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Abstract

Purpose Inulin-type fructans (ITF) are fermentable dietary fibres (DF) that can confer beneficial metabolic health effects
through changes in the gut microbiota. Many papers suggest that complex food rich in DF could be more relevant than puri-
fied DF in terms of health effect. We compared the prebiotic effect of natural source of inulin (scorzonera) versus native
inulin extracted from chicory root in a model of obesity.

Methods Mice were fed during 6 weeks a low-fat (LF), high-fat (HF) or high-fat diet enriched with either purified inulin
from chicory root (Inu) or lyophilized scorzonera (Sco), with the same amount of ITF intake (10%) versus a non-fermentable
fibre (cellulose). Metabolic parameters were correlated with the gut microbiome composition (16S rRNA gene sequencing).
Results Both inulin sources reduced food intake without significantly modifying body weight gain or adiposity compared
to HF. Purified inulin and lyophilized scorzonera differentially modulate the gut physiology and microbiota. Both inulin
and scorzonera shifted global gut microbial composition from HF group, decreased members of Desulfovibrionaceae and
boosted bifidobacteria level. Some effects were specific to Sco group, such as the increase of Akkermansia and the decrease
of Bacteroides, that correlated to biological outcomes. Inu improved hepatic steatosis whereas scorzonera boosted intestinal
immunity markers and antimicrobial peptides expression, and increased intestinal crypt depth.

Conclusion Differences occur between natural edible versus isolated sources of ITF. Both sources of inulin shifted the gut
microbiota, but differently affected intestinal and lipid homeostasis. This study highlights the importance of food matrix and
origins of fructans for their use in the context of metabolic disorders.

Keywords Obesity - Gut microbiota - Prebiotic - Inulin - Metabolism

Introduction

The gut microbiota appears as an important player to take
into consideration in the regulation of host physiology. It is
now widely recognized that alterations of the gut microbial
ecosystem are associated with several pathologies including
those related to nutritional and metabolic disorders (obe-
sity, type 2 diabetes...) [1-3]. In this context, nutrition and
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particularly nutrients targeting the gut microbes can be of
interest in the management of metabolic alterations. Some
undigestible carbohydrates, defined as prebiotics, can be fer-
mented by the gut microbiota, thereby conferring a health
benefit [4]. Among them, inulin-type fructans (ITF) are
certainly the most studied. ITF are well known to exhibit
health benefits in humans such as a regulation of appetite
[5], reduction of fat mass expansion [6] or improvement of
gut barrier function [7]. ITF which have been extensively
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studied are mostly those extracted from chicory roots and
consumed as lyophilized powder. We have recently focused
our interest on several vegetables, fruits or cereals as poten-
tial sources of ITF [8]. Indeed, native inulin is present in
a high concentration in plant roots such as Jerusalem arti-
choke, artichoke, asparagus, garlic, onion, leek or salsify/
scorzonera [9]. However, compared to purified inulin, lit-
tle is known about the metabolic effect of ITF when they
are administered through vegetables naturally enriched in
ITF. Few studies evaluated the impact of naturally occur-
ring prebiotics in food on the gut microbiota composition
and function, and metabolic disorders [10—12]. Our team
recently demonstrated in healthy volunteers that nutritional
intervention based on a selection of ITF-rich vegetables
during 2 weeks (to reach a minimum intake of at least 9 g
ITF/d) allows an increase in well-tolerated dietary fibre,
associated with an improvement of food-related behavior
such as a greater satiety and a reduced desire to eat sweet,
salty and fatty food [10]. In the same cohort, we found that
the intake of ITF-rich vegetables induced beneficial changes
of the gut microbiota composition, such as an increased pro-
portion of the Bifidobacterium genus [10]. In a multicenter
and randomized placebo-controlled intervention combining
both native inulin and ITF-rich vegetables, we observed that
inulin-enriched diet promoted weight loss in patients with
obesity and the response to the intervention was depend-
ent of the gut microbiota composition at baseline [13, 14].
Compared to placebo, the inulin-enriched diet was more effi-
cient to improve some clinical outcomes (weight loss, dias-
tolic blood pressure, AST and insulinemia) and enhanced
the growth of Bifidobacterium genus [13]. However, to our
knowledge, no studies compared in the context of obesity the
biological outcomes linked to identical doses of ITF given
as purified compound or as vegetables. Only few vegeta-
bles display high fructans contents. In a previous study, we
have shown that black salsify (Scorzonera hispanica) had
higher content of fructans than Jerusalem artichoke (Heli-
anthus tuberosus), the well-known source of ITF [15]. High
fructan content was expected because both plants belong
to the Asteraceae family that accumulates carbohydrates as
energy storage mainly in the form of fructans [15]. We previ-
ously demonstrated that the proportion of total dietary fibre
and low molecular weight soluble dietary fibre were much
more important in the Scorzonera hispanica (salsify) than
Jerusalem artichoke [15]. In this context, we hypothesized
that the administration of native inulin or a preparation of
ITF-rich vegetables, such as scorzonera, induces different
impact on metabolic alterations versus a non-fermentable
fibre (cellulose) in a model of obesity in mice.
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Methods
Mice procedure

Thirty-six mice (9-week-old, C57BL/6 J, male) were pur-
chased from Janvier Labs (Le Genest St Isle, France). Mice
were housed 3 per cage in a controlled environment (12-h
daylight cycle) with free access to food and water. The
experiment was approved by the local ethics committee for
animal care of the Health Sector of Université catholique
de Louvain under the specific agreement number 2017/
UCL/MD/005. Housing conditions were as specified by
the Belgian Law of 29 May 2013 regarding the protection
of laboratory animals (Agreement no LA 1230314). Every
effort was made to minimize animal pain, suffering, and
distress.

The acclimatization period lasted one week with a
standard diet (Research Diet Inc., New Brunswick, NJ,
USA). Mice were split in four different groups (9 mice
per group). One control group was fed with a low-fat diet
(LF, 10% kcal from fat, Ssniff, Soest, Germany), whereas
the three other groups were fed with a high-fat diet (HF,
45% kcal from fat, Ssniff, Soest, Germany). Among the
three groups fed a HF diet, one group received purified
ITF (Inu, chicory powder extract from Cosucra, Warco-
ing, Belgium). In Inu group, 11% of inulin were added
into the diet in order to obtain a final diet with 10% of
fructans. Another HF group received a preparation of lyo-
philized scorzonera (Sco). In Sco group, HF diet was sup-
plemented with 18% of lyophilized scorzonera in order
to obtain 10% of fructans. In order to have the same per-
centage of all nutrients (including fat content) except the
type of DF in the three HF groups after the addition of
11% of inulin (w/w) for Inu group and 18% of scorzonera
(w/w) for Sco group, we adjusted the diet by incorporat-
ing cellulose, BW200 (18% in HF group and 7% in Inu
group). This adjustment was necessary due to the differ-
ences in fructans content in purified inulin (92.6 g/100 g)
and preparation of lyophilized scorzonera (54.5 g /100 g).
As a consequence, the three groups of HF contained 82%
of the initial diet and the Inu and Sco groups contained the
same amount of fructans each. A detailed composition of
products and diets is shown in Table 1. Scorzonera used in
this study were purchased from a local grocery store and
prepared according to standard cooking practises includ-
ing a steaming for 20-min. Upon cooking, scorzonera were
subsequently frozen at —18 °C and freeze-dried in a Christ
1022 freeze-drier (Osterode, Germany) at 0.630 mbar
until constant weight was reach with an initial shelf
T of —5 °C. Fructan and free sugar (glucose, fructose,
sucrose) contents of the freeze-dried scorzonera samples
and purified inulin extract were determined according to
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Table 1 Composition and intake of diets and ITF supplements

