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ABSTRACT ARTICLE HISTORY

The development of cardiometabolic (CM) diseases is associated with chronic low-grade inflam- Received 3 July 2024
mation, partly linked to alterations of the gut microbiota (GM) and reduced intestinal integrity. The Revised 21 November 2024
SINFONI project investigates a multifunctional (MF) nutritional strategy’s impact combining differ- Accepted 26 November 2024
ent bioactive compounds on inflammation, GM modulation and CM profile. In this randomized KEYWORDS
crossover-controlled study, 30 subjects at CM-risk consumed MF cereal-products, enriched with Polyphenols; omega 3;

polyphenols, fibers, slowly-digestible starch, omega-3 fatty acids or Control cereal-products (with- endotoxemia;

out bioactive compounds) for 2 months. Metabolic endotoxemia (lipopolysaccharide (LPS), lipo- cardiometabolic risk;
polysaccharide-binding protein over soluble cluster of differentiation-14 (LBP/sCD14), systemic branched chain amino-acids;
inflammation and cardiovascular risk markers, intestinal inflammation, CM profile and response to  intestinal inflammation

a one-week fructose supplementation, were assessed at fasting and post mixed-meal. GM compo-
sition and metabolomic analysis were conducted. Mixed linear models were employed, integrating
time (pre/post), treatment (MF/control), and sequence/period. Compared to control, MF interven-
tion reduced intestinal inflammation (fecal calprotectin, p = 0.007) and endotoxemia (fasting LPS, p
< 0.05), without alteration of systemic inflammation. MF decreased serum branched-chain amino
acids compared to control (p < 0.05) and increased B.ovatus, B.uniformis, A.butyriciproducens and
unclassified Christensenellaceae.CAG-74 (p < 0.05). CM markers were unchanged. A 2-month dietary
intervention combining multiple bioactive compounds improved intestinal inflammation and
induced GM modulation. Such strategy appears as an effective strategy to target low-grade
inflammation through multi-target approach.

Introduction .
on treatment rather than prevention. A state of

Cardiometabolic (CM) diseases, including obesity, ~ low-grade chronic inflammation, characterized by
type 2 diabetes (T2D), and cardiovascular diseases  persistent inflammation, serves as a common
have become a global public health challenge, lead-  underlying factor in various chronic inflammatory
ing to escalating healthcare costs primarily focused ~ diseases.' As reported by Van Den Brink et al,
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inflammation is a sequential, multi-organ, systemic
process resulting from various induced metabolic
stresses that can be addressed by a wide range of
distinct biomarkers.” The role of gut microbiota in
obesity susceptibility and in the development of
metabolic complications such as adiposity and
insulin resistance has also gathered increasing
attention, notably in relation to systemic
inflammation.” Recent evidence links part of this
inflammatory state to disturbances in gut micro-
biota composition, function, and related compro-
mised gut barrier.*”® An alteration of the intestinal
barrier could result in the translocation into the
bloodstream of gut microbiota-derived lipopoly-
saccharide (LPS), also known as metabolic
endotoxemia.” This phenomenon has been
described as a crucial factor in both initiating and
advancing inflammation and metabolic diseases.”
Moreover, the interplay between dietary com-
pounds and the gut has been identified as
a pivotal component with both causative and ther-
apeutic potential in managing low-grade inflam-
mation and metabolic abnormalities.>” Some
dietary components, such as plant-derived bioac-
tive compounds, fats or carbohydrates, isolated or
combined, and certain dietary patterns beneficially
associated with lower inflammation tone and
improved insulin sensitivity and CM profile.* '
Nevertheless, discrepancies remain in the literature
between epidemiological studies and nutritional
interventions regarding the impact of dietary pat-
terns on the inflammatory profile, partly due to the
heterogeneity of studied inflammatory markers.
Previous works have mainly focused on assessing
a single or a limited number of systemic inflamma-
tory markers, while the overall impact of nutri-
tional interventions is multifactorial and
impacting complex multi-organ interactions,
urging for integrative multiple inflammatory mar-
kers analysis.”'® Recent research has also revealed
that beyond fasting status, meal and postprandial
periods are key features to address the diet-related
physiological processes of inflammatory status.''>
However metabolic challenges are still barely used
although they allow capture the dynamic metabolic
impact in response to dietary interventions."
Previous work from our teams and others has
revealed key food bioactive ingredients with high
potential to beneficially alter inflammatory status

by reducing the production of pro-inflammatory
mediators/damaging antioxidants or promoting
gut integrity and modulating GM and anti-
inflammatory processes in animal and human
studies.'*"® Polyphenols have demonstrated pro-
tective effects against obesity-linked metabolic dis-
eases, particularly insulin resistance and
inflammation, potentially by increasing the abun-
dance of specific beneficial gut bacteria such as
Akkermansia muciniphila.'®*° This bacterium has
been shown to alleviate intestinal inflammation
and improve metabolic health."””** Similarly,
omega-3 fatty acids have been found to reduce low-
grade inflammation and improve cardiometabolic
health partly by targeting intestinal microbiota.**
Post-meal glycemic fluctuations are also a critical
determinant of both postprandial and chronic low-
grade inflammation, acting partly through oxida-
tive stress.”> Altering carbohydrate quality to lower
the glycemic index of foods or to slowing starch
digestibility is promising in modulating inflamma-
tory profiles, thereby reducing postprandial glyce-
mic excursions in both healthy individuals and
those with obesity or type 2 diabetes.'®*>%°
Additionally, dietary fibers, which are crucial for
stabilizing and enhancing gut microbiota function,
have a direct effect in the reduction of glycemic
excursions and have been associated with
decreased endotoxemia, and mitigated cardiovas-

disease risk and pro-inflammatory
27-29

cular
markers.

In the SINFONI project, our hypothesis posits
that combining selected bioactive compounds
potentially targeting simultaneously multiple
inflammation-related features such as metabolic
endotoxemia, gut integrity, gut microbiota compo-
sition as well as postprandial metabolic responses,
would be an efficient nutritional strategy for redu-
cing low-grade inflammation and mitigating CM
risk factors. In this sense, we previously developed
and validated a MF cereal-based product enriched
with polyphenols, dietary fibers, slowly digestible
starch (SDS) and polyunsaturated fatty acids
(PUFASs).”® The objective of the SINFONI study is
to evaluate the impact of an 8-week MF dietary
intervention in at CM-risk individuals on intestinal
and low-grade inflammation by a multi-biomarker
approach in relation to gut microbiota modulation
and CM profile.



Results
Participant characteristics

From 1212 individuals who responded to ads
and initially screened, 30 CM-risk individuals
were included, randomized and completed the
study, with a sex ratio of 50% as expected
(Figure 1). Of these, 33% of subjects had dysli-
pidemia (high triglycerides and/or low high-
density lipoprotein cholesterol and/or high low-
density lipoprotein cholesterol and/or high total
cholesterol). Participants did not present fasting
hyperglycemia, diabetes, elevated C-Reactive
Proteins (CRP), or hypertension (Table 1).

Compliance and dietary intake

Compliance with cereal product consumption
was 96%. All subjects who completed the study
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had no variation in caloric or carbohydrate
intake, nor in fatty acid and protein or fiber
between the two types of intervention, disre-
garding the caloric intake of 100g of cereal
product per day that was equivalent for both
products (Table S1).

