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AIM: The metabol ic performance of the gut microbiota contributes to the onset of type 2 diabetes. However, targeted dietary 
interventions are l imited by the highly variable inter-individual response. We hypothes ized (1) that the compos i t ion of the complex 
gut mic rob iome and metabo lome (MIME) differ across metabol ic spectra (lean-obese-diabetes); (2) that specific MIME patterns 
cou ld explain the differential responses to dietary inul in; and (3) that the response can be predicted based on baseline MIME 
signature and clinical characteristics. 
METHOD: Forty-nine patients with newly d iagnosed pre/diabetes (DM), 66 metabol ical ly healthy overweight/obese (OB), and 32 
healthy lean (LH) volunteers were compared in a cross-sectional case-control study integrating clinical variables, dietary intake, gut 
microbiome, and fecal/serum metabolomes (16S rRNA sequenc ing, metabolomics profiling). Subsequently, 27 D M were recruited 
for a predict ive study: 3 months of dietary inulin (10g/day) intervention. 
RESULTS: MIME compos i t ion was different between groups. Whi le the D M and LH groups represented opposi te poles of the 
abundance spectrum, OB was closer to DM. Inulin supplementat ion was associated with an overall improvement in g lycemic 
indices, though the response was very variable, with a shift in microb iome compos i t ion toward a more favorable profile and 
increased serum butyric and propionic ac id concentrat ions. The improved glycemic outcomes of inulin treatment were dependent 
on better baseline g lycemic status and variables related to the gut microbiota, inc luding the abundance of certain bacterial taxa 
(i.e., Blautia, Eubacterium halii group, Lachnoclostridium, Ruminiclostridium, Dialister, or Phascolarctobacterium), serum concentrat ions 
of branched-chain amino acid derivatives and asparagine, and fecal concentrat ions of indole and several other volatile organic 
compounds . 
CONCLUSION: We demonstrated that obesity is a stronger determinant of different MIME patterns than impaired glucose 
metabol ism. The large inter-individual variability in the metabol ic effects of dietary inulin was expla ined by differences in baseline 
g lycemic status and MIME signatures. These cou ld be further val idated to personalize nutritional interventions in patients with 
newly d iagnosed diabetes. 
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Obesity and its associated metabol ic diseases, inc luding type 2 
diabetes, currently represent one of the greatest chal lenges to 
global health care [1]. Recently, it has been suggested that the 
compos i t ion and performance of the gut microbiota contr ibute to 
individual risks. The critical role of the gut microbiota in the 
deve lopment of obesity was suggested by a seminal study by 
Turnbaugh [2], fo l lowed by others conf i rming differences in 
microbiota compos i t ion between lean and obese individuals [3,4]. 

Further research showed an association between the gut 
microbiota and the deve lopment of type 2 diabetes [5-8], with 
ev idence of a specific gut microbiota signature characteristic of 
prediabetes [9, 10]. However, whi le many studies suggest that 
type 2 diabetes is associated with gut dysbiosis [11], results on the 
compos i t ion and funct ion of the microbiota are inconsistent and 
somet imes contradictory. For example, a-diversity has been 
reported to be significantly lower [6, 12, 13], not significantly 
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reduced [14], or comparab le to nondiabet ic subjects in patients 
with T2D [15,16]. Most studies report significant differences in the 
composi t ion of the gut microbiota between diseased and healthy 
subjects [17], but they differ greatly with respect to specific taxa. 
Some studies show that T2D is associated with an increased 
Firmicutes/Bacteroidetes ratio [6, 13, 14, 18, 19], whereas others 
report a significant increase [14, 18] or decrease [6, 13] in 
Proteobacteria. At the genus level, there are few dysregulated taxa 
that have been consistently reported, i.e., an increase in 
Streptococcus [9, 15, 20], Escherichia [15, 21, 22], Veillonella 
[6, 21], Lactobacil lus [13, 18, 23], and Collinsella [12, 15]; decrease 
in Akkermansia [15, 18], Dialister [15, 19], Haemophilus [12, 15], 
Roseburia [12,15], and Faecalibacterium [10,12,13] , whereas many 
others show changes in both directions [17]. Diet compos i t ion is a 
known risk factor for the deve lopment of type 2 diabetes. In 
addit ion to direct effects on host physiology, diet plays an 
important role in shaping the microbiome, thereby inf luencing its 
metabol ic program [24]. Therefore, dietary interventions focused 
on modula t ing the compos i t ion and/or performance of the gut 
microbiota appear to be a promis ing therapeutic target. 
Supplementat ion with prebiotic supplements, and dietary fiber 
in particular, is often r ecommended as a beneficial treatment for 
non-communicable diseases, but control led clinical trials indicate 
pronounced differences in response to treatment, with consider
able personal variability [25]. The underly ing causes are not yet 
clear, but strong inter-individual differences in microbial response 
to dietary f iber likely play a key role [26, 27]. Therefore, the 
identif ication of the microbial taxa that mediate the beneficial 
effects of dietary f iber may open new avenues for indiv idual ized 
treatment approaches [28]. In the present study, we a imed to 
determine (i) whether the compos i t ion of the complex gut 
microb iome and metabo lome (MIME) differ in lean healthy, obese 
healthy, and obese diabetic drug-naive type 2 diabet ic patients; (ii) 
whether the effects of inulin on glucose tolerance and insulin 
sensitivity can be expla ined, at least in part, by the response of the 
gut microbiota to inulin intervention; and (iii) whether this 
response can be predicted f rom the initial MIME signature. 

MATERIAL AND METHODS 
The current s tudy was per fo rmed wi th in the f r amework of the TRIEMA 
project: Treatment of Insulin Resistance by Mod i f i ca t ion of Gut Mic rob io ta 
(ClinicalTrials.gov Identifier: NCT03710850) . The first s tudy f rom the project 
has been a l ready pub l i shed [24]. 

Study design and population 
Observational study. Forty-nine newly d i agnosed pat ients w i th pre/ 
diabetes (DM: BMI >25, fast ing g l ycemia > 5 . 6 m M , and/or 2hOGTT 
g lycemia >7 .8mM) , 66 metabol ica l l y heal thy overwe ight/obese (OB: BMI 
>25) and 32 lean heal thy (LH: BMI <25) subjects were screened and 
enrol led in the cross-sectional case-control study. A cl inical visit was 
schedu led after enro l lment . Vo lunteers were exam ined after a 12-h 
overn ight fast; b l ood and urine samples were co l l ec ted ; a cl inical 
examina t ion , b i o i m p e d a n c e analysis, and oral g lucose to lerance test 
(OGTT, 75 g glucose) were pe r fo rmed . A prospect ive 3-day dietary record 
and stool samples were co l lec ted f rom each part ic ipant . Dietary records 
and stool samples were ob ta ined no longer than a week after the 
cl inical visit. 

