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Abstract

Background Identifying nutritional patterns associated with developing type 2 diabetes (T2D) can facilitate more
effective and personalized dietary interventions. Short-chain fatty acids (SCFAs), key metabolites derived from gut
microbiota, are produced through the anaerobic fermentation of dietary fibers. This study aimed to evaluate
whether circulating concentrations of SCFAs are associated with specific food consumption patterns and to assess
their association with T2D development in at-risk subjects within a prospective cohort (The Di@bet.es Study).

Methods The Di@bet.es study is a prospective, population-based study utilizing random cluster sampling

from the Spanish population aged over 18 years (n=5,072). Among these participants, 4,347 were free of T2D at base-
line. Follow-up losses were approximately 45%, resulting in a final re-screened sample of 2,408 subjects. A qualitative
food frequency questionnaire evaluated Mediterranean diet (MedDiet) adherence and high-fiber food consumption.
The risk of developing T2D was assessed using the FINDRISK. Metabolomics-driven analyses of SCFAs were conducted
using gas chromatography-mass spectrometry.

Results Subjects who developed T2D after a median follow-up of seven years had higher baseline circulating
concentrations of butyrate and isobutyrate. Circulating concentrations of SCFAs were associated with high-fiber food
consumption at baseline. In multivariate analysis, baseline circulating concentrations of butyrate and isobutyrate were
independently associated with incident T2D after adjusting for traditional clinical factors. The C-statistics for predicting
T2D were 0.847 (95%(Cl:0.816-0.877) for butyrate and 0.843 (95%Cl:0.812-0.875) for isobutyrate in adjusted models,
similar to the reference model based on traditional clinical factors (0.840 [95%Cl: 0.807-0.873]). Both models improved
risk prediction compared to FINDRISK. Dietary patterns did not add predictive value. Sensitivity analysis excluding sub-
jects with prediabetes at baseline confirmed these results. In addition, an association between baseline consumption
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of high-fiber foods with incident T2D emerged, suggesting a different behaviour between healthy and prediabetic

subjects.

Conclusions Baseline circulating concentrations of SCFAs are associated with high-fiber food consumption and inde-
pendently predict the development of T2D over seven years of follow-up. However, they offer limited improvement

in risk prediction compared to traditional risk factors, though they enhance risk prediction as assessed by FINDRISK.
Further studies are necessary to evaluate the impact of dietary interventions on SCFA.

Keywords Short-chain fatty acids, Type 2 diabetes mellitus, Mediterranean Diet, High-fiber food consumption, Risk

prediction

Background

Obesity has reached epidemic proportions, and its
comorbidities, most notably type 2 diabetes mellitus
(T2D), have become a major public health concern [1].
Traditional diabetes risk factors have limited utility in
identifying individuals at high risk for developing T2D.
Consequently, cross-sectional epidemiological stud-
ies are being conducted to identify new biomarkers and
better estimate this risk. In this context, it is essential to
discover novel, reliable biomarkers to improve the identi-
fication of at-risk individuals.

Metabolites are generally considered to function
mainly as energy sources or building blocks in metabolic
pathways. Additionally, many metabolites may func-
tion intracellularly as signaling molecules by regulating
the activity of some enzymes or modulating intracel-
lular receptors such as nuclear hormone receptors [2].
However, it is becoming increasingly evident that key
metabolites act as extracellular signaling molecules simi-
lar to neurotransmitters and hormones. These "signal-
ing metabolites" can activate specific G-protein-coupled
receptors (GPCRs) and include microbiota-derived prod-
ucts [2, 3]. These new players may act in an autocrine,
paracrine, and endocrine manner, but they also function
as "metabokines” [2]. In this sense, GPCR-mediated sign-
aling metabolites act as efficient pro- and anti-inflamma-
tory regulators of crucial immune cells. They may drive
the low-grade inflammation associated with obesity and
insulin resistance [3].

