0.0059 >0.999

TCDCA 0.0073 ±0.0030 0.0188 ±0.0095 0.0115 >0.999
TDCA 0.0306 ±0.0117 0.0203 ±0.0065 −0.0103 >0.999
TLCA 0.0015 ±0.0007 0.0011 ±0.0004 −0.0004 >0.999

TUDCA 0.0007 ±0.0004 0.0014 ±0.0008 0.0007 >0.999
TOTAL BA 6.0068 ±0.5721 4.8358 ±0.4598 −1.1710 0.517

Unconjugated 5.7660 ±0.5556 4.5752 ±0.4564 −1.1908 0.393
Taurine-conjugated 0.0554 ±0.0228 0.0628 ±0.0231 0.0074 >0.999

Glycine-
conjugated 0.0406 ±0.0139 0.0614 ±0.0141 0.0208 0.045

Primary 0.3343 ±0.1075 0.4877 ±0.2482 0.1534 >0.999
Secondary 5.4828 ±0.5251 4.1486 ±0.3707 −1.3343 0.030

6α-hydroxylated 0.0110 ±0.0015 0.0083 ±0.0008 −0.0027 0.940
Total CA 0.2200 ±0.0820 0.3223 ±0.1735 0.1023 >0.999

Total CDCA 0.1144 ±0.0299 0.1659 ±0.0760 0.0515 >0.999
Total DCA 2.9536 ±0.3213 2.1632 ±0.2368 −0.7905 0.115
Total LCA 2.5294 ±0.2299 1.9859 ±0.1574 −0.5435 0.103

Total HDCA 0.0087 ±0.0011 0.0065 ±0.0008 −0.0023 0.414
Total HCA 0.0023 ±0.0007 0.0019 ±0.0006 −0.0004 >0.999

Values are presented as mean concentration (nmol/mg of feces) of the 24 pre- and postdiet samples ± SEM
(standard error of the mean). Mean Diff., the difference between pre- vs. post-treatment were calculated for each
of the participants (11 men and 13 women), and values represent the mean ± SEM. p-values were calculated
using Wilcoxon matched-pairs signed rank test adjusted for multiple comparisons using the Bonferroni–Dunn
method. Bold: p < 0.05. Bile acid composition analyses were performed as detailed in the materials and method
section. CA: cholic acid; CDCA: chenodeoxycholic acid; LCA: lithocholic acid; DCA: deoxycholic acid; HDCA:
hyodeoxycholic acid; HCA: hyocholic acid; UDCA: Ursodeoxycholic acid. G: glyco; T: tauro.
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At week 0 (Supplementary Table S1), the initial profile of BAs showed a large interindi-
vidual variability in both male and female volunteers. The total BA concentration ranged
from 0.47 to 12.29 nmol/mg of feces (CV: 62.1%) in men and from 3.71 to 10.20 nmol/mg of
feces in women (CV: 34.6%) (Supplementary Table S1). The largest variations were observed
with glycine-conjugated species in men (CV: 177.0%) and with taurine-conjugated species in
women (CV: 182.3%) (Supplementary Table S1). An important variation was also observed
among CA species for both sexes, with total CA values ranging from 0.01 to 0.69 nmol/mg
of feces in men (CV: 160.0%) and from 0.01 to 1.64 nmol/mg of feces in women (CV: 175.5%).
The less variable parameters were the 6a-hydroxylated BAs in men and the total LCA
species in women, with values ranging from 0.0007 to 0.0199 nmol/mg of feces (CV: 56.6%)
and from 1.67 to 4.24 nmol/mg of feces (CV: 32.9%), respectively.

3.2. No Sexual Dimorphism Was Detected in the Fecal Bileacidome

No significant changes were detected between men and women concerning the fecal
BA profiles in samples harvested before (Supplementary Table S1) and after (Supplementary
Table S2) the BBP consumption period.