MF intervention reduced intestinal inflammation
but not metabolic endotoxemia nor systemic
inflammation

Compared to Control, the 8-week MF intervention
induced a significant reduction in fecal calprotectin
concentrations, marker of intestinal inflammation
(p =0.007, Figure 2). Regarding endotoxemia, MF
intervention did not significantly change either fast-
ing or postprandial excursions of LPS, LBP, sCD14,
or LPB/sCD14 (Table 2). We did not observe any
significant impact on fasting (Figure 3 and Table 2)

Response to adds
(n=1212)

Telephone screening (n=854)

Enrollment

l

Assessed for eligibility
(n=62)

n=22

n=1

not meeting inclusion criteria
declined to participate

Allocation

Randomised (n=38)

| Group A (n=18) |

Crossover

Wash out and Crossover

| Group B (n=20) I Lost to follow up n=8 :
¢ personal reasons: n=4
— * onset of diabetes n=1
* digestive problems: n=1
« change of employer: n=1
 taking antibiotics: n=1

| Group B (n=16) |

[ Groﬁ (n=16) l

|

Analysis

Completed Study (n=30;
15Aand 15B)

Last exploration day
17/05/2022

Figure 1. Figure 1: SINFONI Consort Flow Diagram
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Table 1. Baseline characteristics of subjects at inclusion.

Female Male

n=15 n=15
Age (years) 437 + 8.1 444 + 8.5
Weight (kg) 77.7 + 88 90.2 + 7.1
Height (m) 1.6 + 0.1 1.7 + 0.1
BMI (kg/m? 29.1 + 2.5 28.5 + 1.8
Waist circumference (cm) 97.7 + 5.8 102.4 + 6.1
Hip circumference (cm) 109.8 + 6.2 106.4 + 6.6
Systolic Pressure (mmHg) 124.1 + 13.3 124.8 + 7.8
Diastolic Pressure (mmHg) 74.1 + 8.8 76.3 + 6.9
Glucose (mmol/L) 5.0 + 03 49 + 0.2
TG (mmol/L) 1.0 + 0.3 1.40 + 0.5
TC (mmol/L) 5.0 + 1.1 5.7 + 1.1
HDL-C (mM) 1.4 + 0.3 1.2 + 0.1
LDL-C (mM) 33 + 0.5 3.9 + 0.9
CRP (mg/L) 2.6 + 2.8 337 + 4.4
ASAT (UI/L) 215 + 4.4 26.9 + 6.4
ALAT (UI/L) 236 + 7.2 374 + 15.5
GGT (UI/L) 21.7 + 9.6 345 + 16.1

Data are expressed as mean + SD. BMI : body mass index; TG : triglyceride; TC : total cholesterol, HDL-C : high-density
lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol; CRP : C reactive protein; ASAT : Aspartate transami-
nase; ALAT : alanine aminotransferase; GGT : gamma-glutamyl transferase. All data were quantified at fasting state.

A Calprotectin

200
% %k
100 °
5
=)
5 0_ 5 ‘.
[ ]
-100-
T L
Control MF

Figure 2. MF intervention has reduced Calprotectin compared to control. Fecal fasting calprotectin was measured before and
after 8-week treatment in at-risk subjects (n=30). Tukey box-plots (10-90 percentile) display the delta between the end and the
beginning of the intervention (8 weeks); with blue lines refer to subjects who received the control intervention; orange lines refer to
those who received MF intervention. A linear mixed model for repeated measures, with a compound symmetry structure as the
covariance structure after Blom transformation, was used to determine whether the difference between the changes induced by 8-
week MF intervention compared to Control were statistically significant. **p < 0.01.

and postprandial (data not shown) systemic inflam-
mation and cardiovascular risk markers.

MF intervention reduced fasting endotoxemia after
1-week fructose challenge

8-week MF intervention reduced the fructose-
induced increase in fasting LPS compared to the
Control intervention (p =0.03, Table 3), with no
impact incremental postprandial LPS
response. Similarly, after MF intervention

on

compared to Control, a reduction in soluble vas-
cular cell adhesion molecule 1 (sVCAMI1) levels
(p=0.01) and a trend toward reduced levels of
monocyte chemoattractant protein 1 (MCP-1)
(p=0.06) were observed following the fructose
challenge (Figure 4).

Altogether, after 8 weeks of MF intervention and
1 week of fructose challenge, postprandial excursions
total Area Under the Curve (tAUC) of LBP/sCD14
tended to be lower than baseline, compared to
Control (-10.3% versus+0.07% for Control
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Table 2. Effects of 8 weeks of MF intervention compared to control intervention on inflammation parameters (n = 30).

MF intervention

Control intervention

Endoxotemia parameters Baseline After 8 weeks Baseline After 8 weeks p-value (time*group)
tAUC LBP/sCD14 ratio 3008 (1588) 2725 (1410) 2922 (1485) 2924 (992) 0.37
tAUC LBP (ug/mL*min) 3508 (1776) 3651 (1391) 3506 (1026) 3626 (1664) 0.62
tAUC sCD14 (ug/mL¥*min) 376 (76) 394 (116) 368 (102) 378 (104) 0.68
LBP (ug/mL) 121 (7.3) 129 (5.2) 10.8 (5) 12.8 (5.8 0.52
sCD14 (ug/mlL) 1.2 (0.4) 1.4 (0.4) 13 (0.3) 13 (0.4 0.31
LPS (ng/mL) 28.5 (33.8) 28.5 (33.1) 259 (31.3) 26.3 (24.5) 0.78
tAUC_LPS 9783 (8077) 10614 (8804) 9332 (9184) 9334 (9618) 0.18
Inflammation/CV risk parameters

CRP (ug/L) 1155 (3116) 1474 (2269) 1019 (3178) 1558 (2784) 0.53
MCP-1 (pg/mL) 34 (16.9) 38.2 (38.2) 375 (12.1) 349 (16.4) 0.87
IFN-g (pg/mL) 36 Q.1 3.2 (1.9) 4 (4.5) 35 2.2) 0.14
IL-6 (pg/mL) 25 2.4) 2.2 (1.2) 22 (1.9) 24 @ 0.87
TNF-a (pg/mL) 19.3 (10.7) 21.1 (8.7) 19.3 (6.5) 225 (16.3) 0.92
ADAMTS13 (ng/mL) 1887 (914) 1839 (722) 1888 (674) 2033 (758) 0.48
Myeloperoxydase (pg/mL) 437 (20.4) 404 (27.8) 359 (19.9) 40.6 (21.3) 0.90
Lipocalin2 (ng/mL) 126 (38) 1333 (71) 126 (45) 135 (56) 0.26
sVCAM1 (ng/mL) 1048 (290) 1092 (419) 1045 (176) 1083 (352) 0.1
SAA (ng/mL) 8146 (11524) 9100 (8046) 9100 (7071) 8960 (6621) 0.07

Data are expressed as median and IQR (interquartile range). Effects of MF intervention compared to Control were analyzed using linear mixed model for
repeated measures with heterogeneous compound symmetry as covariance structure after Blom transformation, with associated p-value from the interaction
time*group. CV: cardiovascular; tAUC: total area under the curve; LBP: lipopolysaccharide binding protein; sCD14: soluble cluster of differentiation 14; LPS:
lipopolysaccharide; CRP: C-reactive protein; MCP-1: monocyte chemoattractant protein 1; IFN-g: Interferon gamma; IL-6: Interleukin 6; TNF-a: tumor necrosis
factor a; ADAMTS13: a disintegrin and metalloprotease with thrombospondin type | repeats-13; sVCAM1: Soluble Vascular Cell Adhesion Molecule-1; SAA:

Serum amyloid A.