Short-chain fatty acids (SCFAs) are probably the most
well-known gut microbiota-derived metabolites, their
major source of the anaerobic fermentation of dietary
fibers in the intestine [4]. The SCFAs receptors (FFA2 and
FFA) are activated by acetate, propionate, and butyrate
(albeit with somewhat different affinity) [5]. Both FFA2
(GPR43) and FFA3 (GPR41) are expressed in the endo-
crine cells of the intestine (where their activation stimu-
lates glucagon-like peptide-1 (GLP-1) secretion and
regulates expression of PYY) and pancreatic islets [3].
Emerging evidence points to some metabolites, such as
acetate, as potential regulators of glucose-induced insu-
lin secretion by pancreatic beta-cells [6]. Furthermore,

FFA2 is expressed in white adipose tissue, where it inhib-
its lipolysis [7], and in various immune cells, where it has
pro-inflammatory effects [3]. FFA3 is also expressed in
sympathetic ganglion cells where it mediates the stimu-
lation of sympathetic activity [8]. Increased fecal SCFAs
have been reported in overweight, obese, and subjects
with T2D [9]. Although fecal SCFAs are commonly used
to indicate microbial fermentation, they reflect the net
result of colonic production and absorption and may not
accurately reflect in vivo fermentation. Thus, evidence on
circulating SCFA levels, as opposed to fecal SCFA levels,
remains scarce.

The regulation of energy metabolism requires the
well-balanced control of opposing metabolic pathways,
often disturbed in obesity and T2D. Given the numer-
ous functions of these microbiota-derived metabolites
and the central role in coordinating metabolic processes
and regulating low-grade inflammation response, these
metabolites are highly likely to be useful as biomarkers
for predicting the risk of T2D and as potential targets for
drugs that modulate metabolic fluxes and, consequently,
influence the outcome metabolic disorders. In addition,
identifying nutritional patterns associated with the devel-
opment of T2D might help to develop more efficient and
personalized nutritional interventions. This study aimed
to evaluate whether baseline circulating concentrations
of SCFAs are related to the development of T2D in at-risk
subjects (incident cases) within a prospective study (The
Di@bet.es Study) and whether they are associated with
specific food consumption patterns.

Methods

Study subjects

The subjects from this study were part of the Di@bet.
es Study cohort who participated in the T2D incidence
study [10]. The Di@bet.es study was the first nationwide,
prospective, population-based study in Spain designed
to determine the prevalence and incidence of T2D [10,
11]. A cluster sampling design was used to select par-
ticipants, forming a representative random sample of
the Spanish population census. Of eligible adults, 55.8%
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underwent examination, and 9.9% were excluded by pro-
tocol design (institutionalized, severe disease, surgery
within the previous month, pregnancy, or recent deliv-
ery). A final sample of 5,076 individuals aged >18 years
(58.4% women) was included in the study. Of these, 4,347
were free of T2D at baseline (prevalence study) and were
invited to participate in the follow-up study (incidence
study). Follow-up losses were about 45%. At baseline and
follow-up, people with serious illness, pregnancy, recent
delivery or lactation, or surgery within the previous
month were excluded. The final sample for re-screening
finally comprised 2,408 subjects, 293 (12%) with predia-
betes [10]. The prevalence study was undertaken between
2008 and 2010, and the subjects were evaluated a second
time (incidence study) between 2016 and 2018 (median
follow-up: 7.5 (7.1-7.9) years). In the present study, we
included 2,900 subjects with available frozen blood sam-
ples to measure baseline circulating concentrations of
SCFA (659 subjects with T2D at baseline [prevalence
study] and 2,241 subjects free from T2D at baseline -sub-
jects at-risk- who participated in the follow-up [incidence
study]) (Fig. 1).

Ethical considerations

The research was carried out following the Declaration
of Helsinki (2008) of the World Medical Association.
The Ethics and Clinical Research Committee of the Hos-
pital Regional Universitario de Malaga (Mdlaga, Spain)
approved the baseline and follow-up studies. All the par-
ticipants were informed about the nature of the study and
provided written informed consent in the two phases, a

5072 subjects

4347 subjects at-risk

169 No contact
270 Moved
149 Died

162 Excluded

3597 subjects
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document approved by the committee mentioned above.
Although the cohorts included in this application were
already established, this study was also approved by the
Clinical Research Ethics Committee (CEIM) of the Hos-
pital del Mar Medical Research Institute (IMIM).