3.3. Fecal Bileacidome Exhibit Significant Alteration after 8-Week Consumption of Freeze-Dried
Blueberry Powder

As summarized in Table 1, the 8-week consumption period of BBP led to an altered
fecal BA profile. While the changes in specific parameters (namely GCDCA, GUDCA,
and the sum of glycine-conjugated and secondary acids) reached statistical significance
(Figure 1), most of the parameters remained either unaffected or only tended to be modified
in a nonsignificant manner (Table 2). For example, the reduction in total BA levels from
6.01 ± 0.57 to 4.84 ± 0.46 nmol/mg of feces failed to reach statistical significance (Table 2
and Figure 1A). The same also applied to unconjugated bile acids (Figure 1B). By contrast,
the level of glycine-conjugated BAs was significantly, 1.5-times, increased in feces harvested
after the diet compared with initial levels (Figure 1C). This increase reflected a significant ac-
cumulation of GCDCA (p = 0.010) and GUDCA (p = 0.011) (Figure 1D,E), while the 1.75-fold
increase in GCA fecal levels remained nonsignificant (p = 0.115) (Table 2 and Figure 1F).
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Figure 1. Fecal samples from the post-freeze-dried blueberry powder consumption period displayed
significant accumulations of glycine-conjugated bile acids, GCDCA and GUDCA, while secondary
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bile acids levels were reduced. Bile acids from pre- and post-study samples were profiled using
LC-MS/MS measurements, and bile acids composition analyses were performed as detailed in the
Method section. Bars represent the mean ± SEM of the pre- (light grey) and post-BBP (dark grey)
concentrations of total bile acids (A), unconjugated bile acids (B), glycine-conjugated bile acids (C),
GCDCA (D), GUDCA (E), GCA (F), primary (G) and secondary (H) bile acids, as well as DCA
(I) and LCA (J). Individual values are plotted and linked for baseline (circle) and after 8 weeks of
treatment (square). Lines represent the specific trend for each individual. Statistical significance of
the differences was assessed using Wilcoxon matched-pairs signed rank test and then adjusted for
multiple comparisons using the Bonferroni-Dunn method and are expressed as adjusted p values. BAs;
bile acids; glyco-BAs: glycine-conjugated bile acids; GCDCA: glycochenodeoxycholic acid; GUDCA:
glycoursodeoxycholic acid; GCA: glycocholic acid; DCA: deoxycholic acid; LCA: lithocholic acid.

Beyond conjugated and unconjugated forms, BA species can also be divided into
primary and secondary species. While the increase from 0.33 ± 0.11 to 0.49 ± 0.25 nmol/mg
of feces in primary BAs remained statistically nonsignificant (Figure 1G), the reduction in
the levels of secondary BAs (from 5.48 ± 0.52 to 4.15 ± 0.37 nmol/mg of feces) observed
in post-BBP samples reached statistical significance (p = 0.030; Figure 1H). Interestingly,
the fecal concentrations of secondary DCA and LCA acids also tended to be reduced
(from 2.91 ± 0.32 to 2.13 ± 0.23 nmol/mg of feces for DCA and from 2.53 ± 0.23 to
1.98 ± 0.16 nmol/mg of feces for LCA) after BBP consumption (Figure 1I,J; p = 0.103 for
both metabolites).

Overall, these observations indicated that BBP treatment significantly altered the fecal
BA profile.

4. Discussion

In this pilot study, significant alterations of the human fecal bileacidome were de-
tected after an 8-week consumption of BBP. The most significant changes corresponded
to increased concentrations of glycine-conjugated BAs and a decrease concentration of
secondary BAs.

Profiling the prediet samples revealed that secondary acids such as LCA and DCA
dominated the fecal BA profile, which is in accordance with the findings of previous re-
ports [23]. An important interindividual variability was observed both at baseline and at
the end of the study for all BAs. This important interindividual variability in fecal BA pro-
files is also consistent with findings of previous studies in overweight patients at high risk
of metabolic syndrome [24]. No significant sex-dependent differences were detected either
in the pre- and post-BBP samples. While such differences were previously reported for the
circulating BA profile [25], the present observations are consistent with the lack of studies
reporting that sex affects the fecal excretion of BAs [26]. Parameters such as the changes in
DCA and LCA levels tended to be reduced but failed to reach statistical significance, which
was likely due to insufficient statistical power. It can be envisioned that a study with a
larger number of volunteers might find significant differences in these parameters. Because
BAs secreted from the liver substantially change with the intestinal microbiota [27], the
above-mentioned changes in the fecal BA profile may reflect a modulation of the intestinal
microbiota composition. Blueberries are particularly rich in anthocyanins, a subclass of
flavonoid polyphenolic compounds with a characteristic three-ring structure [28,29]. A
recent meta-analysis showed that anthocyanins alter the ratio of two major Bacteria phyla
present in the human microbiota (i.e., Firmicutes and Bacteroidetes) [30]. Bacteria from
these phyla are highly involved in the microbiota-dependent modifications of BAs in the
intestine [31,32]. It can be hypothesized that the accumulation of glyco-BAs and the re-
duction in secondary acids reflect an altered relative abundance of bacteria belonging to
Firmicutes and Bacterioidetes phyla. Beyond the modification of microbiota composition,
polyphenols can also stimulate BA excretion through the formation of complexes with ami-
dated BAs (i.e., glycine- and taurine-conjugated acids) [33]. Thus, additional investigations
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are warranted to not only further ascertain the role of polyphenols in the changes detected
in post-BBP samples but also decipher the mechanisms governing such changes.