Purified inulin Lyophilized scorzonera

Supplement composition (g/100 g)

Total dietary fibre 33.8 18.3

Insoluble dietary fibre 0.3 9.6

Soluble dietary fibre 335 8.7

Fructans 92.56 54.54

Free glucose 1.4 0.84

Free saccharose 3.86 3.13

Free fructose 1.93 2.98

LF HF Inu Sco

Diet composition (g/100 g)
Saccharose 0 16.54 16.54 16.54
Fat 4 19.35 19.35 19.35
Protein 20.7 20.5 20.5 20.5
Maltodextrin 14 9.02 9.02 9.02
Cellulose 5 23.7 12.7 5.7
Starch 48.85 5.74 5.74 5.74
Native inulin 0 0 11 0
Lyophilized scorzonera 0 0 0 18
Others (minerals. vitamins...) 7.45 5.15 5.15 5.15

Energy (kcal/grams of diet) 2.62 3.64 3.87 3.89

Diet consumption
Cumulative food intake (g) 154.9+4.3 139.5+3.6 119.4+4.6° 118.7+1.7°
Cumulative fat intake (g) 6.2+0.17% 26.98 +0.69° 23.10+0.89° 22.97+0.32°
Cumulative saccharose intake (g) 1.55+0.04% 23.07+0.59° 20.26+0.78¢ 19.64 +0.27¢
Cumulative glucose intake (g) 0+0? 0+0? 0.18+0.01° 0.18 +0.00°
Cumulative fructose intake (g) 0+0* 0+0? 0.25+0.01° 0.64+0.01°¢
Cumulative energy intake (kcal) 405.9+11.2% 507.6+12.9° 453.7+17.6% 450+6.2°

For diet consumption, mice were fed a low-fat diet (LF), a high-fat diet (HF) or a high-fat diet enriched with purified inulin (Inu) or lyophilized
scorzonera (Sco) for 6 weeks. A one-way ANOVA was performed followed by a Tukey post-hoc test to compare diet consumption between
groups. A different letter was attributed when the groups exhibit significant differences

the spectrophotometric method of Steegmans et al. using
a commercial kit (K-FRUGL, Megazyme, Wicklow, Ire-
land)[16]. The contents in total/soluble/insoluble DF were
determined in ITF supplements as previously described
[15]. Of note, considering the proportion of the ITF
supplements and cellulose incorporated in the different
experimental diets, they are not matched in terms of total/
soluble/insoluble DF. From a previous study [15], we can
conclude that the degree of polymerisation of fructans was
higher after steam cooking (13.5 versus 11.7). The propor-
tion of soluble DF was much higher than insoluble DF
(more than 70% versus 8%) and this proportion was not
affected by the steam.

Mice were fed ad libitum for 6 weeks. At the 3rd week,
a 24 h feces collection was performed. After 6 weeks, mice
were fasted for 6 h and then anesthetized using isoflurane gas

(Abbot, Ottignies, Belgium). Blood from cava vein was har-
vested in EDTA tubes. Portal blood was also collected and
directly flushed within tubes containing dipeptidyl peptidase
4 inhibitor (Millipore, St Charles, MO, USA). Plasma was
immediately collected after centrifugation (12 000 X g for
3 min) and stored at — 80 °C for biochemical analysis. Mice
were necropsied after cervical dislocation. Liver, adipose
tissues (epididymal, visceral, and subcutaneous), gastroc-
nemius muscles, cecal content and intestinal tissues were
dissected and immersed in liquid nitrogen before storage
at—80 °C.

Metabolic measurements

Blood glucose levels were determined, after 6 h of fasting,
using a glucose meter (Roche Diagnostics) on 3.5 pl of blood
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collected from the tail vein. Plasma triglycerides, cholesterol
and free fatty acid concentrations were measured using kits
coupling enzymatic reaction and spectrophotometric detec-
tion of reaction end-products (Diasys Diagnostic and Sys-
tems, Holzheim, Germany). Plasma inflammatory mediators
and portal concentrations of active glucagon-like peptide 1
(GLP-1) and total peptide YY (PYY) were determined using
the Meso Scale Discovery (MSD) U-PLEX assay (Rockville,
MD, USA) following the manufacturer’s instructions. Analy-
ses were performed using a QuickPlex SQ 120 instrument
(MSD) and DISCOVERY WORKBENCH® 4.0 software
(MSD, Rockville, MD, USA). The Dipeptidyl peptidase 4
(DPP4) activity was evaluated in the serum of the portal
vein following a procedure previously described [17]. Lipid
content was measured in the liver, gastrocnemius muscle and
feces after extraction with chloroform—-methanol according
to the Folch method. Briefly, 100 mg of tissue (liver, muscle)
or lyophilised feces were homogenised in 2 ml of chloro-
form: methanol (2:1). The chloroform phase was evaporated
under nitrogen flux and the dried residue was weighted and
solubilised in 1.5 ml of isopropanol. Triglyceride and cho-
lesterol concentrations were measured using a kit coupling
an enzymatic reaction and spectrophotometric detection
of the final product (Diasys Diagnostic and System, Holz-
heim, Germany). For hepatic bile acids (BA) extraction, 50
to 100 mg of liver were homogenized at room temperature
in 1 ml of 75% ethanol using a TissueLyser device (Qiagen).
Homogenates were incubated 2 h at 50 °C and then centri-
fuged at 6,000 g for 10 min at 4 °C. Supernatants containing
BA were collected. The assay for total BA concentration
was performed as follows: 12 pL of hepatic BA samples or
serum from portal vein were used for BA detection, using
a colorimetric total Bile Acid Assay kit (Diazyme Labo-
ratories, Inc., CA, USA), according to the manufacturer’s
instructions.

Histological analysis

In the ileum, the crypt depth and villus length were meas-
ured after hematoxylin/eosin staining. The sections were
digitized (Leica SCN400, Leica Microsystems, Germany),
and the images were captured using the Leica Image Viewer
Software (Version 4.0.4). Crypt depth and villus length
measurements were made on sections (at least 10 measure-
ments per animal) by using Aperio ImageScope software.

RNA Extraction and real-time quantitative PCR

Total RNA was isolated from tissues using the TriPure iso-
lation reagent kit (Roche Diagnostics, Penzberg, Germany).
Complementary DNA was prepared by reverse transcrip-
tion of 1 pg total RNA using the Kit Reverse Transcription
System (Promega,Madison,WI). Real-time polymerase chain
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reaction (PCR) was performed with a CFX96 Touch Real-
Time PCR Detection System and CFX manager 3.1 software
(BioRad, Hercules, California, USA) using GoTaq qPCR
Master Mix (Promega, WI, USA) for detection, according
to the manufacturer’s instructions. All samples were run in
duplicate in a single 96-well reaction plate, and data were
analyzed according to the 2722¢T method. The purity of
the amplified product was verified by analyzing the melting
curve performed at the end of amplification. The ribosomal
protein .19 (RPL19) gene was chosen as a reference gene.