Study procedures

The study procedures have been previously described
in detail [10, 11]. At baseline and follow-up, the partici-
pants were invited to attend a single examination visit
at their health center with a nurse specially trained for
this project. Information was collected using an inter-
viewer-administered structured questionnaire, followed
by a physical examination, blood sampling, and an oral
glucose tolerance test (OGTT). A structured question-
naire included closed questions was used to collect the
following data: sex, age, educational level (none, basic,
high school or college), smoking (current, ex- or never
smoker), personal history of T2D (yes/no), hyperten-
sion (blood pressure equal or higher 140/90 mmHg or
receiving antihypertensive treatment) and dyslipidemia
(triglycerides were equal or higher 1.7 mmol/L or HDL
cholesterol less than 1.03 mmol/L in men or less than
1.29 mmol/L in women or medication), family history
of T2D (at least one first degree relative with T2D),
medications (with a particular focus on T2D, blood
pressure or dyslipidemia treatment); a physical activity
(International physical activity questionnaire, IPAQ),
and a semiquantitative food frequency consumption
questionnaire [12]. The physical examination included
measurement of body weight, height, and waist and hip

participated in baseline study (2008-2010)

725 with Type 2 Diabetes in baseline study

were invited to participate in the follow-up study

765 No answered

424 Declined to participated

2048 subjects

participated in follow-up study (2016-2018)

1,251 OGTT available

1,751 Fasting Glucose available
1,588 HbA1c available

2,408 Clinical diabetes available

2,900 available samples for SCFA measurement
659 subjects with type 2 diabetes at baseline
2,241 subjects without type 2 diabetes at baseline (subjects at-risk)

Fig. 1 Participation flow chart. Flow-chart of the Di@bet.es Study including the number of participants for both prevalence study (baseline)
and incidence of T2D study. SCFA: schort-chain fatty acids; OGTT: oral glucose tolerance test
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circumferences performed using standardized methods
[13]. Besides, body mass index (BMI) and waist-to-hip
ratio (WHR) were calculated.

Clinical and laboratory analyses

Both at baseline and follow-up, fasting and 2-h glucose
were quantified before and after the administration of
75 g OGTT for individuals with fasting capillary glu-
cose<7.8 mmol/L. (measured by OneTouch® system,
Lifescan, Johnson & Johnson, S.A., Madrid, Spain). Bio-
chemical measurements were performed with standard
procedures. Glucose was determined by the hexokinase
enzymatic method and HbAlc (only at follow-up) by
high-performance liquid chromatography (analyzer
ADAMS A1C HA-8180V, ARKRAY, Minneapolis, MN,
US). The Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR) was calculated as insulin (IU)*
glucose (mmol/L)/22.5. Blood was withdrawn in fasting
conditions and frozen at -80 °C for SCFA analyses. The
samples were deposited in the Biobank of the Hospital
Regional Universitario de Malaga-IBIMA, which belongs
to the Andalusian Public Health System Biobank, and
the biorepository CIBERDEM managed by IDIBAPS
Biobank (Barcelona, Spain).

Food Frequency Questionnaire and Mediterranean Diet
Score

A qualitative food frequency questionnaire (FFQ), pre-
viously used in a population-based study in southern
Spain [12], was administered face-to-face by a trained
dietician. Dieticians were aware of the participants’ pre-
vious diabetic status. Annual frequency consumption of
50 food items was prespecified in 11 different categories
as follows: never/seldom, 1 and 2-3 times/month, 1, 2-3
and 4-6 times/week, and 1, 2, 3, 4 and >4 times/day. For
this study, food items in the FFQ were assigned to food
groups as follows: cereals (including non-refined cereals,
bread, pasta, rice, and couscous), fruit (whole fruit and
natural juices), vegetables (salads and raw or cooked veg-
etables), legumes (including nuts), potatoes, fish (fresh or
canned and shellfish); meat and meat products (includ-
ing beef, pork, and poultry), dairy products (including
cheese, milk, yogurt, custard and ice-cream), olive oil (for
either dressing, deep-frying or cooking) and wine (red
and white/cava wines). Mediterranean diet (MedDiet)
and consumption of High-Fiber Food were scored using
the data provided by the FFQ at baseline. Adherence to
the MedDiet was evaluated following an adaptation of
the Panagiotakos score in the ATTICA study [14] and as
previously described [15]. Based on a priori recommen-
dations [14, 16], we appropriately scored the weekly fre-
quency of the consumption of food groups characteristic
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of the MedDiet (nonrefined cereals, vegetables, fruit, leg-
umes, potatoes, and fish) from 5 to 0. Conversely, a
reverse rating (0-5) was gradually assigned from higher
to lower consumption frequencies for food groups not
typical of this diet pattern, particularly meat and meat
derivatives and dairy products. For wine, we assigned
a score of 5 to consumption seven times per week and
0 to consumption<2-3 times per month or to clearly
unhealthy wine consumption of > 28 or 21 times per week
for males and females, respectively. Finally, since olive oil
is an essential component of the MedDiet, we assigned
a score of 5 to those individuals who always chose olive
oil (among olive, sunflower, or other vegetable oils) as the
sole source of oil for dressing, frying, and cooking, and
a score of 0 to those who did not always choose it. The
MedDiet Score was thus calculated for each participant
as the sum of scores for each food group (n=9) and had
a potential range of 0—45. Higher values of this diet score
indicate greater adherence to the MedDiet [14, 17]. In
addition, as the major source of SCFA comes from the
anaerobic fermentation of dietary fibers in the intestine,
we created a priori high-fiber food group including non-
refined cereals, fruits (whole fruit and natural juices),
vegetables (salads and raw or cooked vegetables), leg-
umes (including nuts) and potatoes, and using the same
rating used in the MedDiet score. The High-Fiber Food
score was thus calculated for each participant as the sum
of scores for each food group (n=5) and had a potential
range of 0-25.