A second plausible explanation for these changes relates to the high levels of di-
etary fibers present in blueberries [34]. Previous results from the same study revealed
that consumption of BBP significantly increased daily dietary fibers consumed by the
participants [18]. Dietary fibers enhance fecal BA excretion (reviewed in [35]). While
the underlying mechanisms beyond such enhancement remain to be fully elucidated, a
recent review article by Naumann et al. [34] proposed two potential mechanisms: (1) fibers
may cause an increased viscosity of the intestinal content that interferes with the micellar
properties of BAs; and (2) fibers may form hydrophobic interactions that complex BAs to
plant compounds. Both mechanisms may increase the fecal BA content via the hydropho-
bic properties of specific BA species [34]. Glycine-conjugated BAs, such as GUDCA and
GCDCA, which were significantly altered after the post-BBP diet, are among the most
hydrophobic BAs [36].

While we cannot exclude the possibility that the reported changes in the BA profile
could also be due to other secondary effects of the intervention, we are confident that alter-
ations in the fecal bileacidome were actually reflecting the impact of the BBP consumption,
because each individual was compared with its own baseline. In addition, all participants
were carefully instructed not to change their usual lifestyle habits.

Beyond their role in cholesterol elimination and intestinal absorption, BAs also play
numerous roles as endocrine regulators, but their amphipathic nature can have toxic
impacts when they accumulate at high concentrations [4]. Thus, we speculate that the
alterations in the bileacidome detected in this pilot study may translate into important
effects for human health. For example, GCDCA promoted liver fibrosis in experimental
models of hepatocellular cholestasis [37], and a blueberry-enriched diet could be viewed as
a mean to reduce liver fibrosis in cholestatic patients. Conversely, GUDCA was proposed as
being part of the mechanism through which metformin improves obesity-induced glucose
intolerance and insulin resistance [8]. The post-BBP diet reduction of this acid could be
considered as a potential drug–diet interference for metformin-treated patients. In the same
vein, post-BBP samples tended to present lower levels of the secondary DCA and LCA.
While LCA is a pro-inflammatory molecule in the intestine, some of its derivatives produced
by bacteria exert important immunomodulating effects in the intestinal epithelium and
act as promoters of the intestinal barrier integrity via interactions with TGR5 [38]. A
similar ambivalence also applies to DCA, the levels of which are associated to colon
cancer, inflammation, and cell proliferation, but which is a potent antibiotic protecting
against the growth of opportunistic bacteria known to cause health problems such as
Clostridioides difficile [39]. In summary, how the changes detected in the BA profiles after
BBP consumption will have beneficial or deleterious consequences for human health is
likely to be the subject of important interindividual variability depending on the subject’s
health status.