DNA Extraction and 16S rRNA Gene Sequencing

Genomic DNA was extracted from cecal content using a
QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany),
including a bead-beating step. Amplicon sequencing of
the microbiome was done at the University of Minnesota
Genomics Center. Briefly, the V5-V6 region of the 16S
rRNA gene was PCR-enriched using the primer pair V5F_
Nextera (TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGRGGATTAGATACCC) and V6R_Nextera (GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGCGACRR
CCATGCANCACCT) in a 25 pl PCR reaction containing
5 pl of template DNA, 5 pl of 2X HotStar PCR master mix,
500 nM of final concentration of primers and 0.025 U/pl
of HostStar Taq + polymerase (QIAGEN). PCR-enrichment
reactions were conducted as follow, an initial denaturation
step at 95 °C for 5 min followed by 25 cycles of denatura-
tion (20 s at 98 °C), annealing (15 s at 55 °C), and elonga-
tion (1 min at 72 °C), and a final elongation step (5 min at
72 °C). Next, the PCR-enriched samples were diluted 1:100
in water for input into library tailing PCR. The PCR reaction
was analogous to the one conducted for enrichment except
with a KAPA HiFi Hot Start Polymerase concentration of
0.25 U/ pl, while the cycling conditions used were as fol-
lows, initial denaturation at 95 °C for 5 min followed by 10
cycles of denaturation (20 s at 98 °C), annealing (15 s at
55 °C), and elongation (1 min at 72 °C), and a final elon-
gation step (5 min at 72 °C). The primers used for tailing
are the following: F-indexing primer AATGATACGGCG
ACCACCGAGATCTACACIIS]ITCGTCGGCAGCGTC and
R-indexing primer CAAGCAGAAGACGGCATACGAGAT
[i7]GTCTCGTGG GCTCGG, where [i5] and [17] refer to the
index sequence codes used by Illumina. The resulting 10 pl
indexing PCR reactions were normalized using a Sequal-
Prep normalization plate according to the manufacturer’s
instructions (Life Technologies). 20 pl of each normalized
sample was pooled into a trough, and a SpeedVac was used
to concentrate the sample pool down to 100 pl. The pool
was then cleaned using 1X AMPureXP beads and eluted in
25 pl of nuclease-free water. The final pool was quantitated
by QUBIT (Life Technologies) and checked on a Bioana-
lyzer High-Sensitivity DNA Chip (Agilent Technologies)
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to ensure correct amplicon size. The final pool was then
normalized to 2 nM, denatured with NaOH, diluted to 8 pM
in [llumina’s HT1 buffer, spiked with 20% PhiX, and heat
denatured at 96 °C for 2 min immediately prior to loading.
A MiSeq 600 cycle v3 kit was used to sequence the pool.

Sequences data were demultiplexed at the Genomics
Center platform from the University of Minnesota. For bio-
informatics analysis, the Galaxy-supported pipeline FROGS
(Find, Rapidly, Otus with Galaxy Solution) was used in
order to produce abundance tables of Operational Taxo-
nomic Units (OTUs) and their taxonomic affiliation [18].
For preprocessing step: reads are merged with VSEARCH,
dereplicated, and filtered according to their length, mis-
matches in primers, and N content. A Swarm clustering
with denoising and an agglomeration distance of 1 was
then applied [19], allowing the creation of 108 143 clus-
ters. FROGS chimera detection relies on VSEARCH with
de novo UCHIME method [20, 21]. Chimera detection was
performed, allowing the deletion of 73% of clusters and 13%
of sequences. A filter for PhiX contaminant followed this
step and for OTU abundance (minimum proportion/number
of sequences to keep OTU was 0.00005%). This step deleted
98.5% of OTU and 1.7% of sequences to finally obtain 436
OTU. These 436 OTU were then affiliated using the SILVA
database v138 for 16S data (pintail score 100) [22].

Alpha diversity indexes and beta diversity indexes were
then evaluated using the FROGSSTAT Phyloseq stool. For
alpha-diversity, the original table without normalization was
used whereas data were normalized before the analysis of
beta-diversity and phylotypes. PCoA plot of the beta-diver-
sity indexes were visualized using Rstudio software, and a
PERMANOVA test was performed. The phylotypes were
computed as percent proportions based on the total number
of sequences in each sample. Taxa significantly regulated
by compounds (inulin or scorzonera) were identified using
a Kruskal-Wallis test, followed by a Dunn’s test in R soft-
ware version 3.5.1. The p-value of the Kruskal-Wallis was
then adjusted (g-value) to control for the false discovery
rate (FDR) for multiple tests according to the Benjamini
and Hochberg procedure [23].

Statistical analyses

Results are shown as mean + SEM. Normal distribution
was assessed using a Shapiro—Wilk normality test on
GraphPad Prism software version 8.4.2. For the normal
distribution, statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by a post hoc Tuk-
ey’s multiple comparison tests. For others, a Kruskal-Wal-
lis test was applied, followed by a Dunn’s multiple com-
parisons test using GraphPad Prism 8.4.2. The results were
considered statistically significant if p < 0.05. Data with

different superscript letters were significantly different
(p <0.05) according to the post hoc statistical analysis.

Results

Influence of purified inulin and scorzonera extract
on metabolic disorders related to obesity

The consumption of the HF diet containing 18% of cel-
lulose (and therefore with 41.4% kcal coming from fat)
induced obesity and fat mass expansion after 6 weeks of
dietary treatment (Fig. 1); the body weight gain being dou-
bled compared to LF group (p <0.05 Student t-test). We
investigated in HF-fed mice whether the supplementation
of purified inulin (Inu) or fructans from a lyophilized prep-
aration of scorzonera (Sco) could differentially impact the
metabolic disorders associated with obesity. Throughout
the experiment, all mice fed a HF gained body weight in
a similar way compared to LF group (Fig. 1A-B). After
6 weeks, the cumulative food intake was lower in the Inu
and Sco groups compared to both LF and HF (Fig. 1C).
However, the total energy intake was not significantly
affected (Fig. 1D). Feed efficiency, i.e. weight gain divided
by calories consumed during the whole treatment, was
higher with both sources of ITF supplementation but this
effect did not reach significance (Fig. 1E). Considering
free sugars present in the ITF extracts (Table 1), we cal-
culated a lower intake of saccharose in Inu and Sco groups
versus HF whereas the intake of free fructose and glucose
were higher in ITF treated groups. Importantly, the content
of fructose was higher in scorzonera product versus puri-
fied inulin extract, leading to a significant difference in
the intake of fructose in Sco group compared to Inu group
(approximately a 2.5-fold increase). The adipose tissue
masses (subcutaneous, epididymal and visceral fat) were
similar between the three HF groups (Fig. 1F-H).

Previous studies have shown in different models of obe-
sity that ITF could regulate satietogenic gut peptides and
lessen glycemia and triglyceridemia [5, 24]. In the present
study, fasted hyperglycemia induced by 6-weeks treatment
of HF diet was not influenced by both ITF supplemen-
tations (Table 2). Furthermore, inflammatory mediators,
gut hormones controlling appetite and glycemia such as
GLP-1 and PYY as well as enzyme DPP4 involved in
their regulation [25, 26], were not significantly affected
by ITF supplementation (Table 2). Surprisingly, Inu and
Sco increased the levels of plasma triglycerides, compared
to HF group without affecting the HF-induced higher cho-
lesterolemia and plasma non-esterified fatty acids (NEFA)
(Table 2).