Prospective study. Twenty-seven patients (DM) were then enrol led in a one-
arm, non-controlled intervention study in wh ich they were fed 10 g of inulin 
daily for 3 months. The sample size determinat ion for the intervention study 
was calculated for the primary outcome, glucose disposal (GD). Accord ing to 
GD, standard deviations ranged from 1.8 to 2.5 mg/kg/min in both insulin-
sensitive and insulin-resistant individuals, with high insulin levels (i.e., 80 m i l / 
m 2 ) showing less variability with SD up to 0.51 [29]. We anticipate that 
participants will respond individually to the intervention, and we will divide 
them into tertiles (responders, neutral, and non-responders). If we consider a 
difference between changes of 2 0 % (i.e., ~1.5 mg/kg/min) to be significant to 
have 9 0 % power to detect a difference at the 0.05 alpha level, we must have 

6 subjects in each group. To account for dropouts or incomplete data, we 
aimed to have at least 9 subjects in each group (i.e., responders vs. non-
responders). Baseline and post-intervention examinations were identical to 
those described above. In addit ion, indirect calorimetry and a two-step 
glucose c l amp (10 and 8 0 m l U / m 2 BSA insulin dose) were performed [30], 
Insulin sensitivity (IS) of adipose tissue was expressed as the change in non-
esterified fatty acids (NEFA) and plasma glycerol levels f rom baseline to the 
steady state of the first step of the c lamp, whereas IS of skeletal muscle was 
expressed as space-corrected glucose infusion rate per kg fat-free mass (Mcor 
mg/kg FFM/min) and metabol ic clearance of glucose div ided by steady-state 
insulinemia (MCR/I, ml/kg FFM/min) at the steady state of the second step. 
Detailed calculations are described in Supplementary Material. All participants 
signed an informed consent before enrol lment in each respective study. The 
research protocol was approved by the Ethics Commit tee of University 
Hospital Kralovske Vinohrady (EK-VP /26/0/2017) in accordance with the 
Declaration of Helsinki. The study was registered under NCT03710850. 

Gut microbiome analysis 
DNA f rom stool samples was isolated us ing the Q I A m p PowerFeca l D N A Kit 
(Qiagen, H i l den , Germany) , and the V4 reg ion of the bacterial 16 S rRNA 
gene was ampl i f i ed by PCR. Sequenc ing was per fo rmed us ing the M iseq 
reagent kit V2 wi th a M iSeq inst rument ( l l lumina, Hayward , CA , USA). The 
raw sequences were processed us ing a D A D A 2 A m p l i c o n Denoiser [31]. 

Short-chain fatty acids (SCFA) in plasma 
SCFA were ana lyzed in p lasma by LC-MS acco rd ing t o a m e t h o d descr ibed 
before [32]. 

Volatile compounds (VOCs) analysis in feces 
Volati le f ingerpr in t ing of fecal samples was pe r fo rmed us ing an Ag i lent 
7890B gas ch roma tog raph (Santa Clara, Cal i fornia , USA) c o u p l e d t o a 
Pegasus 4 D time-of-flight mass spec t rometer (LECO, Ge leen , The Nether 
lands). Data acquis i t ion and initial da ta process ing were pe r fo rmed using 
inst rumenta l SW ChromaTOF by LECO. 

NMR analyses 
Serum samples (after prote in precipi tat ion) were measured on a 600 M H z 
Bruker Avance III spec t rometer (Bruker B ioSp in , Rheinstet ten, Germany) 
e q u i p p e d w i th a 5 m m TCI c ryogen ic p robe head . The concent ra t ions of 
indiv idual metabol i tes , ident i f ied by compar i son of p ro ton and ca rbon 
chemica l shift w i th the H M D B database , were expressed as PQN [33] 
normal ized intensit ies of co r r espond ing signals in C P M G spectra. The list of 
quant i f ied metabo l i tes w i th co r r e spond ing ' H and 1 3 C chemica l shifts is 
given in Tab le S1. The representat ive 1 H N M R spect rum is shown in F ig. S1. 

Statistics 
The statistical analyses were pe r fo rmed us ing R software packages and in-
house scripts [34]. The m i c r o b i o m e and VOCs data were treated as 
compos i t i ona l (proport ions of total read coun t in each sample or 
propor t ion of the tota l area of selected masses), and before all statistical 
analyses, the data were t rans formed by cente red log-ratio (clr) t r ans fo rma 
t ion w i th a mul t ip l i cat ive s imple rep lacement for hand l ing zero values. 
Acco rd ing to the i r abundance and preva lence , the bacter ia were classif ied 
as "core microb ia l t axa " w h e n ful f i l l ing the fo l l ow ing cond i t ions , i.e. 
abundance of > 0 . 1 % and preva lence of > 7 5 % at least in one exper imenta l 
g roup . Other microb ia l taxa were classif ied as rare. 

All m e t h o d s are desc r ibed in detai l in Supp lementa ry Mater ia l . 

RESULTS 
Observational study: clinical characteristics 
The clinical characteristics of the study participants are shown in 
Table 1. As expected, the groups differed in terms of g lycemic 
indices, insulin sensitivity, and beta cell funct ion. Biomarkers of 
lipid metabol ism were significantly elevated in both the OB and 
D M groups compared with LH. 

Observational study: fecal microbiome composition 
In all samples, we found 44,332 ampl icon sequence variants (ASVs) 
and identif ied 13 phyla, 30 classes, 56 orders, 104 families, and 367 
genera. Consider ing only the ASVs, all a-diversity indices were 
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Table 1. G r o u p character is t ics for lean (LH), o b e s e (OB) a n d pe r sons w i t h pre/d iabetes (DM). 

LH DM OB K-W test DMCT 

LH vs OB LH vs DM OB vs DM 

General characteristics 

Sex (F/M) 16/16 26/23 47/19 

W e i g h t (kg) 74.8 [23.1] 99.5 [17.4] 87.2 [25.8] "0.05 "0.001 "0.001 "0.01 

A g e (years) 30.9 [11.0] 58.3 [13.1] 51.3 [14.2] "0.05 "0.001 "0.001 n.s. 