5. Conclusions

In conclusion, the results of this pilot study indicated that the fecal bileacidome of
participants at high risk of metabolic syndrome was significantly influenced following an
8-week intake of freeze-dried BBP. Both the mechanisms leading to such modifications and
their consequences for human health require additional investigation with larger popula-
tions and specific study designs to be fully understood. For example, future investigations
will be designed to measure the longitudinal dynamics in bileacidome modifications and to
investigate the contribution of gut microbiome to changes in the bileacidome. Nevertheless,
our work suggests that the consumption of blueberries can be considered as a potential
means to increase toxic BAs elimination.
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Author Contributions: Conceptualization: M.-C.V., O.B. and W.G.; methodology: W.G., V.G., J.T.
and M.V.; formal analysis and supervision: W.G. and O.B.; resources: M.-C.V., V.G., C.C., D.R., A.M.,
J.-P.D.-C. and O.B.; data curation and supervision: V.G., W.G. and O.B.; original draft preparation:
W.G., M.V. and O.B.; manuscript review and editing: all authors; funding acquisition: C.C., A.M.,
D.R., M.-C.V. and O.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the U.S. Highbush Blueberry Council (USHBC). The funders
were not involved in the study design, data analysis, or interpretation of results. The bile acid
profiling was financed by a pilot grant obtained from the NUTRISS research center, the Canadian
Institutes of Health Research (grant number PJT148611), and the Canadian Foundation for Innovation
(grant number 17745). William Gagnon was supported by M.S. scholarships from the CHU de
Québec-Université Laval Research Center, the Fonds pour la recherche et l’enseignement de la
faculté de pharmacie de l’Université Laval, and the Canadian Institute for Health Research. Marie-
Claude Vohl is a Canada Research Chair in Genomics Applied to Nutrition and Metabolic Health.
André Marette holds a Pfizer Research Chair position in the pathogenesis of insulin resistance and
cardiovascular diseases. Jean-Philippe Drouin-Chartier is a research scholar of the Fonds de recherche
du Québec–Santé.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and was approved by the Ethics Committees of Université Laval (2017-314CG approved
3 June 2018) and CHU de Québec Research Centre (2022-6210 approved 7 March 2022).

Informed Consent Statement: All subjects signed a written informed consent prior to their partici-
pation in the study.

Data Availability Statement: All data could be obtained upon request to the authors.

Acknowledgments: The authors would like to thank all the men and women who agreed to partici-
pate in the study. We also recognize the work of the clinical investigation unit staff and of clinical
coordinators (Véronique Garneau, Valérie Guay, and Michèle Kearney) for their involvement in the
study. We are grateful to Pierre Gagnon, statistician at the NUTRISS Research Centre, for his help in
statistical analyses. We wish to thank Virginie Bocher Pharm.D. for critical reading of the manuscript.

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

References
1. Chiang, J.Y.L.; Ferrell, J.M. Bile acids as metabolic regulators and nutrient sensors. Annu. Rev. Nutr. 2019, 39, 175–200. [CrossRef]

[PubMed]
2. Lefebvre, P.; Cariou, B.; Lien, F.; Kuipers, F.; Staels, B. Role of bile acids and bile acid receptors in metabolic regulation. Physiol.

Rev. 2009, 89, 147–191. [CrossRef] [PubMed]
3. Dawson, P.A.; Karpen, S.J. Intestinal transport and metabolism of bile acids. J. Lipid Res. 2015, 56, 1085–1099. [CrossRef] [PubMed]
4. Chiang, J.Y.L.; Ferrell, J.M. Bile acid metabolism in liver pathobiology. Gene Expr. 2018, 18, 71–87. [CrossRef]
5. Ridlon, J.M.; Harris, S.C.; Bhowmik, S.; Kang, D.J.; Hylemon, P.B. Consequences of bile salt biotransformations by intestinal

bacteria. Gut Microbes 2016, 7, 22–39. [CrossRef]
6. Biagioli, M.; Marchiano, S.; Carino, A.; Di Giorgio, C.; Santucci, L.; Distrutti, E.; Fiorucci, S. Bile acids activated receptors in

inflammatory bowel disease. Cells 2021, 10, 1281. [CrossRef]
7. Jia, W.; Xie, G.; Jia, W. Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis. Nat. Rev. Gastroenterol.

Hepatol. 2018, 15, 111–128. [CrossRef]
8. Sun, L.; Xie, C.; Wang, G.; Wu, Y.; Wu, Q.; Wang, X.; Liu, J.; Deng, Y.; Xia, J.; Chen, B.; et al. Gut microbiota and intestinal FXR

mediate the clinical benefits of metformin. Nat. Med. 2018, 24, 1919–1929. [CrossRef]
9. Ticho, A.L.; Malhotra, P.; Dudeja, P.K.; Gill, R.K.; Alrefai, W.A. Intestinal absorption of bile acids in health and disease. Compr.

