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Abstract: Reshaping the intestinal microbiota by the ingestion of fiber, such as pectin, improves
alcohol-induced liver lesions in mice by modulating bacterial metabolites, including indoles, as well as
bile acids (BAs). In this context, we aimed to elucidate how oral supplementation of pectin affects BA
metabolism in alcohol-challenged mice receiving feces from patients with alcoholic hepatitis. Pectin
reduced alcohol liver disease. This beneficial effect correlated with lower BA levels in the plasma and
liver but higher levels in the caecum, suggesting that pectin stimulated BA excretion. Pectin modified
the overall BA composition, favoring an augmentation in the proportion of hydrophilic forms in the
liver, plasma, and gut. This effect was linked to an imbalance between hydrophobic and hydrophilic
(less toxic) BAs in the gut. Pectin induced the enrichment of intestinal bacteria harboring genes that
encode BA-metabolizing enzymes. The modulation of BA content by pectin inhibited farnesoid X
receptor signaling in the ileum and the subsequent upregulation of Cyp7a1 in the liver. Despite an
increase in BA synthesis, pectin reduced BA serum levels by promoting their intestinal excretion. In
conclusion, pectin alleviates alcohol liver disease by modifying the BA cycle through effects on the
intestinal microbiota and enhanced BA excretion.

Keywords: alcohol; bile acid; microbiota; bacteria; liver; pectin; fiber

1. Introduction

Alcohol liver disease (ALD) is the first cause of chronic liver disorders in Western
countries [1]. More than 2 million people had alcohol-associated cirrhosis in the U.S.,
and ALD is the first cause of liver-related mortality and of liver transplant indication [2].
ALD includes various histopathological characteristics, ranging from simple steatosis to
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steatohepatitis, fibrosis, and cirrhosis, but only 10 to 20% of patients evolve to advanced
fibrosis and its complications [3]. In addition, certain ALD patients develop alcoholic
hepatitis, with episodes of acute liver inflammation associated with high mortality and few
therapeutic options [4]. Some factors, such as female sex and changes in the composition
of the intestinal microbiota (IM) and microbial metabolism, contribute to susceptibility to
ALD progression [4,5].

The IM contributes to host tissue homeostasis through the production of a large panel
of metabolites, including bile acids (BAs), short-chain fatty acids (SCFAs), and amino-
acid-derived metabolites [4]. BAs have been shown to be involved in the pathogenesis of
several liver diseases, including ALD [4,6]. Primary BAs are synthesized and conjugated
in hepatocytes before their release into the gut. As BAs possess intrinsic membranolytic
properties and can cause senescence or cell death, they are toxic for both hepatocytes
and bacteria. Conjugation with taurine or glycine renders them more hydrophilic and
less toxic. Primary conjugated hydrophilic BAs are reabsorbed from the terminal ileum.
However, bacterial bile-salt hydrolases (BSHs) deconjugate primary BAs, preventing their
reabsorption. Many bacteria express BSHs, including Clostridium, Lactobacillus, Bifidobac-
terium, Eubacterium, Escherichia, and Bacteroides [7]. Consequently, unabsorbed BAs
are transformed by bacteria into secondary BAs through hydroxylation, epimerization,
esterification, and desulfation reactions [7]. BAs facilitate the absorption of dietary lipids
and lipid-soluble nutrients [8] and act as signaling molecules by binding to host receptors,
including the farnesoid-X receptor (FXR) and Takeda G-protein-coupled receptors (TGR5,
also known as GPBAR1) [8]. BAs modulate lipid and energy metabolism through FXR
activation in the liver, as well as their own biosynthesis, by a negative feedback loop fol-
lowing ileal FXR activation [8]. The role of FXR in several liver diseases has been studied in
some detail [9,10]. FXR deficiency worsens liver injury in alcohol-fed mice [11]. Conversely,
ileum FXR activation has a protective effect in ALD [12]. TGR5 is involved in a wide variety
of functions, including metabolic expenditure, the inflammatory response, gut motility,
and gallbladder homeostasis [13]. TGR5 deficiency worsens ALD, partially due to changes
in the IM and BA pool [14]. As both FXR and TGR show distinct affinities for different
BAs, FXR and TGR5 signaling are strongly influenced by changes in the IM and BA pool.
After chronic ethanol administration, total plasma and hepatic bile-acid concentrations
increase and likely synergize with ethanol to cause hepatocyte death. Patients who de-
velop life-threatening forms of ALD, such as severe alcoholic hepatitis (sAH), manifest
specific changes in their BA pool with a shift towards more hydrophobic and toxic species
that may be responsible for specific changes in IM composition. Indeed, in these patients
there is an increase in the plasma levels of total bile acids, plasma-conjugated cholic and
chenodeoxycholic acid, ursodeoxycholic and lithocholic acid, whereas deoxycholic acid
decreased [6,15]. In the feces ALD is associated with a decrease in total BAs and the sec-
ondary deoxycholic acid and lithocholic acid [6]. Moreover, it has been suggested that
some BAs (taurochenodeoxycholic acid and tauroursodeoxycholic acid) can be related to
disease severity [6,15].

Conversely, as previously discussed, the IM may also alter the BA pool by converting
primary BAs to secondary BAs, resulting in a vicious cycle [15,16]. Moreover, intestinal
concentrations of BAs can discriminate mice receiving feces from patients with severe ALD
from animals receiving feces from individuals without ALD [17]. ALD is associated with
alterations in the composition and function of the IM in animal models and humans [4,18].
Indeed, the fecal abundance of multiple bacteria expressing 3α, 3β, 7α, and 7β epimerases,
enzymes involved in BA metabolism, are decreased in AH [6]. Interventions on the IM
by fecal microbial transfer and prebiotic or probiotic treatments alleviate ALD in animal
models. Microbiota-editing strategies could therefore constitute a promising therapeutic
approach for the treatment of ALD [18]. Dietary soluble fiber is a means to increase BA
clearance through the gut [19]. We have previously shown that oral supplementation
with pectin, which can be considered a prebiotic, alleviates ALD by increasing bacterial
production of indole derivatives, leading to AHR activation [17,20]. However, only a part
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of the beneficial effects of pectin were mediated by aryl hydrocarbon receptors. Therefore,
other molecular mechanisms are likely involved in its beneficial effects.

Due to its physicochemical properties, fiber, such as pectin, can form a viscous matrix
with cholesterol and BAs in the intestinal lumen, resulting in reduced systemic levels of
cholesterol and BAs [21,22] and changes in glucose metabolism [23]. We, therefore, studied
the effect of pectin on the enterohepatic BA cycle in a humanized animal model of ALD
alcohol-fed mice treated with pectin.

2. Materials and Methods

Mice. We used seven-week-old female C57BL/6J mice (Janvier laboratory, Le Genest,
France). As female sex is an independent risk factor for ALD in both mice and humans,
we chose to perform our experiment in female mice [3]. The research was conducted
according to a protocol reviewed and approved by the French Ministry, 2015052715405651v2
(APAFIS#729) and 2017042314557080v1 (APAFIS#4788).