BMI (kg/m 2 ) 23.0 [4.0] 34.9 [9.1] 30.8 [6.6] "0.05 "0.001 "0.001 "0.05 

W H R 0.8 [0.1] 1.0 [0.1] 0.9 [0.1] "0.05 "0.001 "0.001 "0.05 

Body composition 

Fat (kg) 14.2 [4.8] 39.5 [22.3] 32.9[14.7] "0.05 "0.001 "0.001 n.s. 

F F M (kg) 56.5 [22.5] 61.3[14.8] 51.9[17.3] "0.05 n.s. n.s. "0.05 

T B W (kg) 41.4 [16.5] 44.9[10.8] 38.0[12.6] '0 .05 n.s. n.s. "0.05 

Macronutrient intake 

Total e n e r g y (kcal/day) 2101[1583] 2017 [879] 1777[555] n.s. N/A N/A N/A 

Prote ins (g/day) 81 [29] 82 [33] 72 [28.5] n.s. N/A N/A N/A 

L ip ids (g/day) 83 [49] 79 [40] 65 [35.5] "0.05 "0.05 n.s. n.s. 

C a r b o h y d r a t e s (g/day) 232 [98] 207 [96] 197 [73.5] n.s. N/A N/A N/A 

D ie ta ry f ibe r (g/day) 18 [19] 16 [9] 15 [7.5] n.s. N/A N/A N/A 

Glucose metabolism 

Fast ing g l u c o s e (mmol/l ) 4.8 [0.3] 5.9 [0.8] 5.3 [0.6] "0.05 "0.001 "0.001 "0.001 

2 h O G T T g l u c o s e (mmol/l ) 5.7 [1.1] 8.9 [3.1] 6.4 [1.6] "0.05 n.s. "0.001 "0.001 

A U C for O G T T g l u c o s e ( m m o l / 
1 x 1 2 0 m i n " 1 ) 

254 [114] 4 9 9 [282] 2 3 9 [150] "0.05 n.s. "0.001 "0.001 

A U C for O G T T insu l in (mlU/l x 120 m i n - 1 ) 3890[2707] 8948[6596] 6453[4122] "0.05 "0.01 "0.001 "0.05 

Insul in (mlU/l) 4.0 [2.7] 15.9 [8.6] 9.5 [5.7] "0.05 "0.001 "0.001 "0.001 

C-pept ide (pmol/l) 233 [97] 769 [357] 5.3 [0.6] "0.05 "0.001 "0.001 "0.01 

H b A l c (mmol/mo l ) 32 [2] 38 [7] 6.4 [1.6] "0.05 "0.001 "0.001 "0.001 

M a t s u d a i ndex 10.2 [6.4] 2.0 [1.7] 4.0 [3.4] "0.05 "0.01 "0.001 "0.001 

Insu l inogen ic i ndex 0.8 [0.7] 0.8 [1.0] 1.1 [1.0] "0.05 n.s. n.s. n.s. 

Ora l d i s p o s i t i o n i ndex 6.7 [4.9] 1.9 [1.2] 4.9 [5.7] "0.001 n.s. "0.001 "0.001 

Beta cel l i ndex 163 [134] 45 [25] 108 [145] "0.001 n.s. "0.001 "0.001 

TyG i n d e x 0.51 [0.67] 1.54[0.59] 1.01 [0.60] "0.05 "0.001 "0.001 "0.01 

Lipid metabolism 

Total cho l es t e ro l (mmol/l) 4.30 [1.09] 5.01 [1.23] 5.15 [1.24] "0.05 "0.01 "0.05 n.s. 

HDL-C (mmol/l ) 1.67 [0.47] 1.26 [0.30] 1.39 [0.56] "0.05 "0.05 "0.001 n.s. 

LDL-C (mmol/l ) 2.37 [1.15] 3.05 [1.40] 3.06 [1.16] "0.05 "0.001 "0.05 n.s. 

Tr iacy lg lycero ls (mmol/l ) 0.69 [0.52] 1.53 [0.93] 1.10 [0.71] "0.05 "0.001 "0.001 "0.05 

Inflammatory markers 

CRP (mg/l) 0.7 [0.9] 3.3 [4.5] 2.3 [4.0] "0.05 "0.001 "0.001 n.s. 

Stool characteristics 

p H in feces 7.26 [0.67] 7.04 [0.52] 7.27 [0.50] n.s. N/A N/A N/A 

d r y mass (%) 25.1 [8.9] 24.5 [9.9] 23.0 [6.9] n.s. N/A N/A N/A 

Data were g iven as med ian [71], 
AUC area under the curve dur ing oral g lucose tolerance test, BMI body mass index, CRP C-reactive protein, DMCT Dunn's mult ip le compar ison test, FFM fat-free 
mass, HDL-C high-density l ipoprote in-cholesterol , HbAl glycated hemog lob in , K-W Kruskal-Wallis test, LDL-C low-density l ipoprotein-cholesterol , N/A not 
applicable, ns not significant, TyG index In (fasting tr iglyceride x fasting glucose)/2; TBW total body water, WHR waist-hip ratio. Insulinogenic index (AINS 0-30/ 
A G L U 0-30), ISI-M Matsuda-deFronzo index; oral d ispos i t ion index (IGI*ISI); beta cell index ( iAUC i n s u M n / iAUC g | u c o s e ) * I S I . 
*p < 0.05, **p < 0.01, ***p < 0.001. 

significantly lower in OB and D M compared with LH, whereas no 
differences were found between the D M and OB groups (Fig. S2). 
When ASVs were aggregated and classified at the genus level, 
only the Shannon index remained significantly lower in OB and 
D M compared with LH (Fig. S3). 