A Fasting CRP
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_E' od..I—1... 2 1000 .
D 4 500
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Figure 3. MF intervention has not significantly altered fasting systemic inflammation or cardiovascular-risk markers
compared to control. Low-grade inflammation and cardiovascular risk markers were not significantly impacted by multifunctional
intervention (n=30) compared to control. Tukey box-plots (10-90 percentile) display the delta between before and after intervention
(8 weeks); with blue lines refer to subjects who received the control intervention; orange lines refer to those who received MF
intervention. A linear mixed model for repeated measures, with a compound symmetry structure as the covariance structure after
Blom transformation, was used to determine whether the difference between the changes induced by 8-week MF intervention
compared to Control were statistically significant.
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Table 3. Effects of 1-week fructose challenge on inflammation parameters (n = 30).

MF intervention Control intervention
p-value
9 weeks A before and after fructose week 9 weeks A before and after fructose week  (time*group)

Fasting inflammation parameters

tAUC LBP/sCD14 ratio 2595 (1301) —130 (873) 2788 (1268) -136 (1046) 0.47
tAUC LBP (pg/mL*min) 3330 (1659) -321 (656) 3481 (1570) —145 (1018) 0.65
tAUC sCD14 (ug/mL*min) 398  (123) 4.0 (118) 391 (137) 13 (101) 0.48
LBP (ug/mL) 126 (54) -03 (3.5 121 (73) -0.7 (5.8) 0.53
sCD14 (ug/mlL) 1.4 (0.5) 0 (0.31) 1.2 (0.5) —0.1 (0.26) 0.51
LPS (ng/mL) 243 (30.3) -4.2 (14.4) 27.7  (39.6) 14 (19.9) 0.03
tAUC LPS 8580 (9518) —2034 (4635) 8632 (8664) —702 (3313) 0.19
Inflammation/CV risk parameters

CRP (pg/L) 1626 (2636) 152 (770) 1548 (2190) -10 (1347) 0.99
IFN-g (pg/mL) 34 (4.2) 0.2 (4.6) 3.2 (3.8 -0.3 (5.2) 0.25
IL-6 (pg/mL) 23 (2.3) 0.1 (1.1) 2.1 (1.4) —0.3 (1.5) 0.18
TNF-a (pg/mL) 18 (11.9) -3.1 (10.3) 217 (13.1) -0.8 (9.6 0.37
ADAMTS13 (ng/mL) 1798 (789) —41 (625) 1992  (555) —-41 (762) 0.26
Myeloperoxydase (pg/mL) 364 (18.1) -4.0 (24.8) 341 (19.0) —6.5 (12.1) 0.79
Lipocalin2 (ng/mL) 128 (43) -4.0 (30) 131 (41) —4.0 (34) 0.14
SAA (ng/mL) 7467 (5844) -1633 (3672) 8165 (9829) —-795 (2467) 0.28

Data are expressed as median and IQR (interquartile range). Effects of MF intervention compared to Control were analyzed using linear mixed model for
repeated measures with heterogeneous compound symmetry as covariance structure after Blom transformation, with associated p-value from the interaction
time*group. CV: cardiovascular; tAUC: total area under the curve; LBP: lipopolysaccharide binding protein; sCD14: soluble cluster of differentiation 14; LPS:
lipopolysaccharides; CRP: C-reactive protein; MCP-1: monocyte chemoattractant protein 1; IFN-g: Interferon gamma; IL-6: Interleukin 6; TNF-a: tumor necrosis
factor a; ADAMTS13: a disintegrin and metalloprotease with thrombospondin type | repeats-13; sVCAM1: Soluble Vascular Cell Adhesion Molecule-1; SAA:
Serum amyloid A.

A sVCAM1 A MCP-1
2000 . 100- 10,06
— —_—
10004 ° .
- “an —~ 50
— T -] ® .
£ ) P —— [ £ N
2 1 > |
= .o £ J. 0
[ X ) [ R T
-1000-
[ ]
[ Rl
-2000 , | 50 , :
Control MF Control MF

Figure 4. MF intervention reduces fructose-induced inflammation compared to control. Cardiovascular-risk markers were
significantly reduced by multifunctional intervention (n=30) compared to control between after and before 1-week fructose challenge
(delta between week 9 and 8). Tukey box-plots (10-90 percentile) with blue lines refer to subjects who received the control
intervention; orange lines refer to those who received MF intervention. A linear mixed model for repeated measures, with a compound
symmetry structure as the covariance structure after Blom transformation, was used to determine whether the difference between the
changes induced by MF intervention compared to Control were statistically significant. *p < 0.05.

Figure 5a, p = 0.08), with no parallel effect on fasting  in the fasting state (Figure 5b) and a trend for post-
LBP/sCD14 ratio. MF also induced a reduction of LPS ~ prandial (tAUC) reduction after 8 weeks of
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Figure 5. MF intervention tend to reduce postprandial LBP/sCD14 excursions and reduce fasting endotoxemia (LPS)
compared to control after 1-week fructose challenge. a) Post-prandial (total AUC between 0, 120 and 300 min) plasma LBP/
sCD14 was measured in at-risk subjects (n=30) between the pre-intervention and 9-week periods. b) Fasting plasma LPS (ng/mL) was
measured between the pre-intervention and 9-week periods. ¢) Post-prandial (total AUC between 0, 120 and 300 min) of LPS
concentrations during the MF and control interventions between the pre-intervention and 9-week periods after ingestion of the
standardized meal . Box-plot display the delta between the end of the intervention (after 8-week +1-week fructose) and before
intervention. Tukey box-plots (10-90 percentile) with blue lines refer to subjects who received the control intervention; orange lines
refer to those who received MF intervention. A linear mixed model for repeated measures, with a compound symmetry structure as
the covariance structure after Blom transformation, was used to determine whether the difference between the changes induced by 9-
week MF intervention compared to Control were statistically significant. *p < 0.05.

intervention +1 week of fructose challenge versus
baseline compared with Control (p <0.05 and p=
0.52 respectively, Figure 5¢).

The MF intervention modified gut microbiota
composition

After 8 weeks, compared to Control, MF interven-
tion brought about changes in the composition of
gut microbiota by adjusting the prevalence of spe-
cific bacterial species (Figure 6). Among 391 tested
species (prevalence >10%), 27 were significantly
impacted by the MF intervention (Figure S2,
p&lt;0.05). Specifically, metagenomics shotgun
analysis showed a significant increase in the rela-
tive abundance of Bacteroides ovatus (p = 0.0049),
Bacteroides uniformis (p = 0.0006), Agathobaculum
butyriciproducens (p = 0.005) and a non-significant
modulation of Akkermansia muciniphila (p =0.1,
data not shown), compared to a decrease after the
Control intervention. Throughout the dietary
intervention, microbiota richness in terms of gene
count and Metagenomic Species (MSPs). MSP
count did not differ significantly between the two
interventions (Figure S3).