Chronic exposure to alcohol. To induce ALD, we used the Lieber DeCarli (LDC) diet
for 21 days, as previously described [20,24] (Ssniff, Spezialdiäten GmbH, Soest, Germany).
Ethanol accounted for 28% of the total caloric intake. The control diet was an isocaloric
amount of maltodextrin (Maldex 170, Safe, France). Pectin was given at the beginning of
alcohol intake using an alternative LDC diet containing 6.5% pectin from apples (Sigma-
Aldrich, Saint Quentin Fallavier, France). During administration of the LDC diet, mice did
not have access to drinking water. Consumption was recorded and was similar between
the alcohol-fed groups (data not shown).

Fecal microbiota transfer. Mice received feces from an alcoholic patient with biopsy
proven severe alcoholic hepatitis (Human FMT), as previously described [17,25]. Before the
FMT, mice were fasted for 1 h and given oral-gastric gavage with PEG (polyethylene glycol,
Macrogol 4000, Fortrans, Ipsen Pharma, Boulogne-Billancourt, France). After four hours,
human feces were administered by oral gastric gavage, as previously published [17,25].

Tissues and samples. Blood was collected for biochemical analysis (alanine amino-
transferase, ALT, and BAs). Liver, proximal ileum, colon and brown adipose tissue were
harvested for histology and RNA extraction, as previously described [14,20]. RNA quan-
tification was performed using the same methodology as previously described by our
group [14,20]. The oligonucleotides used in this study are available in the Supplementary
Table S1. The caecal content was collected and frozen for caecal BA measurement and
untargeted metabolomics. Fecal samples were collected from mice two days before eu-
thanasia for gut microbiota analysis. In addition, liver samples were used for bile-acid and
triglyceride measurements.

Histology. Oil-Red-O staining was performed on 7-µm thick frozen liver sections.
Immunohistochemistry staining was performed on 3 µm BAT paraffin sections using a mAb
against UCP1 (Bio-Rad, Marnes-la-Coquette, France). Slides were scanned (NanoZoomer
2.0-RS digital slide scanner, Hamamatsu, Japan) and images were digitally captured
(NDP.view2 software, Hamamatsu, Japan).

Bile acid quantification. BAs were measured in the plasma, liver, and caecum by high-
performance liquid chromatography-tandem mass spectrometry, as previously described [26].

Analysis of fecal metabolites. Untargeted fecal metabolites were measured using
gas chromatography coupled to a triple quadrupole mass spectrometer, as previously
described [16].

Microbiota. Bacterial DNA was extracted from feces using a Qiagen QIAamp DNA
Stool Mini Kit (Courtaboeuf, France) and the fecal microbiota was analyzed using Illumina
MiSeq technology targeting the 16S ribosomal DNA V3-V4 region in paired-end mode
(2 × 300 base pair) (GenoToul, Toulouse, France), as previously described [27]. The mean
number of quality-controlled reads was 18,302 ± 7625 (mean ± SD) per mouse. Micro-
biome analyses was performed with QIIME and the functional composition of the intestinal
metagenome was predicted using phylogenetic investigation of communities by reconstruc-
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tion of unobserved states (PICRUSt) [28] and was accessed online (http://huttenhower.sph.
harvard.edu/galaxy/, accessed on 26 November 2021).

Statistical analysis. Results are shown as the mean ± SEM. Comparisons were per-
formed using ANOVA or the nonparametric Kruskall–Wallis test with Tukey’s or Dunn’s
multiple comparison post-hoc test, as appropriate (Graphpad Prism 9.3, Graphpad Software
Inc, La Jolla, CA, USA); p < 0.05 was considered to be statistically significant.

3. Results
3.1. Pectin Alters the Enterohepatic Cycle of Bile Acids in Alcohol-Fed Mice

Fecal microbial transfer (FMT) from patients with severe alcoholic hepatitis (sAH) to
mice worsens ALD in the Lieber DeCarli (LDC) model of ALD [17,20]. This was confirmed
by higher ALT levels (Figure 1A), steatosis (Figure 1B, C), and hepatic mRNA levels of
pro-inflammatory genes (Figure 1D) in mice that first underwent FMT from an sAH patient.
Alcohol also induced more severe liver lesions in the same mice. Moreover, reshaping the
IM by the ingestion of pectin, a soluble fiber, reduced ALD (Figure 1A–D), as we previously
reported [17,20].
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Figure 1. Liver injury in control and alcohol-fed mice and pectin-treated alcohol-fed mice. Con-
trol (Ctrl) and Alcohol-fed (Alc) mice received a Lieber DeCarli diet with isocaloric maltodextrin
or alcohol, respectively. Pectin-treated mice (Alc + P) received 6.5% pectin in addition to 5%
ethanol. Human fecal microbiota transfer (FMT) groups received microbiota from a patient with
alcoholic hepatitis. (A) Plasma alanine transaminase (ALT) levels. (B) Liver triglyceride (TG) levels.
(C) Representative histological images of Oil-Red-O staining of the liver (scale bar: Oil-Red-O = 100 µm).
(D) Liver mRNA levels of pro-inflammatory cytokines and chemokines (tumor necrosis factor α,
tnfα; interleukin 1 β, il1β; C-C chemokine receptor type 2, CCR2; chemokine (C-C motif) ligand 2,
ccl2; chemokine (C-C motif) ligand 3, ccl3; Nitric oxide synthase 2, Nos2). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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Mass spectrometric metabolomics showed changes in the overall composition of the
BA pool in the plasma (Figure 2A), liver (Figure 2B), and caecum (Figure 2C) following
pectin treatment of mice relative to that of the control and alcohol-fed conventional and
FMT mice. Indeed, the alcohol diet resulted in higher total BA (TBA) levels in the plasma
of alcohol-treated conventional mice (Figure 2A) and the livers of alcohol-fed FMT mice
than control mice (Figure 2B) but lower levels in the caecum of both conventional and FMT
alcohol-fed mice (Figure 2C). Conversely, pectin treatment resulted in lower plasma TBA
levels than in Alc mice that did not receive pectin (Figure 2A) and showed a tendency
towards lower plasma (Figure 2B) and liver TBA (Figure 2C) and higher caecal TBA
(Figure 2C) levels as compared to alcohol-fed FMT mice, without reaching statistical
significance. The proportion of conjugated and unconjugated BAs was also altered. Indeed,
the alcohol diet resulted in a higher level of primary conjugated BAs, mainly TCA, in
the plasma (Figures 2D and 3A) and livers (Figures 2E and 3B) of both conventional and
FMT-treated Alc mice than in the controls (Figure 2D,E).
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variance and the second one 21%, liver (B), the first component explained 40.1% of variance and the 
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Figure 2. Pectin alters the bile-acid (BA) pool in different compartments. Control (Ctrl) and alcohol-
fed (Alc) mice received a Lieber DeCarli diet with isocaloric maltodextrin or alcohol, respectively.
Pectin-treated mice (Alc + p) received 6.5% pectin in addition to 5% ethanol. Human fecal microbiota
transfer (FMT) groups received microbiota from a patient with alcoholic hepatitis. PCA ordination
plot on all BA and total BA (TBA) data in the plasma (A), the first component explained 45.6% of
variance and the second one 21%, liver (B), the first component explained 40.1% of variance and the
second one 23.7%, and caecum (C), the first component explained 47.3% of variance and the second
one 27.4%. Light blue-Ctrl, red-Alc, green-Alc FMT, dark blue-Alc + p. Quantification of primary and
secondary conjugated and unconjugated BAs in the plasma (D), liver (E), and caecum (F). * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