At the p h y l u m level , the mic rob io ta c o m p o s i t i o n was 
d o m i n a t e d by F irmicutes and Bacteroidetes, f o l l o w e d by much 
less a b u n d a n t Ac t inobac te r i a , P roteobacter ia , and Ver rucomi-
crob ia . The med ian a b u n d a n c e of all o ther phy la was less than 
0 . 0 1 % . There were no signi f icant d i f ferences in the 
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representat ion of ind iv idua l phy la (Table S2). The separat ion of 
ind iv idua l samples at the genus level is v isua l ized in F ig . 1A. 
M u l t i v a r i a t e statistics revealed s igni f icant d i f ferences in 
p-diversity (p< 0.001), a n d pairwise analysis con f i rmed s ign i f i 
cant d i f ferences be tween OB vs. LH ( p < 0.001) and D M vs. LH 
(p< 0.001), but not be tween D M and OB. Us ing univar iable 
analysis, we ident i f ied 37 taxa that had signi f icant ly d i f ferent 
a b u n d a n c e a m o n g g roups ; 15 of t h e m met the criter ia of " co re " 
mic rob io ta , i.e., an a b u n d a n c e of > 0 . 0 5 % a n d a preva lence of 
> 7 5 % in at least one g r o u p (Fig. 1B and Table S3), a c coun t ing 
for 4 5 % of all core genera . Thi r teen core genera were more 
abundan t in LH c o m p a r e d to the o ther two groups , wh i le 

E 
• 

G r o u p s 
LH 
O B 
• M 

B 
Dim1 ( 1 0 . 8 % ) 

Erysipelotricha U C G - 0 0 3 
L a c h n o s p i r a c e a e incertae sedis 
Lachnospiraceae N D 3 0 0 7 g r o u p * 
Bifidobacterium 
Anaerostipes * 
Fusicatenibacter 
L a c h n o s p i r a c e a e _ u n a s s i g n e d (*) 
[Eubacterium] hallii g r o u p * 
Blautia (*) 
D o r e a 
Lachnospiraceae N K 4 A 1 3 6 g r o u p " 
Faecalibacterium * 
Christensenellaceae R - 7 g r o u p * 
Pseudobutyrivibrio (*) 
Lachnoclostridium (*)  

0.5 

Lachnospiraceae F C S 0 2 g r o u p 
[Ruminococcus] gauvreauii g r o u p 
Marvinbryantia * 
Lachnospiraceae U C G - 0 0 8 
F a m i l y XIII A D 3 0 1 1 g r o u p 
Prevotella 7 
Prevotellaceae 
Tyzzerella 3 
Catenibacterium (*) 
Tyzzerella 4 
Alloprevotella 
Mitsuokella (*) 
Megasphaera * 
Fusobacterium (*) 
B a c t e r o i d a l e s _ u n a s s i g n e d 
Ruminococcaceae U C G - 0 0 4 
Flavonifractor * 
Desulfovibrio 
Succinivibrio 
Slackia 
Megamonas 

L H O B D M 

Fig. 1 Fecal microbiome composition. A 2D PCA scores plot on 
genera level after clr transformation. The explained variance of each 
component is included in the axis labels. The large points represent 
the centroids of each group. B Abundances of all significant genera 
(FDR <0.1). Proportional data were used. Each cell then represents 
the mean in each group for the corresponding genera. Rows were 
z-scaled. Core genera are defined by the condit ion abundance 
>0.05% and prevalence >75% at least in one group. Genera marked 
by * are confirmed butyrate producers, and genera marked by (*) are 
potential butyrate producers. 

Pseudobutyrivibrio and Lachnoclostridium were en r i ched on ly in 
D M . Con f i rmed butyrate producers , i.e., Anaerostipes, Eubacter
ium halii, Faecalibacterium, Christensenellaceae R-7 group, were 
more a b u n d a n t in the core m ic rob io ta LH than in the core 
mic rob io ta OB or D M . Mos t of the taxa en r i ched in D M and/or 
OB be long to the "non-core " taxa. A m o n g t h e m , potent ia l ly 
harmful genera were ident i f i ed {Fusobacterium, Megasphera, 
and Desulfovibrio). S igni f icant pos i t ive corre lat ions were f ound 
be tween Fusobacterium a b u n d a n c e and C-pept ide concen t r a 
t ion in all g roups . The c o m m o n or un ique taxa speci f ic to the 
groups are shown in Fig. S4. 

The discr iminat ion of the groups as a funct ion of microb iome 
composi t ion was investigated using a machine learning approach 
(LASSO regression model). This model , which has an accuracy of 
5 1 % and a sensitivity of 6 6 % (LH), 5 0 % (OB), and 4 3 % (DM), does 
not reliably classify LH, OB, and D M (Fig. S5). When we grouped 
OB and DM, the accuracy of the mode l increased to 7 5 % and the 
sensitivity to 6 5 % (LH) (Fig. S6). 

Observational study: fecal metabolome 
In the fecal metabolome, we identif ied 185 different VOCs. Within 
this subset, 113 VOCs were of very low abundance ("0.1%), 54 
VOCs each accounted for 0 . 1 - 1 % of the total, 12 VOCs accounted 
for 1-5% of the total, and six were very abundant (>5%). The 
separation of individual samples is visual ized in Fig. 2. Multi-
variable statistics revealed significant differences in B-diversity 
(p = 0.0017). The pairwise analysis conf i rmed significant differ
ences between the D M vs. LH groups (p<0.01) and OB vs. LH 
(p < 0.05), but not between D M and OB. 

Univariable analysis fo l lowed by effect size analysis revealed ten 
VOCs with significantly different abundance between groups (FDR 
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Fig. 2 Fecal metabolome composition. A 2D PCA scores plot on 
VOCs abundances after clr transformation. Only VOCs meeting 
condit ion A U C x p > 0 . 1 % AUC t otai,p are shown. The explained 
variance of each component is included in the axis labels. The 
large points represent the centroids of each group. B Abundances of 
significant metabolites. Proportional data were used. Each cell then 
represents the median in each group for the corresponding 
metabolite. Rows were z-scaled. 
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p < 0.1) (Fig. 2B and Table S4). Nonanoic acid was more abundant , 
whi le all other compounds , inc luding SCFA esters, were less 
abundant in the OB and D M groups compared to LH. Only methyl 
pentanoate showed an opposi te pattern in the D M and OB groups 
(DM>LH = OB) (Fig. S7). Nonanoic acid correlated positively with 
the TyG index in all groups. 

A LASSO model created for the classification of tested subjects 
into three categories (LH vs OB vs DM) achieved only 5 2 % 
accuracy and only 4 8 % (LH), 5 4 % (OB), and 5 3 % (DM) sensitivity 
(Fig. S8). When we comb ined subjects f rom OB and D M into one 
category, classification accuracy increased to 8 0 . 5 % , but sensitivity 
remained low at 5 2 % (Fig. S9). 