Physiol. 2019, 10, 21–56. [CrossRef]
10. Gruner, N.; Mattner, J. Bile acids and microbiota: Multifaceted and versatile regulators of the liver-gut axis. Int. J. Mol. Sci. 2021,

22, 1397. [CrossRef]
11. Rodriguez-Morato, J.; Matthan, N.R. Nutrition and gastrointestinal microbiota, microbial-derived secondary bile acids, and

cardiovascular disease. Curr. Atheroscler Rep. 2020, 22, 47. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu14183857/s1
https://www.mdpi.com/article/10.3390/nu14183857/s1
http://doi.org/10.1146/annurev-nutr-082018-124344
http://www.ncbi.nlm.nih.gov/pubmed/31018107
http://doi.org/10.1152/physrev.00010.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126757
http://doi.org/10.1194/jlr.R054114
http://www.ncbi.nlm.nih.gov/pubmed/25210150
http://doi.org/10.3727/105221618X15156018385515
http://doi.org/10.1080/19490976.2015.1127483
http://doi.org/10.3390/cells10061281
http://doi.org/10.1038/nrgastro.2017.119
http://doi.org/10.1038/s41591-018-0222-4
http://doi.org/10.1002/cphy.c190007
http://doi.org/10.3390/ijms22031397
http://doi.org/10.1007/s11883-020-00863-7
http://www.ncbi.nlm.nih.gov/pubmed/32681421


Nutrients 2022, 14, 3857 10 of 11

12. Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomas-Barberan, F.A. The effects of polyphenols and other bioactives on human health.
Food Funct. 2019, 10, 514–528. [CrossRef] [PubMed]

13. Pushpass, R.G.; Alzoufairi, S.; Jackson, K.G.; Lovegrove, J.A. Circulating bile acids as a link between the gut microbiota and
cardiovascular health: Impact of prebiotics, probiotics and polyphenol-rich foods. Nutr. Res. Rev. 2021, 1–20. [CrossRef] [PubMed]

14. Zhao, A.; Zhang, L.; Zhang, X.; Edirisinghe, I.; Burton-Freeman, B.M.; Sandhu, A.K. Comprehensive characterization of bile acids
in human biological samples and effect of 4-week strawberry intake on bile acid composition in human plasma. Metabolites 2021,
11, 99. [CrossRef]

15. Wu, X.; Beecher, G.R.; Holden, J.M.; Haytowitz, D.B.; Gebhardt, S.E.; Prior, R.L. Concentrations of anthocyanins in common foods
in the United States and estimation of normal consumption. J. Agric. Food Chem. 2006, 54, 4069–4075. [CrossRef]

16. Morissette, A.; Kropp, C.; Songpadith, J.P.; Junges Moreira, R.; Costa, J.; Marine-Casado, R.; Pilon, G.; Varin, T.V.; Dudonne, S.;
Boutekrabt, L.; et al. Blueberry proanthocyanidins and anthocyanins improve metabolic health through a gut microbiota-
dependent mechanism in diet-induced obese mice. Am. J. Physiol. Endocrinol. Metab. 2020, 318, E965–E980. [CrossRef]

17. Anhe, F.F.; Varin, T.V.; Le Barz, M.; Desjardins, Y.; Levy, E.; Roy, D.; Marette, A. Gut microbiota dysbiosis in obesity-linked
metabolic diseases and prebiotic potential of polyphenol-rich extracts. Curr. Obes Rep. 2015, 4, 389–400. [CrossRef]

18. Rousseau, M.; Horne, J.; Guenard, F.; de Toro-Martin, J.; Garneau, V.; Guay, V.; Kearney, M.; Pilon, G.; Roy, D.; Couture, P.; et al. An
8-week freeze-dried blueberry supplement impacts immune-related pathways: A randomized, double-blind placebo-controlled
trial. Genes Nutr. 2021, 16, 7. [CrossRef]

19. Scarsella, C.; Almeras, N.; Mauriege, P.; Blanchet, C.; Sauve, L.; Dewailly, E.; Bergeron, J.; Despres, J.P. Prevalence of metabolic
alterations predictive of cardiovascular disease risk in the Quebec population. Can. J. Cardiol. 2003, 19, 51–57.