MF intervention reduced serum branched chain
amino acids and glutamate concentrations

Quantitative metabolomic analysis of 40 serum meta-
bolites by proton nuclear magnetic resonance
spectroscopy' H-NMR, Table S2) showed a significant
decrease of 2 branched chain amino acids (BCAAs)
namely valine and isoleucine after 8 weeks of interven-
tion (5% and —7% after MF respectively, p < 0.05) and
a trend for acetoacetate and 3-hydroxybutyrate, com-
pared to Control intervention. These analyses also
showed a significant decrease in serum glutamate levels
after 8weeks of MF
(p < 0.05, Figure 7).

intervention vs control

MF intervention did not alter anthropometric nor
metabolic markers but tended to decrease adipo-ir

Eight weeks of intervention with MF did not result
in any significant change in weight or Body Mass
Index compared to control (Table 4). In addition,
no effect of either MF or control was observed in
body composition, or in percentages of fat free
mass and of fat mass. Fasting or postprandial meta-
bolic parameters remained similar after both MF
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Figure 6. MF intervention have increased beneficial gut microbiota species relative abundance (MSP) compared to control.
Gut microbiota abundance was significantly impacted by multifunctional intervention (n=30). Histograms display the delta between
the end of the intervention (after 8 weeks intervention) and before intervention. Tukey box-plots (10-90 percentile) with blue lines
refer to subjects who received the control intervention; orange lines refer to those who received MF intervention. MSP: Metagenomic
Species; p-values from Wilcoxon signed-rank test are displayed. *p < 0.05 **p <0.01 ***p <0.001

and Control interventions (Table 4). However, MF
intervention compared to the control intervention
tended to decrease adipo-IR insulin resistance
index (p =0.08).

The fructose challenge did not significantly alter
fasting or postprandial metabolic parameters
related to carbohydrate or lipid metabolism after
MF or Control intervention (Table 5).

Association between mf-induced changes in
endotoxemia, fecal calprotectin, gut microbiota and
metabolites

We correlated the delta (after — before the MF
intervention) of significantly impacted metage-
nomics features, inflammatory markers (fasting
LPS and calprotectin) and key amino acids quanti-
fied by 1 h-NMR (Figure 8). Spearman correlation

analyses showed that changes in Bacteroides ovatus
abundance was negatively correlated with fasting
LPS (r=-0.38 p < 0.05) and fecal calprotectin levels
(r=—-0.44, p < 0.05).

Discussion

Our study reveals that an 8-week multifunctional
dietary intervention with a concept product combin-
ing selected bioactive compounds in individuals
with cardiometabolic risk factors improves intestinal
inflammatory profile and induces a significant
decrease in serum branched-chain amino acids,
while modulating several bacterial species of the
gut microbiota.

Regarding intestinal inflammatory profile, we
show that altogether substituting usual consump-
tion of regular cereal product with multifunctional
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Figure 7. MF intervention has modulated metabolomic profile evaluated by NMR technique (n=30). Box-plot display the delta
between the end of the intervention (after 8 weeks intervention) and before intervention. Tukey box-plots with blue lines refer to
subjects who received the control intervention; orange lines refer to those who received MF intervention. A linear mixed model for
repeated measures, with a compound symmetry structure as the covariance structure after Blom transformation, was used to
determine whether the difference between the changes induced by 8-week MF intervention compared to Control were statistically

significant. *p < 0.05 **p <0.01.

bioactive enriched-Cereal Product reduced calpro-
tectin and improved endotoxemia profile.
Specifically, MF intervention tended to lower post-
prandial metabolic endotoxemia as shown with
LPS and LBP/sCD14 markers and reduced fasting
LPS compared to control. Metabolic endotoxemia
can be due to an increased intestinal permeability
allowing the passage of LPS to the bloodstream via
the para-cellular path, which is now referred to as
“leaky gut”.>' Furthermore, such LPS translocation
can also occur via the transcellular pathway during
lipid absorption involving chylomicrons as LPS
carriers.”> Leveraging the postprandial phase, we
demonstrated a promising trend toward improved
metabolic endotoxemia, as indicated by the

markers LBP/sCD14 and LPS. Improvements of
endotoxemia markers have also been observed else-
integrated diets the
Mediterranean diet but also using bioactive com-
pounds tested individually such as omega-3 lipids
or polyphenols but also following the administra-
tion of A. muciniphila in subjects with CM
risks.”"*>"** Flavonoids, which represents the

where with such as

family of polyphenols tested in the present MF,
intervention and their metabolites have been
shown to possess favorable properties in modulat-
ing the gut environment by decreasing circulating
LPS levels and by reshaping the gut microbiota.>®
In the present study, we illustrate the beneficial
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Figure 8. (a) Spearman’s rank correlation matrix between parameters significantly impacted by after MF intervention compared to
control (b) A correlation network map depicting the Spearman’s correlation matrix was generated. Metabolites exhibiting high
correlation were clustered together. The arrangement of metabolites was determined through multidimensional scaling of the
absolute correlation values. Gradient color, line distance, and thickness were assigned to metabolite nodes based on correlation
coefficients. Negative and positive correlations were represented by shades of red and blue, respectively. Stars (*) stand for
correlations that are significant regarding p-values (p < 0.05).

Table 4. Effects of 8 weeks of MF intervention compared to control intervention on metabolic parameters (n = 30).

MF Intervention Control intervention
Anthropometric parameters Baseline After 8 weeks Baseline After 8 weeks p-value (time*group)
Weight (kg) 83.8 (16.5) 83.8 (16.5) 84.1 (16.8) 85.1 (16.9) 0.36
BMI (kg/m2 29.0 (3.2) 29.0 (3.6) 289 (3.1) 29.0 (3.4) 0.81
Fat mass (kg) 30.6 8.1) 31.5 (8.8) 30.8 (8.7) 30.6 9.2) 0.85
Fasting metabolic parameters
Glucose (mM) 53 (0.5) 53 (0.5) 5.4 (0.6) 52 (0.5) 0.76
NEFA (uM) 462 (244) 475 (250) 443 (170) 472 (176) 0.28
Insulin (mIU/I) 10.6 (3.8 9.3 (6) 12.1 (4.6) 1.4 8.7) 0.33
HOMA-IR 24 (1) 2.2 (1.6) 2.8 (1.2) 2.7 (2.6) 0.23
Adipo-IR 39.1 (17) 355 (15.6) 40.2 (23.8) 404 (30.6) 0.08
Total cholesterol (mM) 4.8 (1.1) 4.7 (1.2) 4.8 (0.9) 46 (1.3) 0.64
HDL cholesterol (mM) 1.1 (0.3) 1.1 (0.3) 1.2 (0.3) 1.2 (0.3) 0.15
LDL cholesterol (mM) 3.2 0.7) 3.0 (1.1) 3.1 (0.9) 3.1 (1.2) 0.76
ApoB (g/L) 0.9 (0.28) 0.9 (0.3) 0.9 (0.3) 0.9 (0.3) 0.35
Adiponectin (ug/mL) 6.3 (2.9) 5.1 (2.9 49 (2.9) 54 (3.2) 0.49
Postprandial metabolic parameters
Glucose tAUC (mM*min) 1754 (228) 1783 (160) 1720 (173) 1789 (253) 0.28
Insulin tAUC (mUI/I*min) 13583 (4908) 11143 (4933) 12273 (7292) 12850 (8839) 0.21
TG tAUC (mM*min) 556 (429) 568 (457) 542 (298) 566 (350) 0.98

Data are expressed as median and IQR (interquartile range). Effects of MF intervention compared to Control were analyzed using linear mixed model for
repeated measures with heterogeneous compound symmetry as covariance structure after Blom transformation, with associated p-value from the interaction
time*group. MF: multifunctional intervention; BMI: body mass index; NEFA: non-esterified fatty acid; HOMA-IR: homeostasis model assessment of insulin
resistance; Adipo-1.0 R: Adipose tissue insulin resistance; HDL cholesterol: high-density lipoprotein cholesterol; LDL cholesterol: low-density lipoprotein
cholesterol; ApoB: Apolipoprotein B; TG: triglyceride; tAUC: total area under the curve.

impact of the MF intervention on several markers  intestinal permeability and limited LPS transloca-
of endotoxemia, both at the fasting and postpran-  tion during lipid ingestion compared to the
dial states (trend), which may result from reduced  control.
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Table 5. Effects of 1-week fructose challenge after MF or control intervention on metabolic parameters (n = 30).