Observational study: serum/plasma metabolome 
To determine the compos i t ion of the serum metabolome, we used 
an untargeted NMR approach and LC-MS analyzes that al lows 
accurate determinat ion of SCFA concentrat ion in plasma. In total, 
we identif ied 35 quanti f ied analytes by NMR and nine SCFAs by 
LC-MS, only acetate/acetic acid was identif ied by both methods. 
PERMANOVA analysis suggested the separation of the groups, and 
subsequent pairwise tests revealed significant differences 
(p< 0.001) in serum metabo lome compos i t ion between all 
compared pairs. 

The univariable analysis identif ied 21 metabolites that were 
significantly different in abundance between groups (Fig. 3B and 
Table S5). Based on the univariable analysis, we identif ied LH, OB, 
and DM-specific groups of serum metabolites. For most metabo
lites, the D M and LH groups represented the opposi te poles of the 
abundance spectra, with OB closer to the D M group. All three 
groups differed in serum concentrat ions of intermediates of 
saccharide metabol ism (glucose, lactate, and mannose) and two 
amino acids (AA) (glutamine, alanine). The concentrat ion of seven 
compounds , inc luding three SCFA (propionic acid, succinic acid, 
valeric acid), two A A (tyrosine, histidine), and glycerol was 
comparab le at OB and DM, but differed f rom LH. Six compounds , 
inc luding two branched-chain amino acid (BCAA) derivatives (2-
oxoisovalerate, 3-methyl-2-oxovalerate), 2-hydroxybutyrate, acet
one, 2-propanol, and formic acid, presented a specific DM-
associated signature (Fig. S10). 

A LASSO -model based on serum metabo lome data was able to 
classify unknown subjects into the categories LH, OB, or D M with 
an accuracy of 7 4 % and a sensitivity of 9 0 % (LH), 7 2 % (OB), or 6 5 % 
(DM) (Fig. S11). When we grouped subjects f rom OB and D M 
groups together, mode l accuracy increased to 8 9 % and sensitivity 
(LH) increased to 8 8 % (Fig. S12). None of the models selected 
glucose as a key discriminant. 

Observational study: integrative analysis 
We further investigated whether a combination of all variables would 
allow better classification between groups. With this integrated 
LASSO model, an unknown subject could be assigned to one of the 
three groups (LH, OB, and DM) with an accuracy of 7 7 % and a 
sensitivity of 8 8 % (LH), 7 9 % (OB), and 6 6 % (DM), respectively. LASSO 
coefficients included five variables from the microbiome dataset, one 
variable from the fecal metabolome dataset, and nine variables from 
the serum metabolome dataset (Fig. S13). When we constructed the 
LASSO model only for two groups (LH vs. OB + DM), we were able to 
classify an unknown subject with 9 1 % accuracy and 8 9 % sensitivity. 
Ten microbes, five fecal VOCs, and 11 serum metabolites contributed 
to the discrimination between groups (Fig. S14). 

Finally, we looked for a possible complex interaction between 
different MIME components in individual groups. Figure 4 depicts 
the positive and negative Spearman correlations among datasets 
fi ltered by |p| > 0.5; these correlations unravel differences in 
interaction networks within each group. In the LH group, we 
observed a rich network a m o n g variables both within and outside 
the datasets, whereas the complexi ty in OB and D M was much 
lower. 
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Fig. 3 Serum metabolome composition. A 2D PCA scores plot. The 
explained variance of each component is included in the axis labels. 
The large points represent the centroids of each group. 
B Abundances of significant metabolites. Each cell then represents 
the median in each group for the corresponding metabolite. Rows 
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Prospective study: effect of inulin on omics signature 
Twenty-seven newly diagnosed D M subjects participated in a three-
month, single-arm, non-controlled intervention study in which they 
were administered inulin (10g/day) without other antidiabetic 
medications and/or lifestyle interventions. No clinically significant 
adverse events occurred, and all subjects completed the study. The 
inulin intervention was associated with a significant change in 
microbiota composit ion (PERMANOVA p<0.001) and a significant 
decrease in a-diversity (Fig. 5A, B). At the phylum level, the 
abundance of Bacteroidetes and Proteobacteria significantly 
decreased, whereas the proportion of Actinobacteria and Verruco-
microbia significantly increased (Table S6). Univariable analysis 
revealed 28 taxa with significantly different abundance before and 
after inulin treatment (Fig. 5C and Table S7). The abundance of 16 
bacterial taxa (genera or higher taxonomic units), including 
confirmed butyrate producers such as Faecalibacterium, Anaerostipes, 
and Eubacterium halii or bacteria considered beneficial such as 
Lactobacillus, Bifidobacterium, and Akkermansia, increased after 
treatment. The abundance of 12 taxa, including Alistipes, Odoribacter, 
or Bacteroides, decreased. 

In serum and feces, inulin intake was not associated with a shift 
in total metabo lome compos i t ion , but using univariable analysis, 
we identif ied several metabolites that were significantly different 
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A Positive correlations B Negative correlations 

Fig. 4 Correlation chord diagrams between variables of different datasets. S p e a r m a n c o r r e l a t i o n s w e r e c a l c u l a t e d f o r e a c h g r o u p ( LH , O B , 
D M ) s epa ra t e l y . O n l y c o r r e l a t i o n s a m o n g v a r i a b l e s f r o m d i f f e r e n t d a t a s e t s ( c l in i ca l v a r i a b l e s , m i c r o b i o m e , s e r u m , a n d f e c a l m e t a b o l o m e ) a n d 
c h a r a c t e r i z e d b y |p| > 0.5 a re p r e s e n t e d . Pos i t i v e (A, C, E) a n d n e g a t i v e (B, D, F) c o r r e l a t i o n s a re s h o w n sepa ra t e l y . T h e c o l o r s o n t h e c i r c u i t c o d e 
i n d i v i d u a l d a t a s e t s , t h e c o l o r o f t h e e d g e s c o r r e s p o n d s t o o n e o f t h e d a t a s e t s t h a t a re l i n k e d b y t h e e d g e . B l ue : m i c r o b i o m e ; g r e e n : f e c a l 
m e t a b o l o m e ; y e l l o w : c l i n i c a l v a r i a b l e s ; v i o l e t : s e r u m m e t a b o l o m e . 
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before and after the intervention. In serum, the concentrat ion of 
butyric acid, propionic acid, and asparagine increased significantly, 
whereas the concentrat ion of glycerol and 2-propanol decreased 
after inulin treatment (Fig. S15 and Table S8). In feces, three VOCs 
were significantly different in abundance (p < 0.05) before and 
after inulin treatment, inc luding two propionic acid esters 
(increased) and 1-hexanol (decreased) (Table S9). However, the 
signif icance d isappeared after mult iple comparisons. 