Conversely, pectin treatment resulted in lower primary conjugated BA levels in the
plasma (TCA and TMCA) than in conventional and FMT-treated Alc mice, whereas they
remained as high in the controls (Figures 2D and 3A). In the caecum, pectin treatment
resulted in higher primary unconjugated BA levels (CA and CDCA) than in conventional
and FMT-treated Alc mice, and there was a further decrease in secondary unconjugated BA
levels (DCA, LCA, UDCA, wMCA) (Figures 2F and 3C). Pectin treatment also resulted in
higher primary conjugated BA (TCA, TMCA) and TUDCA levels in the caecum than in all
other groups, notably FMT-treated Alc mice (Figures 2F and 3C). Overall, pectin decreased
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plasma and liver BA levels, increased caecal BA levels, mainly those of primary BAs, CA,
and MCA, and changed the overall composition of the BA pool towards more hydrophilic
forms (Figure 3D,E).
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3.2. Bile Acid-Metabolizing Bacteria Are Enriched in Pectin-Treated Mice

Pectin can modify both the composition of the IM and induce an increase in BA
excretion in the cecum, which affects the bacterial composition of the IM. Thus, we next
studied possible changes in the abundance of BA-metabolizing bacteria, focusing on BSH,
the enzyme responsible for the deconjugation (deamidation) of conjugated (amidated) BAs
and those that catalyze the 7a/b-dehydroxylation required for UDCA production [29].
Among bacteria with BSH activity, pectin treatment resulted in a higher abundance of
Bacteroides and Enterobacteriacae (Figure 4A), which are among the dominant members of
the IM, than in untreated mice, whereas it resulted in a lower abundance of the number of
subdominant bacteria with BSH activity, such as Lactobacillus and Enterococcus (Figure 4B).
Metagenomic prediction algorithms indicated an overall increase in the abundance of
BSH genes (Figure 4C). Although, there were no statistically significant differences in the
abundance of bacteria with 7-HSDH activity in the guts of pectin-treated mice relative to
that in the guts of alcohol-fed mice (Figure 4D), the overall gene prediction suggested that
pectin raised the abundance of these genes (Figure 4E). This is consistent with the greater
UDCA content observed in the caecum (Figure 3C).
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Figure 4. Alterations in the composition of bile acid-metabolizing bacteria in alcohol fed-mice.
Control (Ctrl) and alcohol-fed (Alc) mice received a Lieber DeCarli diet with isocaloric maltodex-
trin or alcohol, respectively. Pectin-treated mice (Alc + p) received 6.5% pectin in addition to 5%
ethanol. Human fecal microbiota transfer (FMT) groups received fecal microbial transplantations
from a patient with alcoholic hepatitis. (A,B,D) Violin plots showing the relative abundance of bacte-
ria with bile salt hydrolase (A,B) and 7 alpha-hydroxysteroid dehydrogenase (7-a-HSDH) activity
(D) in all groups of mice (FDR p < 0.05). Predictive expression of bile salt hydrolase (C) and 7-a-HSDH
(E). * p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001.

3.3. Pectin Modifies Bile-Acid Signaling in the Gut, Liver, and Brown Adipose Tissue

BA levels depend not only on their excretion by the liver but also on intestinal re-
absorption, which is achieved both by passive diffusion and active transport, mainly in
the ileum, before returning to the liver via the portal vein. The alcohol diet resulted in
higher mRNA levels of multidrug resistance-related protein 3 (MRP3), which transports
BAs into circulation, in hepatocytes (Figure 5A). This is consistent with the lower TBA
excretion in the caecum and higher TBA levels observed in the plasma (Figure 2A,C). In
the ileum, pectin treatment resulted in lower mRNA levels of MRP2, which excretes BAs,
than those found in all the other groups, as well as those of IBAP, which transports BAs
through enterocytes. Moreover, pectin treatment resulted in higher MRP3 mRNA levels
in the ileum than in conventional and FMT-treated Alc mice (Figure 5B). In the colon,
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pectin treatment also resulted in higher mRNA levels of ASBT, which takes part in the
reabsorption of BAs, than in conventional and FMT-treated Alc mice, as well as those of
OST, which transfers them into circulation, which were higher than in conventional Alc
and control mice (Figure 5C).
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Figure 5. Alterations in bile-acid transport induced by pectin. Control (Ctrl) and alcohol-fed (Alc)
mice received a Lieber DeCarli diet with isocaloric maltodextrin or alcohol, respectively. Pectin-
treated mice (Alc + p) received 6.5% pectin in addition to 5% ethanol. Human fecal microbiota
transfer (FMT) groups received the microbiota of a patient with alcoholic hepatitis. Quantification of
mRNA levels of BA transporters (bile salt export pump, BSEP; multidrug resistance protein 1, MDR1;
multidrug resistance-associated protein 2, MRP2 and 3, MRP3; ileal bile acid binding protein, IBABP;
apical sodium-dependent bile salt transporter, ASBT; organic solute and steroid transporter, OST) by
qPCR in the liver (A), ileum (B), and colon (C). * p < 0.05, ** p < 0.01, **** p < 0.0001.

Pectin also modified carbohydrate and lipid absorption. In the ileum, pectin treat-
ment resulted in lower mRNA levels of the sodium/glucose cotransporter 1 (SGLT1), the
transporter that contributes to glucose reabsorption, than in all other groups, although
the glucose transporter 5 (Glut5) mRNA levels remained unchanged (Figure 6A). The
mRNA levels of Glut2, which transfers glucose to the blood, were lower in pectin-treated
mice than FMT alcohol-fed mice (Figure 6A). Pectin and microbiota-related changes led
to modifications in the composition of glucose-related metabolites (Figure 6B), with lower
levels of several small carbohydrates in the feces (Figure 6C). Moreover, pectin treatment
also resulted in lower mRNA levels of ileum cluster of differentiation 36 (CD36) and the
fatty acid binding protein (Fabp1), which are both involved in the intestinal uptake of
fatty acids, than in all other groups (Figure 6D) and changes in the composition of lipid
metabolites in the feces (Figure 6E,F).