MF intervention

Control intervention

After 1 week of

Fasting metabolic parameters fructose challenge

A before and after
fructose week

A before and after
fructose week

After 1 week of

fructose challenge p-value (time*group)

Glucose (mM) 5.4 (0.3) 0.1
NEFA (uM) 471 (207) —4.0
Insulin (mIU/1) 11.9 (7.3) 2.6
HOMA-IR 2.8 (2.3) 0.6
Adipo-IR 334 (26.9) =21
Total cholesterol (mM) 4.5 (1.5) -0.2
HDL cholesterol (mM) 1 (0.3) -0.1
LDL cholesterol (mM) 2.6 (1 -0.4
ApoB (g/L) 0.8 (0.3) -0.1
Adiponectin (ug/mL) 53 (3.8) 0.2
Postprandial metabolic parameters

Glucose tAUC (mM*min) 1759 (287) 24
Insulin tAUC (mUI/I*min) 13786 (7280) 2643
TG tAUC (mM*min) 694 (429) 126

(0.3) 5.4 (0.5) 0.2 (0.3) 0.80
(237) 443 (149) -29.0 (203) 0.77
4.1) 121 (8) 0.7 (4) 0.33
(1.1 29 (2.4) 0.2 (1.1) 041
(17.7) 379 (27.6) =25 (18.8) 0.62
(0.8) 4.8 (1.5) 0.2 (0.8) 0.94
(0.2) 1.1 (0.3) -0.1 (0.1) 0.47
(0.7) 3 (1.3) -0.1 (0.8) 0.62
(0.1) 0.9 (0.4) 0 (0.2) 0.63
(2.4) 5 (3) -04 (1.7) 0.60
(169) 1758 (215) =31 (123) 0.81
(4357) 13781 (5402) 931 (3806) 0.17
(361) 708 (439) 142 (189) 0.62

Data are expressed as median and IQR (interquartile range). Effects of MF intervention compared to Control were analyzed using linear mixed model for
repeated measures with heterogeneous compound symmetry as covariance structure after Blom transformation, with associated p-value from the interaction
time*group. MF: multifunctional intervention; BMI: body mass index; CV: cardiovascular; NEFA: non-esterified fatty acid; HOMA-IR: homeostasis model
assessment of insulin resistance; Adipo-IR: Adipose tissue insulin resistance; HDL cholesterol: high-density lipoprotein cholesterol; LDL cholesterol: low-
density lipoprotein cholesterol; ApoB: Apolipoprotein B; TG: triglyceride; tAUC: total area under the curve.

In addition, MF intervention significantly lowered
calprotectin (-40%), a protein released by neutrophils
as part of the inflammatory response. This marker is
traditionally examined in clinical settings to assess
levels of intestinal inflammation and has been inves-
tigated widely in the context of chronic intestinal
disease such as inflammatory bowel disease.’”*®
However, fecal calprotectin remains poorly studied
in the context of nutritional interventions targeting
cardiometabolic profile.”® Importantly, the calprotec-
tin reduction observed here suggests an improvement
in the intestinal inflammation profile, bringing it
below the 50 ug/g threshold that is consistent with
inflammation levels typically found in healthy
individuals.* Interestingly, in preclinical studies, cer-
tain dietary bioactive compounds such as polyphenols
and omega-3 have shown beneficial effects on inflam-
mation and intestinal permeability.41’42 Additionally,
dietary fibers, particularly soluble fibers, are known to
produce short-chain fatty acids (SCFAs) through fer-
mentation, which have beneficial effects on intestinal
health. Specifically, these SCFAs, notably butyrate, is
known to contribute to the integrity of the intestinal
epithelium, the inhibition of intestinal inflammation,
and the maintenance of tight junctions.*

The present results reinforce the potential pro-
tective efficacy of combining several bioactive com-
pounds within a food product on intestinal

inflammation, echoing the findings observed on
fasting metabolic endotoxemia.

We observed a relevant effect on inflammatory
and cardiovascular risk, highlighted by the fructose
challenge after MF intervention compared to con-
trol. The MF intervention notably induced
a protective effect against the fructose challenge
by reducing sVCAMI1 and a trend for MCP-1,
both recognized as pivotal players at the intersec-
tion of inflammation and cardiovascular risk.
MCP-1, a chemokine implicated in insulin resis-
tance and vascular dysfunction, and sVCAMI,
regarded as a cardiovascular disease predictor,
were positively modulated following the
intervention.

Through this challenge, we demonstrated the
early detection of the impact of MF intervention
in counteracting inflammation induced by a one-
week fructose challenge, consistent with the find-
ings of Hokayem et al. regarding grape polyphenols
intervention.** This validates the use of such
a challenge in subjects at cardiometabolic risk,
highlighting a high quantity of fructose as
a physiological stressor that enhances the detection
and quantification of dietary effects on the multi-
component inflammatory state.

Interestingly, as found in our study, consump-
tion of polyphenols from the Mediterranean diet
has shown a reduction in markers associated with
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atherosclerosis such as MCP-1 and sVCAM-1 in
the PREDIMED trial.*> This demonstrates
a convergent impact of MF intervention on an
array of different intestinal and systemic inflam-
mation markers. The different amplitude of
effects between intestinal and circulating markers
may stem from their connection to distinct phy-
siological pathways, systemic inflammation mar-
kers being more largely indicative of the
interconnection among various local inflamma-
tory pathways associated with organs and sys-
temic processes. We have recently reviewed such
discrepancies in different inflammatory markers
in responses to dietary MF interventions, inde-
pendently of the chosen compound combina-
tions, highlighting the importance of analyzing
a wide range of markers, in particular inflamma-
tory endpoints, for the local and systemic meta-
bolic impact of diet.'®

Here we also demonstrate that a multi-target
approach, using dedicated challenge tests, allows
to investigate the dynamic impact of diet on the
cascade of mechanisms involved in low-grade
inflammation, considering the role of endotoxemia
and gut integrity, which act as a link between gut
microbiota and inflammatory markers.*®

We hypothesized that these favorable findings
potentially stem from the convergent influence of
the selected bioactive compounds on the modula-
tion of inflammation and on specific bacterial taxa
known to exert immunomodulatory effects. The
MF intervention changed the composition of the
intestinal microbiota and notably certain species
well known for their beneficial role on inflamma-
tory and metabolic parameters. After MF,
Bacteroides ovatus was increased, and was nega-
tively associated with metabolic endotoxemia and
intestinal inflammation. This bacterium has been
demonstrated to support intestinal balance by pre-
serving the diversity of the gut microbiota and
reducing LPS-induced inflammation by reinstating
the equilibrium between Treg and Th-17 cells
(known to regulate the balance between pro- and
anti-inflammatory pathways).46 Furthermore,
Bacteroides uniformis which was increased in our
study, improves metabolic and immune dysfunc-
tions induced by an obesogenic diet and concomi-
tant with gut microbiota deviation in obese mice.*’
Interestingly, following MF intervention, the

relative  abundance of an  unclassified
Christensenellaceae species increased compared to
control and have been shown to be inversely cor-
related with the individual BMI across several
investigations as reviewed by Waters et al.*®

In addition, alpha-linolenic acid (ALA) from
rapeseed oil may also contribute to some of the
observed benefits, as it has been shown to promote
the abundance of these beneficial bacteria com-
pared to the presence of palmitic acid in control
which has been associated with altered gut integrity
and increased inflammation.*’~!