@ Springer



148 Page 6 of 17

European Journal of Nutrition (2025) 64:148

101
3 . LF © o
c S 8_
o o HF £ o)
E] )
3 - HF +INU 2 o 5 TTT
8 O HF + Sco =l 000
£ g 4 e
g 201 z
> E PRI R AN e
o
m 45 r 0 T
0 1 2 3 4 5 6 Inu Sco
weeks
< 160 — 6007 _ 20~
C} - LF ] = o
@ 1404 & s00{ R 2
s O HF = =0 = o
£ 1204 ° D 15 3
£ 100l o Inu E 4004 ] £ BF
B t > e}
& 804 O Sco -3 3004 2101 o ®
] o 2 O
60- = 3]
2 S 200 £
% 404 o [TRNCE SN AESEEUEES BEAN  RSRRM ECSEEE A
g 20 *E 100 g
© o '} . o . ,
0 HF Inu HF Inu Sco
Q
2 4 g 49 1.5
"3 =3 [e) Q
4 @ S le)
® 85
3 _ 3 o © e 31 ©° OJo = o
= oo SS & 109
Tm 2@ gm
-] 4 —
05 27 ©'%5 2 55
3R 5 S 080 X S
8T Q). ET =5= g = 0.57 oo 090
5 1 0 5.3 8 3 1 2 0 8
3 i) 2
o
S 0 , r w0 T . 0.0 T .
«» HF Inu Sco HF Inu Sco HF Inu Sco

Fig. 1 Effects of purified inulin and lyophilized scorzonera on body
weight gain, food intake and fat mass. Body weight evolution all
along the experiment (A), body weight gain at the end of the experi-
ment (B), cumulative food intake (C), total energy intake (D), feed
efficiency (E), weight of adipose tissues (F-H) of mice fed a high-
fat diet (HF) or a high-fat diet enriched with purified inulin (Inu)
or lyophilized scorzonera (Sco) for 6 weeks. Data are expressed as
mean +SEM. The black dotted line represents the mean obtained for

Purified inulin and scorzonera extract differentially
modulate lipid metabolism in the liver

We evaluated the influence of both ITF products on lipid
metabolism. First, we observed lipid accumulation in
gastrocnemius muscles in the Sco group (Supplemental
Fig. 1A). We then focused on the regulation of lipid metabo-
lism occurring in the liver after supplementation with Inu or
Sco. Inulin significantly increased the liver weight whereas
only a similar tendency was found in Sco group (Fig. 2A).
This effect was not associated with an increased lipid accu-
mulation in the liver (Fig. 2B—C). On the contrary, supple-
mentation with purified inulin significantly reduced total
hepatic lipids and triglycerides, whereas only a tendency to
limit hepatic lipids accumulation was observed Sco group
versus HF group. Hepatic cholesterol level remained similar
between the three HF-fed groups (Fig. 2D). The expression
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the control group of mice fed with a low-fat diet. For (A) and (C), a
two-way ANOVA was performed and a Tukey post-hoc test was then
applied for comparison between groups. For other parameters, a one-
way ANOVA followed by a Tukey test or a Kruskal-Wallis test com-
pleted with a Dunn’s test was applied, according to the normal dis-
tribution. A different letter (a,b or c¢) was attributed when the groups
exhibit significant differences

of key genes involved in the regulation of lipid metabolism
in the liver revealed that inulin extract reduced the mRNA
level of Cd36 (cluster of differentiation 36) and Cptla (car-
nitine palmitoyltransferase 1 alpha), two markers involved
in the transport of fatty acids (FA) into the cells and mito-
chondria, respectively (Fig. 2E). The expression of several
genes involved in lipogenesis and FA oxidation remained
unchanged between the three HF groups after 6 weeks of
treatment. However, the mRNA level of Apob (apolipo-
protein B), involved in the very low-density lipoprotein
(VLDL) synthesis, significantly decreased in both Inu and
Sco groups, compared to HF (Fig. 2E).

Although we did not detect significant differences in total
bile acids (BA) in the serum among the three HF groups
(Table 2), both ITF sources increased the concentration
of hepatic BA (Fig. 2F). This last effect reached signifi-
cance only with scorzonera extract (Fig. 2F). Therefore,
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Table 2 Plasma parameters LF HF Inu Sco
Fasted glycemia (mg/dl) 129.1+7.7% 166.6+8.3° 173.4+8.8" 170.0+13.1°
GLP-1 (pM) 0.42+0.08 0.57+0.10 0.57+0.10 0.45+0.05
PYY (pg/ml) 30.7+2.2 29.1+3.2 385+29 374439
DPP4 activity (mU/ml) 5.33+0.45° 6.60+0.27° 5.62+0.18% 5.75+0.36%
IL-6 (pg/ml) 166.3£61.4 209.5+58.5 159.3+37.1 250.2:+48.3
IL-10 (pg/ml) 73.8+5.5 745459 82.6+3.6 91.1+6.3
KC/GRO (pg/ml) 1743 +14.9 241.9+29.5 220.7+32.7 231.6+£26.5
CCL2 (pg/ml) 78.9+9.6 1143+14.3 103.9+12.7 112.6+11.6
TNFa (pg/ml) 41.1+2.0° 51.1+£2.4%0 53.7+4.08° 60.2+3.6°
Triglycerides (mM) 0.21+£0.03 0.26+0.03 0.44 +0.05° 0.44+0.05°
Cholesterol (mM) 2.05+0.09° 2.49+0.12° 2.35+0.10° 2.44+0.06°
NEFA (mM) 0.34+0.03 0.37+0.03 0.33+0.02 0.36+0.02
Total bile acids (uM) 49.9+7.2 53.0+6.9 524479 57.4+11.7

Mice were fed a low-fat diet (LF), a high-fat diet (HF) or a high-fat diet enriched with purified inulin (Inu)
or lyophilized scorzonera (Sco) for 6 weeks. A one-way ANOVA was performed followed by a Tukey post-
hoc test to compare diet consumption between groups. A different letter (a or b) was attributed when the
groups exhibit significant differences. CCL2 C—C motif chemokine ligand 2; DPP4 Dipeptidyl peptidase 4;
GLP-1 Glucagon-like peptide-1; IL Interleukin; NEFA Non-esterified fatty acids; PYY Peptide YY; TNFa,

tumor necrosis factor-alpha

we explored the mRNA expression of genes involved in the
hepatic BA pathway (Fig. 2G). Whereas markers playing a
role in BA uptake and export remained similar between all
HF groups, Inu increased the mRNA level of NrOb2 (also
known as SHP) and decreased the expression of Cyp7al
mRNA (Cytochrome P450 family 1 subfamily A member 1),
both being regulators of BA synthesis from cholesterol. This
last result suggested that Inu supplementation could decrease
hepatic BA synthesis through the classical pathway without
affecting total level of BA in the serum.

Purified inulin and scorzonera extract differentially
modulate the gut physiology

Some of data presented before suggested an impact of
inulin on fecal lipid excretion [27]. We observed that Sco
significantly reduced the total feces weight collected dur-
ing 24 h without affecting the number of excreted pellets
(Fig. 3A-B). The measurement of fecal lipids content
showed that Sco increased the fecal lipids and cholesterol
(but not triglycerides) excretion (per day and per mouse),
compared to other HF groups (Fig. 3C-E). Regarding the
intestinal physiology, we found an increase in crypts depth,
without modification of villus length, was observed in Sco
group compared to others (Fig. 3F). For the three mark-
ers of antimicrobial peptides investigated, we showed that
Sco increased the ileal mRNA expression of Reg3g, Defa,
Pla2g2a, whereas Inu only increased Reg3g (Fig. 3G);
those effects were not observed in the colon tissue (Sup-
plemental Fig. 2). However, we obtained contrasting data
for markers involved in the gut barrier function (Fig. 3H).

Sco significantly increased occludin mRNA expression
(Ocln), but reduced the TjpI mRNA level only in the ileal
tissue (Fig. 3H; Supplemental Fig. 2). We then evaluated the
expression of genes involved in immunity in the ileum and
the colon (Fig. 31, Supplemental Fig. 2). We found that Sco
upregulated the mRNA levels of 711 as well as two markers
of macrophages recruitment (Adgrel known as F4/80 and
Ccl2 known as MCP-1) in the ileum compared to HF group.
In the colon tissue, both fructan sources increased TNF-o
expression (7nf) in the same extent.