20. Daniel, N.; Nachbar, R.T.; Tran, T.T.T.; Ouellette, A.; Varin, T.V.; Cotillard, A.; Quinquis, L.; Gagne, A.; St-Pierre, P.; Trottier, J.; et al.
Gut microbiota and fermentation-derived branched chain hydroxy acids mediate health benefits of yogurt consumption in obese
mice. Nat. Commun. 2022, 13, 1343. [CrossRef]

21. Gagnon, G.; Carreau, A.M.; Cloutier-Langevin, C.; Plante, A.S.; John Weisnagel, S.; Marceau, S.; Biertho, L.; Simon Hould, F.;
Camirand-Lemyre, F.; Tchernof, A.; et al. Trimester-specific gestational weight gain in women with and without previous bariatric
surgeries. Eur J Obstet Gynecol. Reprod Biol. 2022, 270, 252–258. [CrossRef] [PubMed]

22. Trottier, J.; Bialek, A.; Caron, P.; Straka, R.J.; Heathcote, J.; Milkiewicz, P.; Barbier, O. Metabolomic profiling of 17 bile acids
in serum from patients with primary biliary cirrhosis and primary sclerosing cholangitis: A pilot study. Dig. Liver Dis. 2012,
44, 303–310. [CrossRef] [PubMed]

23. Thompson, M.H. Fecal bile acids in health and disease. In Liver, Nutrition, and Bile Acids; Galli, G., Bosisio, E., Eds.; Springer:
Boston, MA, USA, 1985; Volume 90.

24. Chen, L.; van den Munckhof, I.C.L.; Schraa, K.; Ter Horst, R.; Koehorst, M.; van Faassen, M.; van der Ley, C.; Doestzada, M.;
Zhernakova, D.V.; Kurilshikov, A.; et al. Genetic and microbial associations to plasma and fecal bile acids in obesity relate to
plasma lipids and liver fat content. Cell Rep. 2020, 33, 108212. [CrossRef]

25. Trottier, J.; Caron, P.; Straka, R.J.; Barbier, O. Profile of serum bile acids in noncholestatic volunteers: Gender-related differences in
response to fenofibrate. Clin. Pharmacol. Ther. 2011, 90, 279–286. [CrossRef]

26. Phelps, T.; Snyder, E.; Rodriguez, E.; Child, H.; Harvey, P. The influence of biological sex and sex hormones on bile acid synthesis
and cholesterol homeostasis. Biol. Sex. Differ. 2019, 10, 52. [CrossRef] [PubMed]

27. Ridlon, J.M.; Kang, D.J.; Hylemon, P.B.; Bajaj, J.S. Bile acids and the gut microbiome. Curr. Opin. Gastroenterol 2014, 30, 332–338.
[CrossRef] [PubMed]

28. Mustafa, A.M.; Angeloni, S.; Abouelenein, D.; Acquaticci, L.; Xiao, J.; Sagratini, G.; Maggi, F.; Vittori, S.; Caprioli, G. A new
HPLC-MS/MS method for the simultaneous determination of 36 polyphenols in blueberry, strawberry and their commercial
products and determination of antioxidant activity. Food Chem. 2022, 367, 130743. [CrossRef]

29. Shen, N.; Wang, T.; Gan, Q.; Liu, S.; Wang, L.; Jin, B. Plant flavonoids: Classification, distribution, biosynthesis, and antioxidant
activity. Food Chem. 2022, 383, 132531. [CrossRef]

30. Verediano, T.A.; Stampini Duarte Martino, H.; Dias Paes, M.C.; Tako, E. Effects of anthocyanin on intestinal health: A systematic
review. Nutrients 2021, 13, 1331. [CrossRef]

31. Makki, K.; Deehan, E.C.; Walter, J.; Backhed, F. The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell
Host Microbe 2018, 23, 705–715. [CrossRef]

32. Cardona, F.; Andres-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortuno, M.I. Benefits of polyphenols on gut microbiota and
implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef] [PubMed]

33. Kahlon, T.S.; Smith, G.E. In vitro binding of bile acids by blueberries (Vaccinium spp.), plums (Prunus spp.), prunes (Prunus spp.),
strawberries (Fragaria X ananassa), cherries (Malpighia punicifolia), cranberries (Vaccinium macrocarpon) and apples (Malus sylvestris).
Food Chem. 2007, 100, 1182–1187. [CrossRef]