The analysis of the serum metabolome notably
showed a decrease in certain BCAA, mainly valine
and isoleucine upon MF intakes. Several studies
have indicated that plasma BCAA levels are ele-
vated in overweight and obese individuals and cor-
related with insulin resistance, as well as in T2D
patients.”>>? In addition, we found a trend toward
increased levels of certain compounds involved in
ketone body metabolism, notably acetoacetate and
3-hydroxybutyrate, phenomenon that may reflect
the catabolism of BCAA (Supplementary Figure
S1). Moreover, the gut microbiota can produce
BCAA that can be modulated by dietary supple-
mentation of bioactive compounds.” Indeed, sup-
plementation with polyphenols effectively
mitigated the increase of BCAAs induced by an
overnutrition regimen among healthy, overweight
participants.”> In the PREDIMED trial,
a Mediterranean diet significantly decreased
BCAA levels and weakened the link between
plasma BCAAs and type 2 diabetes incidence.”
These beneficial changes in BCAA profile are sup-
ported by a trend toward improvement in adipo-
IR, a marker of adipose tissue insulin resistance.
Moreover, our study demonstrates a significant
reduction in serum glutamate concentrations after
the 8-week MF intervention compared to the
Control group. This can be considered as beneficial
because elevated levels of glutamate have been
linked to a heightened incidence of type 2 diabetes,
cardiovascular diseases, and nonalcoholic fatty
liver disease.””®

Of note, the obtained favorable metabolic effects
were observed without modification of food intake
and body weight loss during the study, parameters
known to be closely linked with an improved CM risk
profile.””®



The present investigation possesses numerous
strengths: 1) Van den Brinck et al suggest that
inflammatory conditions in at-risk individuals
stem from a cascade of events disrupting
homeostasis.” Our study assesses phenotypic flex-
ibility and postprandial food dynamics to detect
early metabolic disturbances; 2) this study adopts
a randomized crossover design, effectively mitigat-
ing the risk of false-positive associations, as parti-
cipants serve as their own controls; 3) we
conducted an integrative analysis of multi-level
health markers, establishing connections between
gut health, systemic modulations, and inflamma-
tory mediators such as endotoxin; 4) this study
aimed to capture the dynamics involved in the
development of low-grade inflammation by linking
different actors such as cytokines, adipokines and
proteins mediated by different tissues 5) further-
more, considering the high compliance observed,
this study encourages further research in longer-
term trials. To standardize and control bioactive
compounds’ intake, intervention was delivered
through enriched validated cereal product by repla-
cement of usual consumed cereal product.®

Limitations of the study include the fact that
the target population had a high waist circumfer-
ence but was heterogeneous in terms of metabolic
profile, leading to variability in metabolic
responses and a limited population size.
Additionally, to address the leaky gut hypothesis,
measuring zonulin, a key biomarker of intestinal
permeability, would have provided valuable
insights into gut barrier function, potentially
revealing whether the intervention impacted
intestinal permeability, a factor closely linked to
metabolic disorders and systemic inflammation.
Moreover, the potential insights into the func-
tionality of the intestinal microbiota remained
untapped due to the limited sequencing depth.
This valuable information could have provided
a more nuanced understanding of the role of
bacteria in the subject responses. Given the multi-
plicity of criteria, alpha risk inflation makes sub-
group analysis complex; however, it would have
been valuable to identify the determinants of
response to the intervention by conducting sub-
group analyses of responders and non-responders
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based on baseline characteristics. Finally, the pro-
mising results regarding all exploratory para-
meters of this proof-of-concept will need further
confirmation in follow-up clinical trials.

In conclusion, a 2-month multifunctional dietary
intervention was efficient to improve intestinal
inflammatory profile and modulate gut microbiota
composition including changes in beneficial
microbes. These results, combined with the high
level of compliance of product intake among the
participants, indicate the potential of MF dietary
approaches with multi-target impact as effective stra-
tegies to target intestinal inflammation and metabolic
health in overweight and obese subjects with CM risk.

Materials and methods
Clinical study

The SINFONI study was conducted at the Human
Nutrition Research Center Rhone-Alpes (CRNH-
RA) and carried out in accordance with the Second
Declaration of Helsinki and French Jardé law. The
study was reported and registered on http://www.
clinicaltrials.gov (NCT04190706) and was approved
by the Scientific Ethics Committee of Bordeaux Sud-
Ouest and Outre-Mer III. All participants received
and signed informed consent before the initiation of
any study-related procedure.

Study design

This was single center, randomized, single blind, cross-
over comparison intervention study with two
sequences and a 6-to-8-week washout period
(Figure 9). The two dietary interventions consisted of
100 g/d of cereal-based product enriched with bioactive
products (Multifunctional, MF) and 100 g/d of Control
cereal-based product products that could be consumed
at any time of the day. At the end of each intervention
arm, metabolic and inflammatory markers were re-
assessed after a metabolic challenge consisting of one-
week fructose supplementation (3 g/kg fat-free mass/
day), ingested orally as a powdered form dissolved in
the volunteers’ daily drinking water.** The fructose
challenge was implemented to evaluate whether the
8-week MF intervention could modulate the response
to pro-oxidative, pro-inflammatory challenge.


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Figure 9. SINFONI Experimental design. In a randomized crossover study, participants were selected to assess the impact of MF intake
on metabolic, inflammatory and gut microbiota parameters. Each participant underwent both the MF intervention and a control
intervention in a randomized order, with a 6 to 8-week washout period between interventions to minimize carryover effects.

Study participants

Thirty individuals either overweight or with obe-
sity and at-CM risk (50% women) were included
with the following eligibility criteria: age 30-65
years, BMI between 25 and 35kg/m> and waist
circumference >80 cm for women and >94 cm for
men, with a stable weight over the last 3 months
(<5% of total body weight), and regularly snacking
with cereal products in order to substitute this
consumption with the study products. We included
subjects who were sedentary or engaged in a stable
regular physical activity (maximum 4 h per week);
subjects with total cholesterol <11 mmol/L or tri-
glycerides <3 mmol/L, fasting blood glucose
<7 mmol/L, CRP <20mg/L and no biological
abnormalities deemed clinically significant by the
investigator. Subjects were not on a restrictive diet
and were selected based on a low consumption of
tiber (<25 g/day) and polyphenols (less than 3 cof-
fees + 1 tea per day). The study included only par-
ticipants who did not consume dietary
supplements (fiber, pre or probiotics) or small
fruits (100 g) such as berries or their derivatives,
as well as polyphenols (assessed during the dietary
interview). We excluded subjects with cardiometa-
bolic diseases such as diabetes, gastrointestinal

anomaly or any untreated and unstable pathology.
In addition, subjects should not have received anti-
biotics or other medications interfering with
microbiota composition within the last 3 months
prior to and during the study.