TGR5 is expressed in brown adipose tissue (BAT) and mediates its activation [30].
Alcohol-fed mice are lean and have little white adipose tissue (WAT) but conserve BAT,
which is involved in thermogenesis. Moreover, BAT activity can modulate ALD [31,32].
Indeed, BAT appeared to be activated, as suggested by the relative absence of surround-
ing WAT in alcohol-fed mice compared to the control and pectin-treated mice (data not
shown). Histological analyses showed fewer lipid droplets and immunohistochemistry
markedly higher levels of UCP1 in alcohol-fed mice than the control or pectin-treated mice
(Figure 8A,B). BAT activation was previously shown to be associated with altered TGR5
receptor expression [30]. However, we did not find any effect of pectin on TGR5 mRNA
levels in the BAT of alcohol-fed mice (Figure 8C).
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Figure 6. Alterations in sugar and lipid metabolism induced by pectin. Control (Ctrl) and alcohol-
fed (Alc) mice received a Lieber DeCarli diet with isocaloric maltodextrin or alcohol, respectively.
Pectin-treated mice (Alc + p) received 6.5% pectin in addition to 5% ethanol. Human fecal micro-
biota transfer (FMT) groups received the microbiota of a patient with alcoholic hepatitis. Quantification
of mRNA levels of glucose transporters (glucose transporter 2 and 5, Glut2, Glut5; Sodium/glucose
cotransporter 1, SGLT1) (A) and lipid transporters (cluster of differentiation 36, CD36; fatty acid
binding protein 1, Fabp1; fatty acid transporter 4, Fatp4; small heterodimer partner, SHP) (D) by
qPCR. Principal component analysis of fecal glucose-metabolites (B) and fecal lipid metabolites
(E). Carbohydrates (C) and lipid (F) metabolite quantification in feces. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Figure 7. Bile acid (BA) signaling. Control (Ctrl) and alcohol-fed (Alc) mice received a Lieber DeCarli
diet with isocaloric maltodextrin or alcohol, respectively. Pectin-treated mice (Alc + p) received
6.5% pectin in addition to 5% ethanol. Human fecal microbiota transfer (FMT) groups received
the microbiota of a patient with alcoholic hepatitis. Quantification of the mRNA levels of enzymes
involved in liver BA synthesis (Cholesterol 7 alpha-hydroxylase, Cyp7a1; Sterol 12-alpha-hydroxylase,
Cyp8b1; sterol 27-hydroxylase, Cyp27a1; Farnesoid X receptor, FXR) (A), ileal BA signaling (fibroblast
growth factor 15, FGF15, FXR, G protein-coupled bile acid receptor 1, TGR5) (B), and colon BA
signaling (FXR, TGR5) (C) by qPCR. * p < 0.05, ** p < 0.01, **** p < 0.0001.
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Cyp7a1 and modulating lipid metabolism without any significant changes in the BA pool 
[12,33]. Here, we observed that, instead of directly modulating the FXR/FGF-15/19 path-
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Figure 8. Brown adipose tissue activation in alcohol-fed mice is reversed by pectin. Control (Ctrl)
and alcohol-fed (Alc) mice received a Lieber DeCarli diet with isocaloric maltodextrin or alcohol,
respectively. Pectin-treated mice (Alc + p) received 6.5% pectin in addition to 5% ethanol. Human
fecal microbiota transfer (FMT) groups received the microbiota of a patient with alcoholic hepatitis.
Representative histological images of brown adipose tissue (scale bar = 100 µm and 200 µm) by
uncoupling protein 1, UCP1 immunohistochemistry (A). Quantification of mRNA levels of UCP1
(B) and TGR5 (C) of brown adipose tissue by qPCR. * p < 0.05, ** p < 0.01, **** p < 0.0001.

4. Discussion

In the present study, we analyzed how pectin, a fiber that modifies intestinal microbiota
and alleviates ALD, modifies the enterohepatic cycle of BA, in alcohol-challenged mice
receiving feces from patients with alcoholic hepatitis. We show that pectin enhances BA
excretion and changes the overall BA composition, favoring the increase of hydrophilic BAs
(less toxic) in the liver, plasma, and gut. This effect was due to an enrichment of intestinal
bacteria harboring genes that encode BA-metabolizing enzymes.

Total plasma and liver BA levels were elevated after chronic ethanol feeding, a phe-
nomenon that likely synergizes with ethanol to cause hepatocyte death. Nevertheless,
previous studies in animal models of ALD have shown that FXR activation by FXR ag-
onists, including obeticholic acid and fexaramine, or an FGF15 orthologue, decreased
ethanol-induced liver injury, steatosis, and inflammation by decreasing hepatic expres-
sion of Cyp7a1 and modulating lipid metabolism without any significant changes in the
BA pool [12,33]. Here, we observed that, instead of directly modulating the FXR/FGF-
15/19 pathway, pectin treatment rather acts as an intestinal BA sequestrant. Indeed, BA
sequestrants, such as cholestyramine, colestipol, and colesevelam, are already used in
clinical practice as medications to reduce LDL cholesterol in combination with dietary
modifications or statins or to increase glycemic control in association with antidiabetic
treatments [34–36]. Recently, the use of colesevelam, a BA sequestrant, was reported to
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improve alcohol-and nonalcoholic-induced liver steatosis and to reduce hepatic expression
of the Cyp7a1 protein, although without any tangible effect on liver inflammation [37,38].
Moreover, colesevelam was found to augment serum ALT levels in ethanol-fed mice, proba-
bly because this resin neutralizes other beneficial molecules, including free amino acids [39].
Beyond its function as a BA sequestrant, pectin modulates the fecal metabolome, thus
increasing the generation of beneficial bacterial metabolites, such as tryptophan derivatives,
that alleviate ALD [20]. Colesevelam inhibits hepatic Cyp7a1, whereas pectin appears to
favor BA synthesis through the downregulation of the FXR-FGF15 axis. However, this
increase is also accompanied by an increase in BA excretion into the feces, with a shift
towards a more hydrophilic BA pool. This is consistent with the results of several clin-
ical studies on various medical conditions (non-alcoholic fatty liver disease, cholestatic
pruritus, Crohn’s disease, hypercholesteremia, and type-2 diabetes mellitus) showing that
colesevelam increases BA synthesis [40–44].

Alcohol intake induces changes in the expression of BA transporters, including the
upregulation of hepatic BSEP and MRP2 and both hepatic and ileal ASBT [45]. In addition,
here, we report an increase in the level of MRP3, which is responsible for the alternative
basolateral efflux system in hepatocytes. This could explain the increase in TBA levels
in the plasma and the depletion of caecal BAs observed in alcohol-treated mice. MRP3
expression plays an essential role in protective and adaptive responses in the presence
of BA overload, such as cholestasis, which is generally observed in ALD [15]. Although
pectin had little effect on the expression of BA transporters in the liver, it modified the
expression of BA transporters in the ileum and colon. Pectin notably induced decreased
ileal expression of IBAP and MRP2. This may be due to disrupted FXR signaling, as FXR
is known to induce I-BABP and MRP2 expression [46]. BAs are actively taken up in the
terminal ileum via the ASBT transporter [47]. Pectin had no effect on ileal ASBT expression
but increased its colonic expression. Recently, it was shown that blocking intestinal BA
reabsorption using a gut-restricted ASBT inhibitor attenuated hepatic steatosis and liver
injury in a chronic-plus-binge ALD mouse model. This effect was associated with increased
hepatic Cyp7a1 expression and decreased ileal FXR activity [48].

Pectin had little effect on BA reabsorption due to its sequestrant properties. Moreover,
as for the ASBT inhibitor, it decreased ileal FXR activation and increased hepatic Cyp7a1
expression. Of note, pectin was also shown to suppress intestinal BA absorption by increasing
fecal BA elimination by up to 110% in high cholesterol-fed mice, thus decreasing the pool of
ileal BA by 47% and that of total BA by 36% and downregulating the FXR-FGF15 axis [49].

BAs are also important regulators of the composition of the gut microbiome. In animal
models of ALD, alcohol-associated changes in the IM were associated with increased levels
of bacterial BSH, which deconjugates BAs [12]. Moreover, changing the composition of the
IM using antibiotics was shown to attenuate hepatic Cyp7a1 expression and reduce ALD
in mice, suggesting that increased BA synthesis depends on gut bacteria [12].