Prospective study: effect of inulin on glucose metabolism 
Inulin intake affected markers of glucose tolerance and insulin 
sensitivity, but the individual response was highly variable; we 
observed positive, no, or negative changes for each of the 
variables (Fig. 6 and Table S10). In the entire intervention group, 
we observed a significant improvement in glucose tolerance 

(120 min OGTT glucose) and a trend toward a reduction in AUC for 
OGTT glucose and fasting glycemia. Skeletal muscle insulin 
sensitivity, measured by glucose c lamp and expressed as MCR/I 
value, increased by more than 1 0 % after the intervention 
compared with baseline in 14 subjects (from +11.4 to +62.4%) , 
whereas it d id not change or decrease in 13 subjects (from +4.8 to 
-48 .7% ) . A similar distr ibution was observed for other indices of 
insulin sensitivity (Mcorr corrected for FFM, AUC OGTT insulin, and 
fasting insulinemia). 

Prospective study: predictors of the metabolic effect of inulin 
Because we replicated previous f indings of large inter-individual 
differences in metabol ic responses to inul in, we sought to identify 
predictors of these differences. To this end , we built linear 
regression models for all g lucose metabol ism parameters studied 
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Table 2. P red ic tors o f t h e inu l i n t r e a tmen t ef fect o n g l u c o s e homeos t a s i s parameters . 

outcome predictor p val 

ßx 
ßy p val ßy R2  

A U C O G T T g l u c o s e Ruminidostridium - 4 1 . 6 0 0.015 -0.11 0.236 0.393 

Lachnospiraceaejncertae sedis 40.37 0.015 - 0 . 1 8 0.044 0.249 

Lachnodostridium 35.83 0.033 - 0 . 1 6 0.083 0.317 

3-methyl-2-oxovalerate 37.78 0.018 - 0 . 1 8 0.044 0.326 

a l an ine 36.28 0.024 - 0 . 1 9 0.040 0.287 

e t h a n o l -51.31 0.001 -0.21 0.008 0.501 

2 h O G T T g l u c o s e A U C O G T T insu l in 1.00 0.027 - 0 . 0 3 0.876 0.286 

fas t ing i n su l i nemia 0.91 0.037 - 0 . 1 0 0.536 0.181 

H O M A INS 0.88 0.046 - 0 . 1 2 0.487 0.215 

Eubacterium halii group 0.99 0.032 - 0 . 1 7 0.321 0.280 

3-methyl-2-oxovalerate 1.08 0.012 - 0 . 0 9 0.585 0.287 

3-hydroxy isobutyra te 0.98 0.024 - 0 . 1 4 0.392 0.278 

2-oxo isocaproate 0.93 0.033 - 0 . 1 2 0.462 0.229 

py ruva te 0.93 0.034 - 0 . 0 9 0.580 0.245 

i n d o l e 1.33 0.002 -0.11 0.465 0.350 

t r i de cano l 1.17 0.008 - 0 . 1 3 0.426 0.300 

c-Dodeca lac tone 1.13 0.012 - 0 . 1 8 0.276 0.269 

m e t h y l h e p t e n o n e 1.05 0.020 - 0 . 1 6 0.360 0.217 

2-undecanone 1.05 0.021 - 0 . 1 6 0.341 0.240 

m e t h y l bu tana l 1.02 0.024 -0.11 0.527 0.214 

MCR/I (FFM) ISI (Matsuda) 0.01 0.005 - 0 . 6 7 0.008 0.313 

A U C O G T T insu l in -0.01 0.005 - 0 . 5 3 0.017 0.291 

2 hr O G T T i n su l i nem ia -0.01 0.024 - 0 . 4 5 0.051 0.251 

H O M A INS -0.01 0.027 - 0 . 5 7 0.029 0.208 

fas t ing i n su l i nemia -0.01 0.030 - 0 . 5 6 0.032 0.269 

H O M A IR -0.01 0.036 - 0 . 5 5 0.035 0.205 

IGI -0.01 0.045 - 0 . 4 0 0.080 0.189 

Blautia -0.01 0.027 - 0 . 2 2 0.329 0.222 

[Eubarterium] hallii group -0.01 0.030 - 0 . 1 6 0.451 0.180 

aspa rag ine 0.01 0.011 -0.31 0.121 0.230 

A M c o r r (FFM) ISI (Matsuda) 1.02 0.001 - 0 . 5 3 0.025 0.474 

A U C O G T T insu l in - 0 . 9 0 0.002 -0.31 0.132 0.335 

H O M A INS - 0 . 9 0 0.003 - 0 . 3 8 0.080 0.318 

Fast ing i n su l i nem ia - 0 . 8 8 0.003 - 0 . 3 7 0.090 0.326 

H O M A IR - 0 . 8 6 0.006 - 0 . 3 8 0.091 0.243 

IGI - 0 . 7 5 0.009 - 0 . 2 0 0.367 0.243 

2 h O G T T i nsu l i nemia - 0 . 6 6 0.029 - 0 . 2 4 0.293 0.201 

Dialister - 0 . 5 8 0.038 -0.01 0.979 0.172 

Phascolardobacterium 0.55 0.048 0.08 0.705 0.203 

aspa rag ine 0.75 0.011 - 0 . 2 6 0.239 0.210 

The data shown in the table are der ived f rom the linear regression mode l descr ibed by the equat ion Y ( B ) - Y , A ) = p 0 + p Y Y , A ) + PxX , A ) + e, where Y ( A ) stands for 
outcome variable at t ime A; Y ( B ) stands for ou t come variable at t ime B, B > A; X ( A ) stands for a standardized variable at t ime A representing in each mode l any 
single cl inical, metabo lome or mic rob iome variable; p x, p y are mode l coefficients; e stands for random error. Fecal metabol i tes were fi ltered by the condi t ion Z 
A U C X >0.1 % X A U C t o t a i across all samples; bacteria were filtered by the cond i t ion median abundance >0.1 % of the total X of bacteria across all samples. 
HbAlC glycosylated hemog lob in , Mcorr g lucose disposal space corrected and adjusted to fat-free mass, MCR/I metabol ic clearance rate of glucose space 
corrected and adjusted to fat-free mass d iv ided by steady-state insul inemia, OGTT oral g lucose tolerance test, R2 propor t ion of variation in y expla ined by the 
predictors obta ined using bootst rapping (50 iterations). 