Study products and diet intervention

We have previously formulated and validated MF
cereal-based products enriched in selected bioactive
compounds.™ Briefly, the two enriched cereal pro-
ducts were nutritionally improved with enrichments
in fibers and polyphenols and with maintaining
high-SDS content and improving fat quality using
rapeseed oil, compared to control biscuits in which
palm oil was incorporated (Table 6). The MF pro-
ducts contained more than 1% of total polyphenols
(g eq gallic acid/100 g, current daily dose consumed
in France <1g/d) from cranberries containing
mostly tannins notably proanthocyanidins
(Symrise, Germany) and 18 g of dietary fibers (cran-
berry) allowing to reach >30 g/day, a dose recom-
mended by the WHO.’**"*> Moreover, 100% of
lipids in the products are supplemented using rape-
seed oil to increase alpha-linolenic acid quantity,
a type of omega 3. The difference in fatty acid



Table 6. Nutritional composition of biscuits.
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Control mini-biscuits Control cookies MF mini-biscuits MF cookies

Energy (Kcal/100 g) 472 480 439 430
Lipids (9/100 g) 17.5 206 18.1 17
—Saturated 9 10 1 1
-Polyunsaturated n-3 0 0 2 2
Proteins (9/100 g) 6.6 5.1 7.4 6.6
Available carbohydrates 714 64.7 53.5 53.5
(9/100 g)

Sugars (g/100 g) 289 296 189 205
Available starch 39.8 30.7 27.9 24.5
(9/100 g)

SDS (g/100 g) 7.8 49 12.8 10.2
Total dietary fibers (g/portion) 2 2 18 19
Insoluble dietary fibers (g/100 g) 1 1 15 16
Soluble dietary fibers (g/100 g) 1 1 3 3
Total polyphenols (g eq gallic acid/100 g) 0.6 0.2 26 2.2

composition between the MF and Control cereal
products) is provided by the presence of rapeseed
oil for the MF product (12% with 1.5 g of omega 3)
and palm oil for the Control product (14%, rich in
saturated fatty acids). We used specific cooking pro-
cesses to reach 33% and 40% of slow digestible starch
(SDS) in MF products that is twice the quantity
within the Control products.

The food product prototypes were produced in the
pilot plan of Mondelez International R&D Centre
based in Saclay (France). Both interventions con-
tained equal proportions of two types of products:
cereals mini cookies or biscuits to obtain 100 g
per day of food intake. The individuals were asked
to replace their usual consumption of cereal-based
biscuits during the day by the provided MF or
Control cereal-based products.

Dietary intake and compliance calculation

At inclusion, dietary intake of each subject was
evaluated using the French National Authority
for Health questionnaire together with an inter-
view with a trained dietitian. Then, the subjects
filled in a 3-day dietary record before
exploration day to evaluate dietary intake and
ensure good compliance. During the interven-
tion periods, subjects were asked to maintain
the same diet in terms of caloric and macronu-
trients content (out of provided intervention
cereal-based products) and to fill-in a 3-day
dietary record. Dietary data were processed by
a trained dietitian using NUTRILOG®, which
allowed to estimate energy, macronutrient and
fiber intake. MF and Control products

consumption compliance was evaluated by
counting returned empty MF and Control
packs. Subjects with less than 80% compliance
were excluded from the study.

Clinical investigation day

During the 3 days before metabolic assessment days,
subjects were asked to collect a stool sample at ambi-
ent temperature using a specific kit containing
RNAlater® as stabilizing solution, following the
International Human Microbiome Standards
(IHMS, SOP 05) () and send it to the French
National Research Institute of Agriculture, Food and
Environment (INRAE) MetaGenoPolis (mgps.eu) for
analysis.

Subjects arrived at CRNH-RA after an
8-h overnight fast following the ingestion of
a standard low dietary fiber evening meal (one
serving of lean meat or fish, rice, a dairy pro-
duct and fruit compote). Body weight, fat mass
percentage, height and waist circumference were
measured using a Bodystat Quadscan 4000
(BQ4000; Bodystat Ltd. Douglas, UK) stadi-
ometer and non-elastic tape, respectively. BMI
was calculated as weight/height.” Blood was col-
lected using an antecubital vein catheter at dif-
ferent times (T) (=30, 0, 15, 30, 60, 90, 120, 180,
240, 300 min). To evaluate postprandial meta-
bolic response during each visit, the participants
were also subjected to a “challenge test” meal
(so-called FlexMeal) including the equivalent of
an oral glucose tolerance test and a lipid load
(semi-liquid meal based on the PhenFlex model,

Table 7).5%%
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Table 7. Nutritional composition of standardized test meal.

Energy (kcal) 917

Carbohydrates (g) 75.2

Proteins (g) 19.8

Lipids (g) 59.5

% carbohydrates 328

% proteins 8.6

% lipids 584

% MUFA 35.2

% PUFA 9.88
% SFA 48

MUFA: monounsaturated fatty acid; SFA: saturated fatty acid; PUFA: poly-
unsaturated fatty acid.

Metabolic endotoxemia markers analyses

To calculate the ratio of LBP/sCD14 which has
been proposed as a marker of proinflammatory
potential of metabolic endotoxemia, LBP and
sCD14 were assayed using sandwich ELISA Kkits
(Hycult Biotechnology®, Quantikine® ELISA R&D
Systems, respectively).®® Prior to analysis, plasma
samples for LBP and sCD14 were diluted at 1/1000
and 1/400, respectively, as previously described.®”
General LPS serotype O111:B4 ELISA kit was
obtained from Biorbyt® (Cambridge, United
Kingdom) on non-diluted plasma samples as
a proxy of LPS passage in the bloodstream.®

Inflammation parameters

The Millipore MILLIPLEX Human Cardiovascular
Disease Magnetic Bead Panel 2 (SigmaAldrich®,
France) was used to assess cardiovascular risk factor
parameters, including measurements of Adamts13,
MPO, Lipocalin-2/NGAL, sVCAM-1 and SAA. In
addition, concentrations of the chemokines IL-6,
INF-y, TNF- a, MCP-1 were determined using the
Bio-Plex Human Chemokines assay (Biorad®), fol-
lowing  the  manufacturer’s  instructions.
Quantitative determination of calprotectin in
human feces was performed using the Calprotectin
ELISA assay kit from Alpco®, USA. The stool sam-
ples were collected under real-life conditions by the
volunteers using a designated collection kit. They
were gathered within 48 hours before the metabolic
exploration visit and were initially stored at —20°C
by the participants. Upon arrival at the laboratory,
the samples were transferred and stored at —80°C.
Baseline CRP was measured with the IFCC and PP
Architect Abott method, as previously described
and with a human ELISA CRP kit from

MyBioSource®, USA, was used to analyze blood
samples during the study.®”

Biochemical blood analyses

Blood was collected and centrifuged immediately
for 10 min at 4500 rpm at each exploration visit.
Plasma was stored at —80°C until the assays were
conducted. Glycemia was measured by spectropho-
tometry according to Architect Abbott Hexokinase
method; like triglyceride (TG), LDL-c, HDL-c,
ApoB, ALAT, ASAT and CRP. Insulin was mea-
sured by electrochemiluminescence assay on Roche
Cobas e411 system and non-esterified fatty acids
(NEFA) by ACS-ACOD enzymatic assay with spec-
trophotometric measurement on INDIKO
(Thermofisher®). Homeostasis Model Assessment
of Insulin Resistance (HOMA-IR) was calculated
as plasma glucose (mmol/L) x plasma insulin
(mUI/L)/22.5. Adipo-IR (mmol x mIU/L) was cal-
culated for each exploration visit by multiplying
fasting NEFA concentrations (mmol/L) by fasting
insulin (mIU/L) levels.