We assessed the intestinal BA pathway analysis and dem-
onstrated that both Inu and Sco restored the mRNA levels
of ileal bile acid transporter (Slc10a2 also known as IBAT)
upon a HF (Fig. 3J). However, we only detected a significant
increase of fibroblast growth factor 15 (Fgfl15) in the ileum
of mice receiving purified inulin. Interestingly, Inu also sig-
nificantly decreased G protein-coupled bile acid receptor 1
(Gpbarl; also known as TGRS5) and increased nuclear recep-
tor subfamily 1 group H member 4 (Nrih4; also known as
FXR), those receptors being involved in energy homeostasis,
BA pool, insulin signaling or immune response [28].

Purified inulin and scorzonera extract are fermented
at the same extend but differentially regulate
the gut microbiota composition at the genus level

The expansion of cecal content was similar for Inu and
Sco groups compared to HF (Fig. 4A). This effect was
also observed for the cecal tissue (data not shown), sug-
gesting that the gut fermentation occurred in a similar
way within these two groups. We then analyzed the gut

@ Springer



148 Page 8 of 17 European Journal of Nutrition (2025) 64:148
A B C D
a 8-
5 b ab 704 leXe) 40 1] e}
I~ ab € I~
= 41 2T 5. JOXJ 5% S 2 30 o 3ge P
< 0o §2 5 o0 o 2 ab S & 51
£ 34 S = 404 2o o b o g% 4 ©
E 3% 5% 20 %S4
s 2 2 304 ;g o]s} 8o° 68} <2
3 Eém' 'g% 10 (o) $3 2
N ST g E o 8 E 4
3 N 3T, - 0 T T
HF Inu Sco HF Inu Sco HF Inu Sco HF Inu Sco
E Hepatic genes
FA transport Lipid metabolism VLDL/ Chylomicron synthesis Immunity
%]
©
g ° a
£ o ° ° o
- 4 o
g T . °
P b . o 0 °
224a ° 3, ) %, 8 bb ©
R rTH S TR Lt T L NSOy
< |©g9 & - Y- [T 5 P o8& & 2@ o9 ]
4
S P T O O i1l
E0 T T T T T T T N T
Cd36 Cptla Scd  Dgat2 Fasn  Mixipl Gpam Ppargcia Apob Mttp Tnf e I11b  Adgre1  Ccl2
Hepatic bile acid pathway
F G
BA uptake BA synthesis BA export
500+ b g a
° §
8 E 400 ab 0 5 b
c = k]
25 O _%5_ e °
- | 7]
E(; 3 200 O E E’ b3 o o
= E 100 _(')Q 2 - o ©
<
L . g f i
HF Inu Sco [3 T M ﬂ @_

Slc10a1

Fig.2 Effects of purified inulin and lyophilized scorzonera on lipid
metabolism in the liver. Liver mass (% of body weight, BW) (A),
hepatic contents of lipids (B), triglycerides (C) and cholesterol,
expression of hepatic genes involved lipid transport (D), synthesis
and oxidation (E), hepatic content of total bile acids (BA) (F), expres-
sion of hepatic genes involved in BA uptake, synthesis and export (G)
in mice fed a high-fat diet (HF) or a high-fat diet enriched with puri-

microbiota composition in the cecal content of mice, by
using 16S rRNA gene Illumina sequencing. We first con-
firmed that both richness and evenness indexes used for
evaluating the a-diversity of samples, decreased in HF
versus LF group (Fig. 4B-F). Both Inu and Sco restored
the different indexes during a HF diet, the effects being
more significant in Sco group compared to Inu. Principal
coordinate analysis (PcoA) of the Bray—Curtis distance
showed a clear separation of the HF group compared to
other groups (Fig. 4G, adonis permanova, p <0.001 for
treatment effect). Nevertheless, Inu and Sco samples are
clearly separated from the ones included in LF or HF
groups, but are clustered close together. At phyla level,
we also observed similitudes between Inu and Sco groups
(Fig. 4H, Table 3). We observed a similar increase of Act-
inobacteria, Bacteroidetes, Proteobacteria phyla (recently
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fied inulin (Inu) or lyophilized scorzonera (Sco) for 6 weeks. Data are
expressed as mean+ SEM. The black dotted line represents the mean
obtained for the control group of mice fed with a low-fat diet. A one-
way ANOVA was performed, followed by a Tukey post-hoc test for
comparison between groups. A different letter (a or b) was attributed
when the groups exhibit significant differences

renamed Actinomycetota, Bacteroidota and Pseudomon-
adota, respectively) with Inu and Sco, as well as an impor-
tant decrease of Firmicutes (recently renamed Bacillota)
and Desulfobacterota compared to HF group. Even if we
did not detect significant differences between Inu and Sco
at the phylum level, the regulation of Cyanobacteria and
Verrucomicrobia (recently renamed as Cyanobacteriota
and Verrucomicrobiota, respectively) were only significant
for Sco group compared to HF (Table 3). The visualiza-
tion of barplots for the most abundant families detected
in all samples showed a similar pattern between Inu and
Sco samples, especially for Bacteroidaceae, Bifidobacte-
riaceae or Desulfovibrionaceae among others (Fig. 41).
More in details, the analysis of genera indicated several
huge differences between HF versus both Inu and Sco
groups (Fig. 4] and Table 3). At the genus level, more
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Fig.3 Effects of purified inulin and lyophilized scorzonera on gut
transit and intestinal physiology. Number of fecal pellets (A), feces
weight (B), fecal contents of lipids (C), triglyceride content (D) and
cholesterol content (E) in feces collected over 24 h from mice fed a
high-fat diet (HF) or a high-fat diet enriched with purified inulin (Inu)
or lyophilized scorzonera (Sco) for 3 weeks. Villus length and crypth
depth in the ileum (F), expression of genes of antimicrobial peptides
(G), gut barrier (H), immunity (I) and bile acid pathway (J) in the

bacteria were significantly regulated after supplementa-
tion with scorzonera extract than purified inulin (Fig. 47J).
Among them, the regulation in relative abundance of Bifi-
dobacterium spp., Butyricicoccus, Parasutterella, Pepto-
coccus, Ruminococcus and some other ones are similar in
Inu and Sco groups versus HF group. We observed that the
relatively high abundance of Akkermansia (8%) in the LF
group dropped drastically in the HF group (reaching only
1%) and supplementation with both ITF partially restored
its abundance (5% and 6%, respectively). In contrast, the
level of members of Desulfovibionaceae observed both in
the LF and HF groups (8% and 12%, respectively) were
decreased at the same extent after supplementation with
purified inulin or scorzonera extract (4% or 3%, respec-
tively). The higher abundance of Akkermansia genus and
of an unclassified members of Prevotellaceae, as well as
the decrease in Bacteroides were only significant in Sco
versus HF. In addition, the decreased abundance of Alis-
tipes and Blautia by fructans were only observed in Inu,
but not in Sco, compared to HF.

ileum or colon of mice fed a high-fat diet (HF) or a diet enriched with
purified inulin (Inu) or lyophilized scorzonera (Sco) for 6 weeks.
Data are expressed as mean+ SEM. The black dotted line represents
the mean obtained for the control group of mice fed with a low-fat
diet. A one-way ANOVA followed by a Tukey test or a Kruskal-Wal-
lis test completed with a Dunn’s test was applied, according to the
normal distribution. A different letter (a or b) was attributed when the
groups exhibit significant differences