Patients with alcoholic hepatitis also show a decrease in fecal BAs accompanied by a
decrease in unconjugated and secondary BA levels [15], whereas alcoholic patients with
cirrhosis have been reported to show a higher fecal concentration of hepatotoxic DCA
and higher secondary to primary BA ratios than healthy controls [50]. In our model,
pectin led to an increase in conjugated BA levels in the gut and, notably, a decrease in the
level of hydrophobic (highly cytotoxic) species, such as DCA, and an increase in those
of hydrophilic (less toxic) BAs, such as UDCA. Pectin induced an increase in BSH and
HSDH activity in the IM. However, it has been suggested that BSH genes are involved in
the development of alcohol liver disease [12]. Indeed, germ-free mice transplanted with
stool from alcoholic patients with cirrhosis showed a higher ability to deconjugate BAs
and produced a higher level of fecal secondary BAs than germ-free mice receiving stool
from healthy subjects. Nevertheless, the secondary BA, UDCA, produced by intestinal
bacteria through a series of deconjugation and epimerization reactions of CDCA, alleviates
ethanol-induced hepatocyte injury in vitro [51]. Therefore, although pectin treatment led
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to an increase in BSH levels, the IM shifted towards bacteria that produce hydrophilic
secondary BAs, such as UDCA.

Chronic alcohol consumption is associated with decreased BAT content in mice, as
well as impaired thermoregulation [31]. Moreover, physiological levels of circulating
BAs can promote heat production in the BAT by increasing energy expenditure through
the activation of uncoupling protein 1 (UCP1), which can be regulated by many factors,
including BAs, via the TGR5-signaling pathway [30,52]. However, we observed a pectin-
induced decrease in UCP1 expression in BAT. This could be related to a reduction in TGR5
agonists (mainly LCA and DCA) in the pectin group, although there was no difference
in the expression of TGR5. If the depletion of UCP1 is associated with liver injury in
ALD mice [32], our data would suggest that enhanced BAT function cannot explain the
hepatoprotective effects of pectin.

5. Conclusions

In conclusion, pectin alleviates ALD by modifying the IM and its metabolic capacity,
including its ability to transform BAs, thereby altering the BA enterohepatic cycle (Fig-
ure 9). Pectin alters the composition and function of the IM, resulting in beneficial effects
on BA metabolism. Although targeting specific pathways related to IM alterations and
microbial-derived metabolites in ALD has shown promising results, the broader spectrum
effects of pectin could be of great interest. As alcoholic patients typically consume little
fiber, including pectin, the dietary supplementation of fiber as a prebiotic could offer a
promising option for ALD management. Nonetheless, clinical trials are required to confirm
its beneficial effects on ALD in humans.

Cells 2022, 11, x FOR PEER REVIEW 13 of 17 
 

 

increase in BSH levels, the IM shifted towards bacteria that produce hydrophilic second-
ary BAs, such as UDCA. 

Chronic alcohol consumption is associated with decreased BAT content in mice, as 
well as impaired thermoregulation [31]. Moreover, physiological levels of circulating BAs 
can promote heat production in the BAT by increasing energy expenditure through the 
activation of uncoupling protein 1 (UCP1), which can be regulated by many factors, in-
cluding BAs, via the TGR5-signaling pathway [30,52]. However, we observed a pectin-
induced decrease in UCP1 expression in BAT. This could be related to a reduction in TGR5 
agonists (mainly LCA and DCA) in the pectin group, although there was no difference in 
the expression of TGR5. If the depletion of UCP1 is associated with liver injury in ALD 
mice [32], our data would suggest that enhanced BAT function cannot explain the hepa-
toprotective effects of pectin.  

5. Conclusions 
In conclusion, pectin alleviates ALD by modifying the IM and its metabolic capacity, 

including its ability to transform BAs, thereby altering the BA enterohepatic cycle (Figure 
9). Pectin alters the composition and function of the IM, resulting in beneficial effects on 
BA metabolism. Although targeting specific pathways related to IM alterations and mi-
crobial-derived metabolites in ALD has shown promising results, the broader spectrum 
effects of pectin could be of great interest. As alcoholic patients typically consume little 
fiber, including pectin, the dietary supplementation of fiber as a prebiotic could offer a 
promising option for ALD management. Nonetheless, clinical trials are required to con-
firm its beneficial effects on ALD in humans. 

 
Figure 9. Graphical summary of the role of pectin in the bile-acid (BA) enterohepatic cycle in alco-
holic liver disease. Pectin alleviates alcohol liver disease by increasing BA excretion and modifying 
the intestinal microbiota and the BA pool. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Oligonucleotides used in this study. 

Figure 9. Graphical summary of the role of pectin in the bile-acid (BA) enterohepatic cycle in alcoholic
liver disease. Pectin alleviates alcohol liver disease by increasing BA excretion and modifying the
intestinal microbiota and the BA pool.
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Author Contributions: D.C.: concept and design, acquisition, analysis, and interpretation of the data,
and drafting of the manuscript. M.S., C.H. and N.T.: technical support. K.H.: drafting and critical

https://www.mdpi.com/article/10.3390/cells11060968/s1
https://www.mdpi.com/article/10.3390/cells11060968/s1


Cells 2022, 11, 968 14 of 16

reading of the manuscript. F.M.-N. and S.D. (Séverine Domenichini): histological analysis. A.D., L.H.
and A.L.: Bile-acid metabolite analysis. S.D. (Sylvère Durand) and G.K.: metabolomics analysis and
editing of the manuscript. G.P.: obtained funding and provided patients. A.-M.C.: study concept,
design, and supervision, analysis, and interpretation of the data, drafting of the manuscript, and
funding raising. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by INSERM and the Université Paris-Saclay, “Fondation pour la
Recherche Médicale” (FRM), National French Society of Gastroenterology (SNFGE), “Association
Française pour l’Etude du Foie” (AFEF), “Fondation pour la Recherche en Alcoologie” (FRA/IREB),
and “Inserm Transversal Programme on Microbiota”. DC received a grant from Biocodex. MSp
received a grant from the Laboratory of Excellence LERMIT, supported by the “Agence Nationale de
la Recherche” (ANR-10-LABX-33). GK is supported by the Ligue contre le Cancer (équipe labellisée),
Agence National de la Recherche (ANR)–Projets blancs; AMMICa US23/CNRS UMS3655, Association
pour la Recherche sur le Cancer (ARC), Association “Ruban Rose”; Cancéropôle Ile-de-France,
Fondation pour la Recherche Médicale (FRM), a donation by Elior, Equipex Onco-Pheno-Screen,
Gustave Roussy Odyssea, the European Union Horizon 2020 Projects Oncobiome and Crimson,
Fondation Carrefour, Institut National du Cancer (INCa); Inserm (HTE), Institut Universitaire de
France, LabEx Immuno-Oncology (ANR-18-IDEX-0001), the Leducq Foundation, a Cancer Research
ASPIRE Award from the Mark Foundation, the RHU Torino Lumière; Seerave Foundation, SIRIC
Stratified Oncology Cell DNA Repair and Tumor Immune Elimination (SOCRATE), and SIRIC Cancer
Research and Personalized Medicine (CARPEM). This study contributes to the IdEx Université de
Paris ANR-18-IDEX-0001.

Institutional Review Board Statement: The animal experimentation procedure was validated by the
French Ministry, 2015052715405651v2 (APAFIS#729) and 2017042314557080v1 (APAFIS#4788).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is available upon request to the corresponding authors.

Acknowledgments: The authors thank Mylène Levant, Baptiste Lecomte, and Sarah Mendez for
follow-up of the mice, and the Plaimmo Platform (Sophie Viel), the PHIC platform (Morgan Ocimek),
and Nicolas Sorhaindo for plasma quantification (Plateforme de Biochimie, Bichat). We thank the
NED team (Olivier Zemb and Béatrice Gabinaud) and the GeT-PlaGe platform for their help with the
sequencing data. We also thank Dominique Rainteau from the Centre de Recherche Saint-Antoine,
CRSA, Hôpital Saint Antoine, Département de Métabobolomique Clinique, Paris.