as ou tcome variables, with all clinical or omics variables as 
predictors; we omi t ted variables with significant coefficients that 
had high leverage (Figs. S16-S19). Despite the limitations of our 
mode l , it showed several potential ly interesting f indings (sum
marized in Table 2). For example, the effect of inulin on skeletal 

muscle insulin sensitivity (Mcorr and MCR/I) cou ld be predicted 
from pre-intervention glycemic measures. In contrast, the MIME 
predictors of the inulin effect were mostly not associated with pre-
intervention ou t come variables. Change in AUC OGTT glucose was 
negatively associated with an initial abundance of 
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Ruminiclostridium, whereas increases in Mcorr and MCR/I were 
associated with higher initial serum asparagine (both parameters) 
and lower Dialister (Mcorr) or Blautia and Eubacterium halii (MCR/I). 
Initial serum concentrat ions of BCAA derivatives were positively 
associated with increases in AUC and 2-hour OGTT glucose. All 
results are summar ized in Table 2. 

DISCUSSION 
Our main f indings are: (i) obesity is the dominant factor 
determin ing the MIME signature, whereas g lycemic status has a 
lesser addit ional inf luence; (ii) the metabol ic response to inulin 
supplementat ion in individuals with newly d iagnosed predia-
betes/diabetes is highly variable but can be predicted, at least in 
part, f rom baseline clinical characteristics and MIME signatures. 
Indeed, more insulin-resistant individuals with poorer g lycemic 
indices and elevated circulat ing BCAA derivatives and fecal indole 
and p-cresol are less likely to respond to inulin supplementat ion. 

Observational study: gut microbiome and metabolome 
Obesity is a prominent risk factor for the deve lopment of type 2 
diabetes. Numerous studies have identif ied groups of bacterial 
taxa that are enr iched or depleted in obesity and type 2 diabetes, 
and despite considerable heterogeneity in the results, some 
c o m m o n observations have been noted. First, type 2 diabetes is 
associated with the deplet ion of potential ly beneficial bacteria 
rather than the presence of some dominant potential ly harmful 
bacteria. Second, the abundance of butyrate producers and the 
functional potential for butyrate product ion is reduced in type 2 
diabetes [10, 20, 35]. Third, the diversity of the microbiota is lower 
in diseased individuals compared with healthy controls [6, 36]. 

Some of our results are consistent with the above, whereas 
others are contradictory. In contrast to the results of Wu [10], the 
change in the compos i t ion of the gut microbiota in our study was 
not related to glycemic status but mainly to obesity. The dominant 
butyrate producers, such as Faecalibacterium, Anaerostipes, Eubac
terium halii, or Blautia were significantly less abundant in the 
microbiota of D M and OB, but we d id not detect lower SCFA 
concentrat ions in either feces or serum. In contrast, MCFA, 
nonanoic and decanoic acids were elevated in OB and D M . MCFA 
can originate f rom dietary sources [35], but also f rom microbial or 
yeast fermentat ion [37]. SCFA and M C F A have different i m m u n o 
modulatory properties; whereas SCFA attenuate inf lammat ion, 
MCFA have the opposi te effect [35, 38, 39]. In addit ion, MCFA may 
enhance intestinal permeat ion because of their physicochemical 
properties as anionic surfactants [40]. Based on these f indings, we 
might suggest that it is not the lower level of SCFA but the 
increased level of MCFA in the lumen that contributes to the 
compl icat ions associated with obesity, such as impaired intestinal 
barrier funct ion or chronic low-grade inf lammat ion. 

Observational study: serum metabolome 
The serum metabo lome signature of obesity and diabetes 
over lapped greatly in the study. Compared to lean subjects, both 
the OB and D M signatures fo l low the same direct ion and differ 
only in magni tude. The "adiposity signature," which is similar in 
both OB and DM, includes SCFA (succinic and propionic acid 
increased, whi le valeric ac id decreased), aromatic AA tyrosine 
(increased), and two other AA (histidine and asparagine, 
decreased). The concentrat ion shift of five other metabolites, i.e., 
intermediates of saccharide metabol ism (glucose, lactate, and 
mannose, increased) and A A glutamine and alanine, fol lows the 
concordant direction to LH, but there is a significant difference 
among all three groups. Six metabolites are specific for DM. This 
signature consists of three BCAA derivatives, formic ac id, 2-
hydroxybutyrate, acetone, and 2-propanol. 

Our f indings are consistent with previously publ ished observa
tions [41, 42]. Some signature metabolites could be attr ibuted to 

altered saccharide metabol ism in obesity and diabetes, such as 
glucose, mannose, and lactate. 2-propanol, acetone, and 
2-hydroxybutyrate might be related to N A D H / N A D + redox 
imbalance, which has been proposed as one of the features of 
T2D [43]. 

Some other signature metabolites, i.e., SCFA and BCAA, are 
located at the interface between the host and microbiota. SCFA in 
serum have not previously been descr ibed as components of an 
obesity-related serum signature, probably because of the analy
tical difficulties associated with their determinat ion in serum. They 
are exclusively microbial products, some of which (circulating 
butyric acid and propionic acid) have been associated with 
beneficial effects [44]. Elevated circulat ing BCAAs have been 
associated with insulin-resistance condit ions such as obesity, 
diabetes [45], and even cancer [46]. For mammals , BCAAs are 
essential and must be suppl ied f rom external sources. Recent 
research has dec iphered the importance of the gut microbiota in 
modula t ing the availability of many necessary compounds , 
inc luding BCAA, to the host [47]. 

Inulin intervention and the effects on microbiota composition 
and performance 
Three months of regular consumpt ion of 10 g inulin/day was 
associated with a significant shift in the compos i t ion of the 
microbiota, characterized by a marked increase in potential ly 
beneficial bacteria, many of which are capable of butyrate 
product ion [48]. At the same t ime, several bacterial taxa were 
depleted, such as those associated with the fermentat ion of 
proteins [49, 50]. This observat ion is largely consistent with 
previously publ ished reports [51, 52]. 