Correlation between gut microbiota changes
and biological outcomes upon purified inulin
and scorzonera extract supplementation

The Fig. 5 shows correlation analysis between the genera
differently and significantly expressed between groups and
the metabolic parameters significantly affected either by
purified inulin or scorzonera extract supplementation in
the high-fat diet. We observed many correlations between
several genera and the cecal content mass expansion, sign-
ing the gut fermentation by fructans, independently of
their source. Positive correlations were found between ileal
expression of antimicrobial peptides (Reg3g, Pla2ga2) and
of a tight junction protein (Ocln) with important genera
such as Akkermansia and Bifidobacterium. Those mark-
ers of gut barrier were also positively correlated with the
abundance of an unclassified member of Prevotellaceae. In
addition, crypt depth was positively correlated with bifido-
bacteria but also with Faecalibaculum. Interestingly, stea-
tosis (i.e. hepatic content of lipids and triglycerides) was
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Fig.4 Effects of purified inulin and lyophilized scorzonera on the
overall gut microbiota composition. Weight of cecal content (A),
a-diversity indices (B-F), p-diversity index through principal coordi-
nates analysis (PCoA) of the Bray—Curtis distance (G) and barplots
of relative abundance, at the phylum (H) or family (I) levels in mice
fed a low-fat diet (LF), a high-fat diet (HF) or a high-fat diet enriched
with purified inulin (Inu) or lyophilized scorzonera (Sco) for 6 weeks.

negatively related to Bifidobacterium. The gastrocnemius
lipids accumulation reported in mice treated with scor-
zonera extract may be linked to a decrease in Bacteroides.
Then, we decided to study the interconnections between
the significant metabolic changes and genera significantly
modified by the different diets by using HAIIA, a end-
to-end statistical method for Hierarchical All-against-All
discovery of significant relationships among data features
with high power [29]. Correlations have been clustered
depending on the correlation trend so that the genera that
correlate with the same metabolic change (or metabolic
changes that correlate with the same genus) are depicted
together (Fig. 5B). HAIIA identified several genera that
correlated with different metabolic changes. In general,
we observed a large number of cluster associations for
gut parameters than for hepatic parameters. Notably,
Bifidobacterium was found to present the most negative
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Data are expressed as mean+SEM. A one-way ANOVA was per-
formed, followed by a Tukey post-hoc test for comparison between
groups. A different letter (a, b or ¢) was attributed when the groups
exhibit significant differences. Venn diagram showing the number of
bacteria (at the genus level) significantly regulated by Inu and/or Sco
versus HF group (J)

correlations of any bacteria with liver lipid contents and
apolipoprotein B. This same genus clustered with other
reported altered genera (Peptococcus and an unclassified
member of Desulfovibrionaceae) but in opposite manner
since they were found to be positively correlated with
those parameters of liver steatosis. The same cluster of
3 genera were found also to correlate with expression of
antimicrobial peptides (Reg3g, Pla2ga?) in the ileum. Of
note, HAIIA correlation analysis revealed that the change
in crypt depth correlated only with Faecalibaculum but
not with bifidobacterium as previously observed in the
Fig. 5A. The second important cluster highlighted that
Akkermansia together with Olsenella, Parasutterella, an
unclassified member of Prevotellaceae and an unclassified
member of Gastranaerophilales positively correlated with
parameters related to gut physiology and gut barrier such
(Reg3g, Pla2ga2, Ocln).
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Table 3 Taxa regulated by purified inulin or scorzonera extract in the cecal content of HF-fed mice
q- LFvs HFvs HFvs Inuvs
LF HF fnu Sco value kL HF Inu  Sco Sco
Phylum
Actinobacteria 0.119+0.026 0.046+0.006 1.073+0.146 1.252+0.502 <0.001 ns <0.001 0.003 ns
Bacteroidetes 39.19+0.954 36.322+1.016 46.262+1.099 46.362+1.695 <0.001 ns <0.001<0.001 ns
Cyanobacteria 0.133+£0.037 0.066+0.034 0.169+0.047 0.374+0.096 <0.01 ns ns <0.01 ns
Desulfobacterota 7.936+£0.267 11.959+0.754 4.522 +0.282 3.6+0.685 <0.001 ns <0.001<0.001 ns
Firmicutes 43796 £1.2  50.277+1.184 42.02+1.186 39.774+1.83 <0.001 ns <0.01 <0.001 ns
Proteobacteria 0.593+£0.098 0.071+£0.022 0.916+0.105 1.955+0.233 <0.001 ns <0.01 <0.001 ns
Verrucomicrobia 8.16+0.643  1.136+£0477 4971+1.113 6.454+1.112 <0.001<0.001 ns <0.01 mns
Genus
Akkermansia 8.16+0.643  1.136+£0477 4971+1.113 6.454+1.112 <0.001<0.001 ns <0.01 mns
Alistipes 5.928+0.712 11.773+0.612 4.86+0.424 8.753+2.38 <0.01 <0.05<0.001 ns ns
Anaerotruncus 0.1+0.015 0.297£0.078  0.009 £0.003  0.044 £ 0.011 <0.001 <0.001 <0.01 ns
Bacteroides 1.046 £0.09  4.921+0.431 2.462+0.493 1.992+0.26 <0.001<0.001 ns <0.05 ns
Bifidobacterium 0.001 £0.001 0.001 £0.001 1.044+0.143 1.146+0.451 <0.001 ns <0.001 <0.01 =ns
Blautia 1.33+£0.267 4.249+0.845 0481+0.177 1.705+£0.659 <0.01 ns <0.001 ns ns
Butyricicoccus 0.014+£0.005 0.004+0.002 1.001+£0.288 0.876+0.207 <0.001 ns <0.001<0.001 ns
Colidextribacter 4337+£0241 6.431+0.364 3.297+0.107 324+04 <0.001 ns <0.001<0.001 ns
Eisenbergiella 0.238+0.069 0.019+0.004 0.001 £0.001 0.002+0.001 <0.001 ns 0.075 <0.05 ns
Faecalibaculum 1.223+0.27  0.028+0.012 0.139+0.043 2.126+1.105 <0.001<0.001 ns <0.01 ns
Lachnoclostridium 0.111+£0.036 0.347+0.039 0.761£0.163 0.457+0.138 <0.01 ns ns ns ns
Olsenella 0.101 £0.024  0.001 £0.001 0.003+£0.001 0.077+£0.05 <0.001<0.001 ns ns ns
Parabacteroides 8.788 + 0.84 0.65+0.214 0.455+0.144 0.325+0.064 <0.001 <0.01 ns ns ns
Parasutterella 0.45+0.094  0.007+0.002 0.847+0.096 1.913+0.229 <0.001 ns <0.01 <0.001 ns
Peptococcus 0.078 £0.01 0.22+0.021  0.069+0.014 0.026+0.007 <0.001 ns <0.01 <0.001 ns
Roseburia 0.024 +£0.005 0.237+£0.079 0.433+0.159 0.489+0.181 <0.001 <0.05 ns ns ns
Ruminococcus 0.033+£0.005 0.012+£0.006 0.122+0.02  0.161+£0.065 <0.001 ns <0.001 <0.01 ns
Turicibacter 0+£0 0.058 £ 0.027 0+£0 0£0 <0.01 <0.01 <0.01 <0.01 ns
Tuzzerella 0.589+0.056 0.728+0.033 0.032+0.009 0.06+0.037 <0.001 ns <0.001<0.001 ns
Uncl. Erysipelotrichaceae 0.673+0.195  0.009 + 0.004 0.58 £0.12 0.686 +0.204 0.001 0.002 0.004 0.005 ns
Uncl. Oscillospiraceae 1.202+0.111 0.537+0.038 2.866+0.474 2.126+0.366 <0.001 ns <0.001<0.001 ns
Uncl. Peptostreptococcaceae ~ 0.026 +£0.014  0.488 +0.161 0+0 0.001£0.001 0.022 ns 0.012 0.036 ns
Uncl. Prevotellaceae 0.293+£0.043 0.091£0.025 0.203+£0.036 2.768 £ 0.468 <0.001 0.05 ns <0.001 0.005
Uncl. Rikenellaceae 0.827+0.245 4.497+0.482 0.329+£0.047 0.223+0.115 <0.001 ns 0.002 <0.001 ns
unknown_ Bacilli 0.024 £+ 0.009 0£0 0.111£0.025 0.098+0.043 0.001 ns <0.001 0.002 ns
unknown__ Clostridia 9.278+£0.726  5.864+0.725 2.03+0.346  1.731+0.335 <0.001 ns ns  0.025 ns
unknown_ Desulfovibrionaceae 7.82+0.273  11.781+0.767 4.421+0.284 3.354+0.645 <0.001 ns <0.001<0.001 ns
unknown _ Gastranaerophilales 0.133 +0.037  0.066 +0.034  0.169+0.047 0.374+0.096 0.008 ns ns  0.004 ns
unknown_ Lachnospiraceae 5.551+0.582  7.516+0.51 6.825+£0.514 5.058+£0.292 0.009 0.043 ns 0.008 ns
unknown_ Muribaculaceae 16.434+£0.847 7.864+0.594 28.342+1.215 25254+1.333 <0.001 ns <0.001<0.001 ns
unknown__ Oscillospiraceae 5.086+0.352 7.377+£0.267 3.923+£0.291 5.16+1.048 0.006 ns <0.001 0.01 ns
unknown_ Oscillospirales 0.282+0.036 0.212+0.034 0.522+0.101 0.717+0.1  0.001 ns ns <0.001 ns
unknown_ Peptococcaceae 0.698 £0.051 0.524+0.047 1.776+0.139 1.173+0.194 0.005 ns <0.001 0.022 ns
unknown_ Rhodospirillales 0.143+£0.03  0.064+0.023 0.069+0.013 0.042+0.013 0.020 ns ns ns ns
unknown Ruminococcaceae 0.967+0.082 2.053+0.174 0.457+0.036 0.591+0.072 <0.001 ns <0.001<0.001 ns