Conflicts of Interest: GP received travel funds from Janssen and Gilead, consulting fees from
Bayer, Biocodex, Roche, Gilead, Pierre Fabre, and Servier, and royalties from Elsevier-Masson, Solar,
Flammarion/Versilio, and John Libbey Eurotext. GK has held research contracts with Daiichi Sankyo,
Eleor, Kaleido, Lytix Pharma, PharmaMar, Samsara, Sanofi, Sotio, Vascage, and Vasculox/Tioma.
GK is on the Board of Directors of the Bristol Myers Squibb Foundation France. GK is a scientific
co-founder of EverImmune, Samsara Therapeutics, and Therafast Bio. All other authors declare no
conflicts of interest related to the present study.

References
1. Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019, 70, 151–171. [CrossRef]

[PubMed]
2. Singal, A.K.; Mathurin, P. Diagnosis and Treatment of Alcohol-Associated Liver Disease: A Review. JAMA 2021, 326, 165–176.

[CrossRef] [PubMed]
3. European Association for the Study of the Liver. EASL Clinical Practice Guidelines: Management of alcohol-related liver disease.

J. Hepatol. 2018, 69, 154–181. [CrossRef] [PubMed]
4. Bajaj, J.S. Alcohol, liver disease and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 235–246. [CrossRef] [PubMed]
5. Mauvais-Jarvis, F.; Bairey Merz, N.; Barnes, P.J.; Brinton, R.D.; Carrero, J.J.; DeMeo, D.L.; De Vries, G.J.; Epperson, C.N.; Govindan,

R.; Klein, S.L.; et al. Sex and gender: Modifiers of health, disease, and medicine. Lancet 2020, 396, 565–582. [CrossRef]
6. Muthiah, M.D.; Smirnova, E.; Puri, P.; Chalasani, N.; Shah, V.H.; Kiani, C.; Taylor, S.; Mirshahi, F.; Sanyal, A.J. Development of

Alcohol-Associated Hepatitis Is Associated With Specific Changes in Gut-Modified Bile Acids. Hepatol. Commun. 2022. [CrossRef]
7. Wahlstrom, A.; Sayin, S.I.; Marschall, H.U.; Backhed, F. Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on

Host Metabolism. Cell Metab. 2016, 24, 41–50. [CrossRef]
8. Thomas, C.; Pellicciari, R.; Pruzanski, M.; Auwerx, J.; Schoonjans, K. Targeting bile-acid signalling for metabolic diseases. Nat.

Rev. Drug Discov. 2008, 7, 678–693. [CrossRef]

http://doi.org/10.1016/j.jhep.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/30266282
http://doi.org/10.1001/jama.2021.7683
http://www.ncbi.nlm.nih.gov/pubmed/34255003
http://doi.org/10.1016/j.jhep.2018.03.018
http://www.ncbi.nlm.nih.gov/pubmed/29628280
http://doi.org/10.1038/s41575-018-0099-1
http://www.ncbi.nlm.nih.gov/pubmed/30643227
http://doi.org/10.1016/S0140-6736(20)31561-0
http://doi.org/10.1002/hep4.1885
http://doi.org/10.1016/j.cmet.2016.05.005
http://doi.org/10.1038/nrd2619


Cells 2022, 11, 968 15 of 16

9. Chavez-Talavera, O.; Tailleux, A.; Lefebvre, P.; Staels, B. Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2
Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease. Gastroenterology 2017, 152, 1679–1694.e3. [CrossRef]

10. Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.J.; Lavine, J.E.; Van Natta, M.L.; Abdelmalek, M.F.; Chalasani, N.; Dasarathy, S.;
Diehl, A.M.; Hameed, B.; et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis
(FLINT): A multicentre, randomised, placebo-controlled trial. Lancet 2015, 385, 956–965. [CrossRef]

11. Wu, W.; Zhu, B.; Peng, X.; Zhou, M.; Jia, D.; Gu, J. Activation of farnesoid X receptor attenuates hepatic injury in a murine model
of alcoholic liver disease. Biochem. Biophys. Res. Commun. 2014, 443, 68–73. [CrossRef]

12. Hartmann, P.; Hochrath, K.; Horvath, A.; Chen, P.; Seebauer, C.T.; Llorente, C.; Wang, L.; Alnouti, Y.; Fouts, D.E.; Starkel, P.; et al.
Modulation of the intestinal bile acid/farnesoid X receptor/fibroblast growth factor 15 axis improves alcoholic liver disease in
mice. Hepatology 2018, 67, 2150–2166. [CrossRef]

13. Merlen, G.; Bidault-Jourdainne, V.; Kahale, N.; Glenisson, M.; Ursic-Bedoya, J.; Doignon, I.; Garcin, I.; Humbert, L.; Rainteau, D.;
Tordjmann, T. Hepatoprotective impact of the bile acid receptor TGR5. Liver Int. 2020, 40, 1005–1015. [CrossRef]

14. Spatz, M.; Ciocan, D.; Merlen, G.; Rainteau, D.; Humbert, L.; Gomes-Rochette, N.; Hugot, C.; Trainel, N.; Mercier-Nome,
F.; Domenichini, S.; et al. Bile acid-receptor TGR5 deficiency worsens liver injury in alcohol-fed mice by inducing intestinal
microbiota dysbiosis. JHEP Rep. 2021, 3, 100230. [CrossRef]

15. Ciocan, D.; Voican, C.S.; Wrzosek, L.; Hugot, C.; Rainteau, D.; Humbert, L.; Cassard, A.M.; Perlemuter, G. Bile acid homeostasis
and intestinal dysbiosis in alcoholic hepatitis. Aliment. Pharmacol. Ther. 2018, 48, 961–974. [CrossRef]

16. Kang, D.J.; Hylemon, P.B.; Gillevet, P.M.; Sartor, R.B.; Betrapally, N.S.; Kakiyama, G.; Sikaroodi, M.; Takei, H.; Nittono, H.;
Zhou, H.; et al. Gut microbial composition can differentially regulate bile acid synthesis in humanized mice. Hepatol. Commun.
2017, 1, 61–70. [CrossRef]

17. Llopis, M.; Cassard, A.M.; Wrzosek, L.; Boschat, L.; Bruneau, A.; Ferrere, G.; Puchois, V.; Martin, J.C.; Lepage, P.; Le Roy, T.; et al.
Intestinal microbiota contributes to individual susceptibility to alcoholic liver disease. Gut 2016, 65, 830–839. [CrossRef]

18. Acharya, C.; Bajaj, J.S. Chronic Liver Diseases and the Microbiome-Translating Our Knowledge of Gut Microbiota to Management
of Chronic Liver Disease. Gastroenterology 2021, 160, 556–572. [CrossRef]

19. Jones, P.J. Dietary agents that target gastrointestinal and hepatic handling of bile acids and cholesterol. J. Clin. Lipidol. 2008, 2,
S4–S10. [CrossRef]

20. Wrzosek, L.; Ciocan, D.; Hugot, C.; Spatz, M.; Dupeux, M.; Houron, C.; Lievin-Le Moal, V.; Puchois, V.; Ferrere, G.; Trainel, N.; et al.
Microbiota tryptophan metabolism induces aryl hydrocarbon receptor activation and improves alcohol-induced liver injury. Gut
2021, 70, 1299–1308. [CrossRef]

21. Dongowski, G.; Lorenz, A. Intestinal steroids in rats are influenced by the structural parameters of pectin. J. Nutr. Biochem. 2004,
15, 196–205. [CrossRef]

22. Gunness, P.; Gidley, M.J. Mechanisms underlying the cholesterol-lowering properties of soluble dietary fibre polysaccharides.
Food Funct. 2010, 1, 149–155. [CrossRef]

23. Aller, R.; De Luis, D.A.; Izaola, O.; Conde, R.; Gonzalez Sagrado, M.; Primo, D.; De La Fuente, B.; Gonzalez, J. Effect of a probiotic
on liver aminotransferases in nonalcoholic fatty liver disease patients: A double blind randomized clinical trial. Eur. Rev. Med.
Pharmacol. Sci. 2011, 15, 1090–1095.