34. Naumann, S.; Haller, D.; Eisner, P.; Schweiggert-Weisz, U. Mechanisms of interactions between bile acids and plant compounds-a
review. Int. J. Mol. Sci. 2020, 21, 6495. [CrossRef] [PubMed]

35. Surampudi, P.; Enkhmaa, B.; Anuurad, E.; Berglund, L. Lipid lowering with soluble dietary fiber. Curr. Atheroscler Rep. 2016,
18, 75. [CrossRef] [PubMed]

36. Hanafi, N.I.; Mohamed, A.S.; Sheikh Abdul Kadir, S.H.; Othman, M.H.D. Overview of bile acids signaling and perspective on the
signal of ursodeoxycholic acid, the most hydrophilic bile acid, in the heart. Biomolecules 2018, 8, 159. [CrossRef] [PubMed]

http://doi.org/10.1039/C8FO01997E
http://www.ncbi.nlm.nih.gov/pubmed/30746536
http://doi.org/10.1017/S0954422421000081
http://www.ncbi.nlm.nih.gov/pubmed/33926590
http://doi.org/10.3390/metabo11020099
http://doi.org/10.1021/jf060300l
http://doi.org/10.1152/ajpendo.00560.2019
http://doi.org/10.1007/s13679-015-0172-9
http://doi.org/10.1186/s12263-021-00688-2
http://doi.org/10.1038/s41467-022-29005-0
http://doi.org/10.1016/j.ejogrb.2021.12.033
http://www.ncbi.nlm.nih.gov/pubmed/35000759
http://doi.org/10.1016/j.dld.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22169272
http://doi.org/10.1016/j.celrep.2020.108212
http://doi.org/10.1038/clpt.2011.124
http://doi.org/10.1186/s13293-019-0265-3
http://www.ncbi.nlm.nih.gov/pubmed/31775872
http://doi.org/10.1097/MOG.0000000000000057
http://www.ncbi.nlm.nih.gov/pubmed/24625896
http://doi.org/10.1016/j.foodchem.2021.130743
http://doi.org/10.1016/j.foodchem.2022.132531
http://doi.org/10.3390/nu13041331
http://doi.org/10.1016/j.chom.2018.05.012
http://doi.org/10.1016/j.jnutbio.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23849454
http://doi.org/10.1016/j.foodchem.2005.10.066
http://doi.org/10.3390/ijms21186495
http://www.ncbi.nlm.nih.gov/pubmed/32899482
http://doi.org/10.1007/s11883-016-0624-z
http://www.ncbi.nlm.nih.gov/pubmed/27807734
http://doi.org/10.3390/biom8040159
http://www.ncbi.nlm.nih.gov/pubmed/30486474


Nutrients 2022, 14, 3857 11 of 11

37. Hohenester, S.; Kanitz, V.; Kremer, A.E.; Paulusma, C.C.; Wimmer, R.; Kuehn, H.; Denk, G.; Horst, D.; Elferink, R.O.; Beuers, U.
Glycochenodeoxycholate promotes liver fibrosis in mice with hepatocellular cholestasis. Cells 2020, 9, 281. [CrossRef]

38. Thomas John, P. The emerging role of Bile Acids in the pathogenesis of inflammatory bowel disease. Front. Immunol. 2022, 13, 246.
[CrossRef]

39. Usui, Y.; Ayibieke, A.; Kamiichi, Y.; Okugawa, S.; Moriya, K.; Tohda, S.; Saito, R. Impact of deoxycholate on Clostridioides difficile
growth, toxin production, and sporulation. Heliyon 2020, 6, e03717. [CrossRef]

http://doi.org/10.3390/cells9020281
http://doi.org/10.3389/fimmu.2022.829525
http://doi.org/10.1016/j.heliyon.2020.e03717

	Introduction 
	Methods 
	Ethics Statement 
	Participants and Original Design 
	Intervention 
	Measurement of Fecal Bile Acids 
	Bile Acid Analysis 
	Statistical Analysis 

	Results 
	Fecal Bile Acid Profiles Sustain Large Inter-Individual Variability 
	No Sexual Dimorphism Was Detected in the Fecal Bileacidome 
	Fecal Bileacidome Exhibit Significant Alteration after 8-Week Consumption of Freeze-Dried Blueberry Powder 

	Discussion 
	Conclusions 
	References