Relative abundance of taxa significantly regulated by inulin or scorzonera in the cecal content of mice fed a low-fat diet (LF), a high-fat diet
(HF) or a high-fat diet enriched with purified inulin (Inu) or lyophilized scorzonera (Sco) for 6 weeks. Results are expressed as mean for the
percentage of relative abundance + SEM. Significantly affected taxa by inulin or scorzonera were identified using a Kruskal-Wallis ANOVA
performed in R. p-value was adjusted (g-value, significant if q <0.05) to control for the false discovery rate (FDR correction) for multiple test-
ing. ns =not significant. Multiples comparisons were then assessed using a Dunn’s posthoc test in R and when significant, the p-value is reported

Discussion

In this study, we demonstrated that two types of ITF, one
given as natural source (scorzonera) and one given as a

purified extract from chicory root at the same dose, may
have some similar expected effects on gut microbiome
modulation (increase in bifidobacteria), but can also be dis-
tinct in terms of specific gut bacterial changes, as well as on
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Fig.5 Correlations analysis between genera and metabolic param-
eters significantly modified by the different diets. Both heatmaps con-
sidered data obtained from mice fed a high-fat diet (HF) or a high-
fat diet enriched with purified inulin (Inu) or lyophilized scorzonera

biological outcomes in HF-diet fed mice. Mice developed
the obese phenotype (higher body weight gain, fat mass
expansion, higher glycemia and higher cholesterolemia ver-
sus LF diet) with the HF diet containing non-fermentable
cellulose (18%) already after 6 weeks of dietary treatment,
as previously shown with a HF diet providing 45% kcal from
fat [30, 31]. However, none of the ITF sources influence
the body weight or fat mass, but the effects of fructans on
metabolic parameters vary according to their source. In fact,
the total cumulative food intake in gram is decreased by both
fructan supplementations in the high-fat diet (Inu and Sco)
but this effect appears after 4 weeks of dietary interven-
tion. Therefore, the consequence on body weight and fat
mass was not significant 2 weeks later. Maybe increasing
the length of the treatment would have led to a significant
effect on adiposity and body weight. Indeed, we and others
have shown an effect of fructans that decreased adiposity
and body weight after 7 weeks of inulin supplementation in
HF-induced obesity models (for review, see [32]). In addi-
tion, our data show that the supplementation of the high-fat
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diet with purified inulin or scorzonera extract increased
the levels of plasma triglycerides, compared to HF group
without affecting plasma cholesterol and non-esterified fatty
acids (Table 2). The accumulation of lipids observed in the
muscle of mice receiving scorzonera extract is not illogical,
in view of parallel increase in serum triglycerides suggest-
ing a higher fatty acids availability for peripheral organs
like muscle. When detailing liver lipids, we did not see any
effect with scorzonera extract but a decrease with inulin that
cannot be explained by higher excretion of triglycerides in
the feces. Quite specific effect of scorzonera was observed
on cholesterol excretion in the feces that was not translated
into changes in cholesterol levels in the serum or the liver as
compared to HF diet. Concerning BA turnover, we observed
an increase in liver BA by scorzonera supplementation inde-
pendently of a regulation of genes coding for intestinal BA
uptake, export or synthesis.

We observed that only ITF from chicory exerted ben-
eficial effects on liver lipid accumulation and lowered the
hepatic lipids accumulation during a HF diet, this being
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associated with a decreased expression of Cd36 mRNA
involved in fatty acid transport into the cells. This is con-
sistent with our previous observations in HF-fed mice [27].
Purified inulin regulated the expression of genes involved in
BA synthesis (reduced CYP7al expression) in the liver, and
increased markers of BA transport in the ileum. An increase
in FGF15 expression in the ileum of mice fed purified chic-
ory ITF could be of interest, knowing that lack of FGF15,
a BA-induced ileum-derived enterokine that governs BA
homeostasis, results in increased hepatic steatosis and in the
development of endoplasmic reticulum stress in the liver of
mice fed a high fat diet [33]. We observed a higher level of
total BA in the liver of Sco mice only, compared to HF. We
also detected an increased intramuscular lipids accumulation
and a higher amount of fecal lipids content in this group sup-
porting the fact that lipid metabolism is differentially modu-
lated by purified inulin from chicory root versus lyophilized
scorzonera extract. We also noticed that despite a reduction
of ApoB mRNA in the liver of both groups of mice supple-
mented with ITF, there was an increase in plasma triglyc-
erides in both supplemented groups. We hypothesized that
the presence of low level of free fructose and glucose in the
ITF sources (inulin and scorzonera) could partially explain
this observation [34].