24. Bertola, A.; Mathews, S.; Ki, S.H.; Wang, H.; Gao, B. Mouse model of chronic and binge ethanol feeding (the NIAAA model). Nat.
Protoc. 2013, 8, 627–637. [CrossRef]

25. Wrzosek, L.; Ciocan, D.; Borentain, P.; Spatz, M.; Puchois, V.; Hugot, C.; Ferrere, G.; Mayeur, C.; Perlemuter, G.; Cassard, A.M.
Transplantation of human microbiota into conventional mice durably reshapes the gut microbiota. Sci. Rep. 2018, 8, 6854.
[CrossRef]

26. Humbert, L.; Maubert, M.A.; Wolf, C.; Duboc, H.; Mahe, M.; Farabos, D.; Seksik, P.; Mallet, J.M.; Trugnan, G.; Masliah, J.; et al.
Bile acid profiling in human biological samples: Comparison of extraction procedures and application to normal and cholestatic
patients. J. Chromatogr. B Analyt. Technol. Biomed Life Sci. 2012, 899, 135–145. [CrossRef]

27. Ferrere, G.; Wrzosek, L.; Cailleux, F.; Turpin, W.; Puchois, V.; Spatz, M.; Ciocan, D.; Rainteau, D.; Humbert, L.; Hugot, C.; et al.
Fecal microbiota manipulation prevents dysbiosis and alcohol-induced liver injury in mice. J. Hepatol. 2017, 66, 806–815.
[CrossRef]

28. Langille, M.G.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Vega Thurber,
R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 2013, 31, 814–821. [CrossRef]

29. 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]

30. Broeders, E.P.; Nascimento, E.B.; Havekes, B.; Brans, B.; Roumans, K.H.; Tailleux, A.; Schaart, G.; Kouach, M.; Charton, J.;
Deprez, B.; et al. The Bile Acid Chenodeoxycholic Acid Increases Human Brown Adipose Tissue Activity. Cell Metab. 2015, 22,
418–426. [CrossRef]

31. Blaner, W.S.; Gao, M.A.; Jiang, H.; Dalmer, T.R.; Hu, X.J.; Ginsberg, H.N.; Clugston, R.D. Chronic alcohol consumption decreases
brown adipose tissue mass and disrupts thermoregulation: A possible role for altered retinoid signaling. Sci. Rep. 2017, 7, 43474.
[CrossRef] [PubMed]

http://doi.org/10.1053/j.gastro.2017.01.055
http://doi.org/10.1016/S0140-6736(14)61933-4
http://doi.org/10.1016/j.bbrc.2013.11.057
http://doi.org/10.1002/hep.29676
http://doi.org/10.1111/liv.14427
http://doi.org/10.1016/j.jhepr.2021.100230
http://doi.org/10.1111/apt.14949
http://doi.org/10.1002/hep4.1020
http://doi.org/10.1136/gutjnl-2015-310585
http://doi.org/10.1053/j.gastro.2020.10.056
http://doi.org/10.1016/j.jacl.2008.01.005
http://doi.org/10.1136/gutjnl-2020-321565
http://doi.org/10.1016/S0955-2863(03)00080-9
http://doi.org/10.1039/c0fo00080a
http://doi.org/10.1038/nprot.2013.032
http://doi.org/10.1038/s41598-018-25300-3
http://doi.org/10.1016/j.jchromb.2012.05.015
http://doi.org/10.1016/j.jhep.2016.11.008
http://doi.org/10.1038/nbt.2676
http://doi.org/10.1080/19490976.2015.1127483
http://doi.org/10.1016/j.cmet.2015.07.002
http://doi.org/10.1038/srep43474
http://www.ncbi.nlm.nih.gov/pubmed/28262768


Cells 2022, 11, 968 16 of 16

32. Shen, H.; Jiang, L.; Lin, J.D.; Omary, M.B.; Rui, L. Brown fat activation mitigates alcohol-induced liver steatosis and injury in mice.
J. Clin. Investig. 2019, 129, 2305–2317. [CrossRef] [PubMed]

33. Iracheta-Vellve, A.; Calenda, C.D.; Petrasek, J.; Ambade, A.; Kodys, K.; Adorini, L.; Szabo, G. FXR and TGR5 Agonists Ameliorate
Liver Injury, Steatosis, and Inflammation After Binge or Prolonged Alcohol Feeding in Mice. Hepatol. Commun. 2018, 2, 1379–1391.
[CrossRef] [PubMed]

34. Brufau, G.; Stellaard, F.; Prado, K.; Bloks, V.W.; Jonkers, E.; Boverhof, R.; Kuipers, F.; Murphy, E.J. Improved glycemic control with
colesevelam treatment in patients with type 2 diabetes is not directly associated with changes in bile acid metabolism. Hepatology
2010, 52, 1455–1464. [CrossRef] [PubMed]

35. Feingold, K.R. Cholesterol Lowering Drugs. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., de Herder, W.W.,
Dhatariya, K., Dungan, K., Grossman, A., Hershman, J.M., Hofland, J., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA,
USA, 2000.

36. Handelsman, Y.; Goldberg, R.B.; Garvey, W.T.; Fonseca, V.A.; Rosenstock, J.; Jones, M.R.; Lai, Y.L.; Jin, X.; Misir, S.; Nagen-
dran, S.; et al. Colesevelam hydrochloride to treat hypercholesterolemia and improve glycemia in prediabetes: A randomized,
prospective study. Endocr. Pract. 2010, 16, 617–628. [CrossRef] [PubMed]

37. Cabre, N.; Duan, Y.; Llorente, C.; Conrad, M.; Stern, P.; Yamashita, D.; Schnabl, B. Colesevelam Reduces Ethanol-Induced Liver
Steatosis in Humanized Gnotobiotic Mice. Cells 2021, 10, 1496. [CrossRef] [PubMed]

38. Hartmann, P.; Duan, Y.; Miyamoto, Y.; Demir, M.; Lang, S.; Hasa, E.; Stern, P.; Yamashita, D.; Conrad, M.; Eckmann, L.; et al.
Colesevelam ameliorates non-alcoholic steatohepatitis and obesity in mice. Hepatol. Int. 2022; Online ahead of print. [CrossRef]