We d id not detect a significant shift in the compos i t ion of the 
fecal metabolome, a l though there was a non-significant trend 
toward an increase in SCFA esters content. Participants were asked 
not to change their dietary habits, and the only difference before 
and after the intervention was the amount of inulin consumed . 
This change cou ld primarily increase the product ion of SCFA, but 
these compounds are readily uti l ized by other microbes or 
colonocytes at the site of their product ion, and only about 5 % of 
SCFA are excreted in the feces [53]. A small fraction of SCFA from 
the intestine may enter the bloodstream, and indeed we observed 
a significant increase in serum butyric and propionic acid 
concentrat ions at the end of the intervention. Mul ler et al. [54] 
have previously reported that it is not fecal but circulat ing SCFA, 
particularly butyrate, that can provide a link between the gut 
microbiota and whole-body insulin sensitivity. SCFA are ligands of 
the G protein-coupled receptors GPR41 and GPR43, which are 
expressed in many tissues, inc luding adipose tissue and skeletal 
muscle [55, 56]. An imal studies have shown that oral administra
t ion of SCFA or intravenous infusion improves insulin sensitivity 
[54]. 

Predicting the individual effect of an inulin intervention 
The increasing understanding of the role of the mic rob iome in 
host physiology opened new avenues for research focused on the 
possibil ity of predict ing the ou tcome of a given intervention 
based on the indiv idual MIME setting. Clinically relevant results 
have been obta ined in cancer research, e.g., the success of therapy 
with Ant i-programmed Cell Death Protein-1 (PD—1) has been 
shown to depend significantly on the baseline compos i t ion of the 
patient's gut microbiota [57-60]. MIME has also been successfully 
used to predict the response of IBD patients to a low F O D M A P diet 
[61] or anti-TNF treatment [62], the efficacy of synbiotic treatment 
of gastrointestinal disease in chi ldren [63], or the predict ion of the 
clinical ou tcome of bariatric surgery [64]. The gut microbiota may 
serve as a biomarker for selecting the most effective drugs for the 
treatment of rheumatoid arthritis [65], and gut bacterial signatures 
have even been descr ibed to characterize the diagnosis and 
predict treatment outcomes in bipolar depression [66]. 
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Inulin-type dietary f iber is thought to alleviate several features 
of metabol ic syndrome; however, results f rom human studies are 
inconsistent. A recent systematic review [67], which inc luded 33 
RCTs, showed that inulin intake (average 11 g/day) significantly 
reduced b lood glucose, total cholesterol , and TAG in individuals 
with prediabetes and diabetes. However, a c o m m o n feature of all 
inc luded studies was the w ide heterogeneity of individual 
responses to treatment, making clear dietary recommendat ions 
difficult. Therefore, we sought to identify factors that wou ld al low 
a personal ized assessment of the efficacy of inulin treatment. We 
found that patients with a profile suggestive of less impaired 
glucose homeostasis were likely to improve metabolical ly. In 
addit ion, we identif ied several other potential predictors that were 
not dependent on pre-intervention g lycemic indices, inc luding 
lower serum BCAA derivatives (3-methy-2-oxovalerate, 2-oxoiso-
caproate), serum 3-hydroxyisobutyrate (product of N A D H ox ida 
tion), fecal indole, and/or various bacteria {Ruminiclostridium, 
Lachnoclostridium, Eubacterium halii, etc.), wh ich could a l low a 
more accurate predict ion of inulin intervention outcomes. In the 
prediabetes phase, patients are often advised to change their 
lifestyle and diet. Despite initial adherence to advice, outcomes 
may be highly variable, and patients w h o have fai led despite their 
best efforts may be demot iva ted to adhere to further r e commen 
dations. The tool of predict ing the individual appropriateness of a 
particular intervention, in this case, the administrat ion of inul in, 
wou ld help personalize treatment so that it has a higher chance of 
success in potential responders and does not expose potential 
non-responders to repeated failures. 

Strengths and limitations of the study 
There are several strengths of the study. First, the D M group 
inc luded only participants with newly d iagnosed type 2 diabetes 
prior and/or concomitant treatment, thus exc luding confound ing 
effects of antidiabetic drugs on the effects of inul in. Second, we 
did not rely solely on the measurement of fecal SCFA as the only 
indicator of SCFA product ion in the co lon , but used a highly 
sensitive LC-MS method that allows its quantif icat ion in serum. 
Third, we evaluated the complex effects of the inulin intervention 
using a multi-omics approach. Nevertheless, the study is l imited 
by several factors. First, we were able to include only a l imited 
number of subjects, and the results were not val idated in an 
independent cohort. For this, the results were internally val idated 
by permutat ion tests. Second, the lean healthy subjects differed 
f rom the OB or D M groups by age, because obesity and associated 
comorbidi t ies are more c o m m o n in older populat ions. Age is one 
of the external factors affecting microbiota compos i t ion , but this is 
especially true for very young chi ldren or the elderly (over 70 years 
of age). In adolescence and adu l thood, the compos i t ion of the 
mic rob iome is remarkably stable in terms of diversity indices, PCA 
metrics, or representation of selected taxa [68-70]. Therefore, we 
believe that the age difference in our populat ion d id not result in 
a significant bias. Third, we d id not control dietary intake dur ing 
the prospective intervention study with inulin because we d id not 
want to further burden participants and increase the risk of 
d ropp ing out of the study, but all participants were explicit ly 
asked to maintain their usual dietary habits. An indirect measure 
of adherence to the habitual diet may be the BMI of participants, 
wh ich d id not change significantly dur ing the intervention period. 
Finally, the prospective study design was a single-arm, non-
control led intervention study, so the causality of the effect of 
inulin on metabol ic outcomes cannot be inferred. The small 
number of participants in the prospective study d id not al low us 
to bui ld more comp lex models to account for possible synergies 
among predictors. Because the study a imed to explore predictors, 
and we found several novel biomarkers that predict response to 
inulin treatment, these wil l need to be val idated on a larger scale 
in future studies. 

In summary, we showed that the gut microbiota and 
metabo lome profiles in OB and D M differed f rom those of lean 
healthy individuals, whereas the differences between OB and D M 
were less pronounced. We identif ied several omics-derived 
biomarkers that may play a central role in the deve lopment of 
obesity-associated metabol ic changes. In patients with newly 
d iagnosed pre/diabetes, we observed substantial inter-individual 
variability in the effects of inulin on glucose homeostasis and 
identif ied several predictors of treatment response. If replicated in 
further studies with other populat ions, the identif ied predictors 
could facilitate the est imation of inulin intervention outcomes, 
paving the way for the concept of personal ized dietary manage
ment of early diabetes. 
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