Both sources of ITF also exerted differential effects on
the intestine. None of them could influence the expression
of genes reflecting the production of gut hormones involved
in appetite or glycemia regulation (data not shown), despite
an observation of a decrease in food intake in both groups
supplemented with ITF compared to HF group. Our pre-
vious data have shown that oligofructose supplementation
stimulated mucus production and expression of Muc?2 in the
intestinal tissue of mice fed a HF diet [35], and other authors
have also shown the beneficial effect of inulin on mucus
deterioration in colitis model [36, 37]. The improvement of
gut barrier function by supplement of inulin or oligofruc-
tose associated to induction of antimicrobial peptides, has
already been observed in mice fed with a HF diet or a “west-
ern style” diet for 6 to 12 weeks [38, 39]. Here, we report the
positive effects of native inulin when given as dietary source
on gut homeostasis. Indeed, when ITF were administrated
as powdered scorzonera vegetables (salsify), they mostly
induced beneficial effects on the intestines (upregulation of
markers involved in the gut barrier function and antimicro-
bial peptides, increased crypts depth size) after 6 weeks of
dietary supplementation, those effects being not observed in
animals fed a in the high-fat diet supplemented with purified
inulin from chicory root. Curiously, the effects were mainly
observed in the ileum tissue compared to the colonic tis-
sue. The expression of genes reflecting the activation of the
gut immune system (cytokines and markers of macrophages
recruitment) was higher in Sco group versus HF. Such an
effect has already been described for other nutrients with

prebiotic effect. For example, the supplementation with
spirulina in aged mice reduced severe liver inflammation
which was coordinated with an increase innate immunity
in the gut [40].

The potential mechanisms underlying the differential
effects of inulin sources can be attributed to a huge vari-
ety of metabolites produced by the gut microbiome [41].
The bacterial genera increased in the cecal content of Inu
and Sco groups, such as Bifidobacterium spp., Butyricico-
ccus, Parasutterella, Peptococcus and Ruminococcus, are
notably short-chain fatty acid (SCFA)-producers. However,
measuring SCFA in the fecal matter does not necessarily
reflect a higher production by bacteria since those SCFA
can be absorbed and metabolized [42, 43]. In our study, the
comparison of scorzonera and chicory inulin effects on the
gut microbiota composition led to several similarities on
the overall composition. At the phyla level, abundance of
Actinobacteria, Bacteroidetes, Proteobacteria phyla (recently
renamed Actinomycetota, Bacteroidota and Pseudomon-
adota, respectively) increased with sources of ITF whereas
Firmicutes (recently renamed Bacillota) and Desulfobacte-
rota decreased. It is interesting to note that the high level of
bacteria belonging to Desulfovibrionaceae observed in the
LF and HF groups dropped at the same extent after ITF sup-
plementations because many studies have reported that those
sulfate-reducing bacteria were positively correlated with
obesity and metabolic syndrome phenotype [44]. However,
some differences can be observed with a more detailed anal-
ysis based on the regulation of taxa. For instance, Sco group
exhibited a greater increase of richness indexes (observed
species, chaol) than Inu group. However, it is quite inter-
esting to observe that the two sources of fructans can affect
differently some genera such as Akkermansia, Alistipes,
Bacteroides, Blautia, or Faecalibaculum. These differences
are quite interesting since the regulation of Akkermansia,
Alistipes, Bacteroides and Blautia are among key markers
determining the efficacy of metabolic response upon inu-
lin in mice inoculated with stools from human donors with
obesity [14].

Compared to HF group, Sco increased Akkermansia and
Faecalibaculum, and decreased Bacteroides, an effect not
observed with inulin from chicory. Among the correlation
observed, the positive association between Akkermansia
and several markers of gut barrier function (antimicrobial
peptides, infiltrating immune cells, tight junction proteins)
are all in line with several studies having shown that Akker-
mansia muciniphila supplementation protect against HF
diet induced gut barrier dysfunction and metabolic disor-
ders [45-47]. In addition, the abundance of Blautia was only
reduced with inulin compared to HF. To note, the only taxa
significantly different between Inu and Sco groups was an
unclassified Prevotellaceae, largely present in Sco group.
Among Prevotellaceae family, the genus Prevotella is known
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to be associated with fibre intake [48]. This is quite interest-
ing to observe that the abundance of unclassified members
of Prevotellaceae can be increased with scorzonera but not
with purified inulin. In addition, the increase of this unclas-
sified Prevotellaceae correlated with the increase of some
markers observed in Sco group (cecal content, intramuscular
lipids, gut barrier function and antimicrobial peptides). In
a previous study, we determined the DF profile (total DF,
low- and high-molecular-weight soluble DF, and insoluble
DF) and the degree of polymerisation (DP) of fructans of
vegetables including the scorzonera and the impact of steam-
ing (i.e. cooking 20-30 min using a steam cooker followed
by freeze-dried) on these profiles [15]. From those analyses,
we can conclude that the DP was higher after steam cook-
ing (13.5 versus 11.7). The proportion of soluble DF was
much higher than insoluble DF (more than 70% versus 8%)
and this proportion was not affected by the steam. Besides
considering DP of fructans and proportion of insoluble pro-
portion of DF, interesting polyphenolic components able to
modulate gut microbiota, such as dicaffeoylquinic acids and
lignans, were present in Scorzonera hispanica commonly
known as black salsify (and absent in the purified inulin)
[49-51]. It has been already shown that such differences
in bioactive substances present in powdered Jerusalem
artichokes -rather than inulin supplements- are capable of
changing the composition of gut microbiota with benefi-
cial consequences in mice fed a HF diet [52]. In addition,
we wondered whether such differences observed on the gut
microbiota composition, between Inu and Sco groups, can
be partially due to the different amount of cellulose pre-
sent in the diets (23.7% in HF, 12.7% in Inu versus 5.7% in
Sco). We may not rule out that the different cellulose content
in the three HF diets induced slight differences in the gut.
However, cellulose is an insoluble fibre that is resistant to
enzymatic digestion but poorly fermented by the gut micro-
biota of non-ruminant mammals [53]. Insoluble and poorly
fermented fibres, such as cellulose, have a greater effect for
reducing the transit time than fermentable fibres (degraded
by their fermentation in the colon). In our study, we found
a higher feces weight after a 24-h collection in HF-fed mice
and the lower weight was found in Sco group. This result is
consistent with the ratio of insoluble/soluble fibres since the
feces weight decreased in groups with less cellulose incor-
porated into the diet.

In conclusion, we observed that supplementation with
different source of fructans during a HF diet resulted in a
shift of the gut microbiota composition, that does not only
implicate the increase in Bifidobacterium genus, the main
target of fructans, but also an increase in gut microbial alpha
diversity that was compromised by the HF diet. However, the
effects on metabolic alterations differ between the two differ-
ent sources of ITF. In particular, scorzonera supplementation
induced beneficial effects on the intestinal morphology and
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physiology (crypts depth, antimicrobial peptides, occludin)
whereas purified inulin mainly improved hepatic lipids and
triglycerides accumulation in a model of HF diet-induced
obesity. Our study shows the importance of considering the
type of DF source and their presence in food matrix when
evaluating their interest in the management of metabolic
alterations. The relevance of those observation for human
health and nutrition should be addressed, knowing that
DF intake is of increasing interest in the control of non-
communicable diseases, including obesity [54]. One study
investigated the effects of production process of snack bars
containing either chicory inulin or Jerusalem artichoke in
healthy volunteers during 3 weeks [12]. The authors did not
observe structural differences between inulin or Jerusalem
artichoke before and after processing and reported similar
effects of both inulin and Jerusalem artichoke on the gut
microbiota (mainly by enhancing the growth of bifidobac-
teria) and bowel habit [12]. Such studies are of interest, and
would be assorted of comparison of different sources of a
similar DF on both biological outcomes and gut microbiota
analysis. Finally, this study opens the perspective of the
interest of unravelling which gut microbial metabolites could
be involved in the improvement of metabolism by inulin-
containing food.
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