Gut microbiota composition analysis

DNA extraction of stool samples and shotgun
sequencing

Microbiota analysis was conducted either before
or after the 8-week intervention. The extraction
of DNA from fractions of fecal specimens was
carried out following the MGP SOP 01 V1.°®
Assessment of DNA quantity was done utilizing
Qubit Fluorometric Quantitation (ThermoFisher
Scientific, Waltham, US), and its quality was
evaluated through DNA size profiling on
a Fragment Analyzer (Agilent Technologies,
Santa Clara, US). Library construction involved
the use of three pg of high molecular weight
DNA (>10 kbp). The DNA was fragmented to
around 150 bp fragments employing an ultraso-
nicator (Covaris, Woburn, US), and library gen-
eration was executed utilizing the Ion Plus
Fragment Library and Ion Xpress Barcode
Adapters  Kits (ThermoFisher  Scientific,
Waltham, US). Subsequently, purified and ampli-
fied DNA fragment libraries were subjected to
sequencing using the Ion Proton Sequencer
(ThermoFisher Scientific, Waltham, US),



resulting in a minimum of 1 million high-quality
reads of 150 bp on average per library.

Microbial gene count table

Filtered low-quality reads using AlienTrimmer were
excluded.”” Alignment of reads to the human gen-
ome (accession number: GCA_009914755.4) was
performed with Bowtie2, and reads with an identity
exceeding 95% were removed.” Subsequently, the
reads were aligned to the Integrated Gut Catalogue 2
(IGC2), which encompasses 10.4 x 106 microbial
genes, utilizing METEOR70.”' Initially, reads
uniquely mapped (i.e., mapped to a single gene in
the catalog) were allocated to their corresponding
genes. Subsequent to this, reads that were shared
(i.e, mapped to multiple genes in the catalog with
the same alignment score) were assigned based on
the proportion of their unique mapping counts for
the genes captured. The resultant count table under-
went additional processing with the utilization of the
R package MetaOMineR v1.31.”" To address discre-
pancies in sequencing depth, the data was rarefied to
1 million high-quality reads. Following this, normal-
ization for gene length was carried out on the matrix,
and subsequently transformed into a frequency
matrix using the fragments per kilobase of exon
model per million reads mapped normalization
technique.

Metagenomic species profiles

The IGC2 catalog was previously organized into
1990 MSPs (Metagenomic Structural Proteins),
each cluster containing at least 100 genes, using
MSPminer.”> The Genome Taxonomy Database
was used to assign the taxonomy of these MSPs.”?
The relative abundance of an MSP was deter-
mined by averaging the abundance of its 100
“marker” genes, which are the genes showing
the highest collective correlation. If fewer than
10% of these “marker” genes were detected in
a sample, the MSP’s abundance was set to zero.
The relative abundances at higher taxonomic
levels were calculated by summing the abun-
dances of MSPs belonging to the respective taxa.
The sample richness, or MSP count, was defined
as the number of MSPs present in the sample,
specifically those with a strictly positive
abundance.
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Metabolomic analyses

Serum NMR sample preparation

The serum samples were thawed at room tempera-
ture before being used. Each 300 pl aliquot of
serum was mixed with 300 pl of phosphate buffer
at pH 7.4 (composed of 160 mm Na2HPO4, 30 mm
NaH2PO4, and 3 mm NaN3 in 100% D20).”* The
analyses were conducted in 5 mm NMR tubes, each
containing 550 pl of the prepared sample mixture.
Samples were stored at 4°C until they were
analyzed.

NMR acquisition

NMR experiments were conducted using a 700
MHz Bruker NMR spectrometer equipped with
a 5mm TCI cryoprobe at a temperature of 30.0°-
C. A cooled SampleJet autosampler facilitated
high-throughput data acquisition. Each sample
was subjected to a standard 1h-1D NMR pulse
sequence using nuclear Overhauser effect spectro-
scopy (NOESY) with z-gradient and water presa-
turation (Bruker program noesygpprld). The
experiments recorded a total of 256 transient free
induction decays (FIDs) with a spectral width of 20
ppm and a relaxation delay of 4 seconds. The
NOESY mixing time was set to 10 milliseconds,
and the 90° pulse length was determined for each
sample, averaging around 13 ps. The total acquisi-
tion time for the spectrums was 26 minutes and
54 seconds.

NMR data processing

For the 1 h-NMR spectra, all FIDs were processed
with an exponential function for a 0.3 hz line-
broadening factor before performing the Fourier
transformation. The spectra were then manually
phased and referenced to the glucose doublet at
5.23 ppm using TopSpin 2.2 (Bruker GmbH,
Rheinstetten, Germany). TSP was excluded from
the data processing procedures in this study.

Spectra analyses

Identification of metabolites was carried out with
1D NMR data using Chenomx NMR Suite 8.0
(Chenomx Inc., Edmonton, Canada), and this was
confirmed through the examination of 2D 1h-1h
TOCSY, 1 h-13C HSQC, and 1 h J-Resolved NMR
spectra collected with standard protocols. The
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chemical shifts recorded were compared with refer-
ence data from the Human Metabolome Database
(HMDB).”®

Groupe size, calculations and statistical analysis

According to a previous intervention study based
on wine polyphenol supplementation, a group size
of 24 or 22 subjects respectively was identified to
allow to detect a clinically relevant 30%-decrease in
plasma LBP/sCD14 ratio (primary criterion) or
a 24% decrease in plasma LBP (p<0.05 and
power =0.9).”® Assuming a maximum loss of 20%
of participants, the sample size was 30 subjects.

The total area under the curve, for postprandial
responses was calculated for endotoxemia-related
and metabolic parameters using the trapezoid cal-
culation method.””

Data are expressed as median and Interquartile
range (Q3-Ql) on graphs and include p-values
from the time*group interaction in Tables 2 to 5.
Delta analyses of both interventions are calcu-
lated as differences (post — pre intervention or
post — pre fructose challenge). For the analysis of
metabolic endotoxemia markers, including the
primary endpoint (LBP/sCD14), the results were
also modeled with a global delta analysis (includ-
ing one-week fructose challenge). The R package
“Blom” was used to transform the set of variables
(except for gut microbiota) by normal score
transformation (inverse normal transformation)
using the Elfving, Blom, van der Waerden,
Tukey and rankit methods, as well as z-score
transformation (standardization) and interval
scaling (normalization).

Except for the gut microbiota, a mixed model
test was conducted with SAS software 9.4 (SAS®
Institute, Cary, 133 NC, USA) to assess the effect
of the dietary intervention using two models.
A linear mixed model for repeated measures,
with a compound symmetry structure as the cov-
ariance structure, was used to determine whether
the difference between the changes induced by
8-week MF intervention compared to Control
were statistically significant. Time, period and
sequence were included as fixed variables. To
account for inter-subject variability and adjust
for nonspecific differences, subjects were
included as random effects. Moreover, another

linear mixed model (integrating two time points:
before and after the one-week fructose challenge)
was used to assess the impact of the MF versus
Control intervention on the response to the one-
week fructose challenge.

Regarding gut microbiota, impact of the product
on the metagenomics features (richness, MSP) was
assessed using the F1-LD-F2 design in the package
nparLD v2.1 for non-parametric longitudinal
values.”®

Correlations between variables were performed
using Spearman’s correlations, The correlation net-
work plot and the scatter plot were created in
RStudio (R version 3.6.3, RStudio Team, Boston,
MA, USA) using the R packages “ggplot2” (version
3.3.2), “tidyverse” (version 1.3.0), and “corrr” (ver-
sion 0.4). The graphs were made using GraphPad
Prism version 9.2.0. The set of p-values represents
the time*group interaction that constitutes our
evaluation criterion.

All secondary analyses not concerning the primary
endpoint were exploratory, therefore unadjusted
p-values are presented as described by Li et al.”
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