39. Brown, K.S.; Armstrong, I.C.; Wang, A.; Walker, J.R.; Noveck, R.J.; Swearingen, D.; Allison, M.; Kissling, J.C.; Kisicki, J.; Salazar,
D.E. Effect of the bile acid sequestrant colesevelam on the pharmacokinetics of pioglitazone, repaglinide, estrogen estradiol,
norethindrone, levothyroxine, and glyburide. J. Clin. Pharmacol. 2010, 50, 554–565. [CrossRef]

40. Beigel, F.; Teich, N.; Howaldt, S.; Lammert, F.; Maul, J.; Breiteneicher, S.; Rust, C.; Goke, B.; Brand, S.; Ochsenkuhn, T. Colesevelam
for the treatment of bile acid malabsorption-associated diarrhea in patients with Crohn’s disease: A randomized, double-blind,
placebo-controlled study. J. Crohns Colitis 2014, 8, 1471–1479. [CrossRef]

41. Dayer-Berenson, L.; Finckenor, M. Expanded colesevelam administration options with oral suspension formulation for patients
with diabetes and hypercholesterolemia. Postgrad. Med. 2014, 126, 126–134. [CrossRef]

42. Kuiper, E.M.; van Erpecum, K.J.; Beuers, U.; Hansen, B.E.; Thio, H.B.; de Man, R.A.; Janssen, H.L.; van Buuren, H.R. The potent
bile acid sequestrant colesevelam is not effective in cholestatic pruritus: Results of a double-blind, randomized, placebo-controlled
trial. Hepatology 2010, 52, 1334–1340. [CrossRef] [PubMed]

43. Le, T.A.; Chen, J.; Changchien, C.; Peterson, M.R.; Kono, Y.; Patton, H.; Cohen, B.L.; Brenner, D.; Sirlin, C.; Loomba, R.; et al.
Effect of colesevelam on liver fat quantified by magnetic resonance in nonalcoholic steatohepatitis: A randomized controlled trial.
Hepatology 2012, 56, 922–932. [CrossRef] [PubMed]

44. Zhou, E.; Hoeke, G.; Li, Z.; Eibergen, A.C.; Schonk, A.W.; Koehorst, M.; Boverhof, R.; Havinga, R.; Kuipers, F.; Coskun, T.; et al.
Colesevelam enhances the beneficial effects of brown fat activation on hyperlipidaemia and atherosclerosis development.
Cardiovasc. Res. 2020, 116, 1710–1720. [CrossRef] [PubMed]

45. Gong, X.; Zhang, Q.; Ruan, Y.; Hu, M.; Liu, Z.; Gong, L. Chronic Alcohol Consumption Increased Bile Acid Levels in Enterohepatic
Circulation and Reduced Efficacy of Irinotecan. Alcohol Alcohol. 2020, 55, 264–277. [CrossRef] [PubMed]

46. Kast, H.R.; Goodwin, B.; Tarr, P.T.; Jones, S.A.; Anisfeld, A.M.; Stoltz, C.M.; Tontonoz, P.; Kliewer, S.; Willson, T.M.; Edwards,
P.A. Regulation of multidrug resistance-associated protein 2 (ABCC2) by the nuclear receptors pregnane X receptor, farnesoid
X-activated receptor, and constitutive androstane receptor. J. Biol. Chem. 2002, 277, 2908–2915. [CrossRef] [PubMed]

47. Shneider, B.L. Intestinal bile acid transport: Biology, physiology, and pathophysiology. J. Pediatr. Gastroenterol. Nutr. 2001, 32,
407–417. [CrossRef]

48. Matye, D.J.; Li, Y.; Chen, C.; Chao, X.; Wang, H.; Ni, H.; Ding, W.X.; Li, T. Gut-restricted apical sodium-dependent bile acid
transporter inhibitor attenuates alcohol-induced liver steatosis and injury in mice. Alcohol. Clin. Exp. Res. 2021, 45, 1188–1199.
[CrossRef]

49. Zhu, R.; Hou, Y.; Sun, Y.; Li, T.; Fan, J.; Chen, G.; Wei, J. Pectin Penta-Oligogalacturonide Suppresses Intestinal Bile Acids
Absorption and Downregulates the FXR-FGF15 Axis in High-Cholesterol Fed Mice. Lipids 2017, 52, 489–498. [CrossRef]

50. Bajaj, J.S.; Kakiyama, G.; Zhao, D.; Takei, H.; Fagan, A.; Hylemon, P.; Zhou, H.; Pandak, W.M.; Nittono, H.; Fiehn, O.; et al.
Continued Alcohol Misuse in Human Cirrhosis is Associated with an Impaired Gut-Liver Axis. Alcohol. Clin. Exp. Res. 2017, 41,
1857–1865. [CrossRef]

51. Neuman, M.G.; Shear, N.H.; Bellentani, S.; Tiribelli, C. Role of cytokines in ethanol-induced cytotoxicity in vitro in Hep G2 cells.
Gastroenterology 1998, 115, 157–166. [CrossRef]

52. Watanabe, M.; Houten, S.M.; Mataki, C.; Christoffolete, M.A.; Kim, B.W.; Sato, H.; Messaddeq, N.; Harney, J.W.; Ezaki, O.;
Kodama, T.; et al. Bile acids induce energy expenditure by promoting intracellular thyroid hormone activation. Nature 2006, 439,
484–489. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI124376
http://www.ncbi.nlm.nih.gov/pubmed/30888335
http://doi.org/10.1002/hep4.1256
http://www.ncbi.nlm.nih.gov/pubmed/30411084
http://doi.org/10.1002/hep.23831
http://www.ncbi.nlm.nih.gov/pubmed/20725912
http://doi.org/10.4158/EP10129.OR
http://www.ncbi.nlm.nih.gov/pubmed/20634176
http://doi.org/10.3390/cells10061496
http://www.ncbi.nlm.nih.gov/pubmed/34198609
http://doi.org/10.1007/s12072-022-10296-w
http://doi.org/10.1177/0091270009349378
http://doi.org/10.1016/j.crohns.2014.05.009
http://doi.org/10.3810/pgm.2014.05.2762
http://doi.org/10.1002/hep.23821
http://www.ncbi.nlm.nih.gov/pubmed/20683930
http://doi.org/10.1002/hep.25731
http://www.ncbi.nlm.nih.gov/pubmed/22431131
http://doi.org/10.1093/cvr/cvz253
http://www.ncbi.nlm.nih.gov/pubmed/31589318
http://doi.org/10.1093/alcalc/agaa005
http://www.ncbi.nlm.nih.gov/pubmed/32232424
http://doi.org/10.1074/jbc.M109326200
http://www.ncbi.nlm.nih.gov/pubmed/11706036
http://doi.org/10.1097/00005176-200104000-00002
http://doi.org/10.1111/acer.14619
http://doi.org/10.1007/s11745-017-4258-x
http://doi.org/10.1111/acer.13498
http://doi.org/10.1016/S0016-5085(98)70377-4
http://doi.org/10.1038/nature04330
http://www.ncbi.nlm.nih.gov/pubmed/16400329

	Introduction 
	Materials and Methods 
	Results 
	Pectin Alters the Enterohepatic Cycle of Bile Acids in Alcohol-Fed Mice 
	Bile Acid-Metabolizing Bacteria Are Enriched in Pectin-Treated Mice 
	Pectin Modifies Bile-Acid Signaling in the Gut, Liver, and Brown Adipose Tissue 

	Discussion 
	Conclusions 
	References