Finnish Diabetes Risk Score

The baseline clinical characteristics of subjects in the pre-
sent study were used to estimate their risk of developing
T2D according to the Finnish Diabetes Risk Score (FIN-
DRISK) [18], previously validated for the Spanish popula-
tion [19].

Targeted metabolomics analysis

A metabolomics-driven analysis of SCFA (acetate, pro-
pionate, butyrate, and isobutyrate) was carried out in
baseline samples obtained from the Di@bet.es cohort to
identify subjects who developed T2D after seven years of
follow-up. A targeted analysis by gas chromatography-
mass spectrometry (GC-MS) was carried out to deter-
mine the selected metabolites in plasma samples [20].
The study was performed with the Centre for Omic Sci-
ences (COS) equipment, the Joint Unit of the Universitat
Rovira i Virgili and Eurecat. The experimental procedure
of the analysis was, firstly, the extraction of the metabo-
lites of the matrix by liquid-liquid extraction, followed
by the analysis of the extracts using gas chromatogra-
phy separation before determining the metabolites by
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mass spectrometry. The intra- and interassay coefficient
of variance was 2.5% and 6.3% for acetate, 7.4% and 8.2%
for propionate, 11% and 15.7% for butyrate and 1.2% and
5.8% for isobutyrate, respectively.

Definition of outcomes at follow-up

As previously mentioned, the incidence of T2D was
recorded after a median follow-up of 7.5 (7.1-7.9) years.
Incident T2D was defined as fasting serum glucose equal
to or higher than 7 mmol/L or 2-h post-load serum glu-
cose equal to or higher than 11 mmol/L or HbAlc equal
or higher than 6.5% or use of glucose-lowering medica-
tion at the follow-up examination [21]. Prediabetes was
defined as impaired fasting glucose (IFG; fasting glucose
between 6.1 and 6.9 mmol/L), impaired glucose tolerance
(IGT; glucose levels between 7.8 and 11 mmol/L after 2-h
glucose overload), or both (IFG/IGT).

Statistical analysis

All data were tested for normality using the Shapiro—
Wilk test. Data are presented as percentages, means
(standard deviation (SD)) for normally distributed quan-
titative variables, or medians (interquartile ranges) for
non-normally distributed quantitative variables. Non-
normally distributed quantitative variables were analyzed
using a non-parametrical test. To analyze the differences
for categorical variables, we used the X? test. Statistical
significance between the two groups was tested using an
unpaired T-test or Mann—Whitney U test. As needed,
one-way analysis of variance (ANOVA) or the Kruskal—-
Wallis test was used to compare groups (3 or more) of
normally and non-normally distributed quantitative
variables. The Bonferroni procedure (parametric) and
the Dunn’s test (non-parametric) were used for post hoc
analyses for multiple comparisons. Logistic regression
analyses were performed to identify the potential role
of baseline circulating concentrations of SCFA and the
other factors independently related to the risk of incident
T2D. All associated variables in the univariate analy-
ses (0.67 <odds ratio [OR]>1.67 and p<0.2) and those
variables known or likely to be associated with remis-
sion (based on previous literature) were included in the
logistic regression models as potential independent vari-
ables. Receiver operating characteristic (ROC) curves, in
which sensitivity is plotted as a function of 1-specificity,
were developed to assess the predictive value of baseline
circulating concentrations of SCFA for the prediction of
incident T2D and to compare it with the prediction of
traditional risk factors and the FINDRISK. Subsequently,
the equality between the different ROC curve areas
obtained was tested. In addition, to validate model per-
formance, the Net Reclassification Improvement (NRI)
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and the Integrated Discrimination Improvement (IDI)
were also assessed. Finally, sensitivity analyses were per-
formed, excluding subjects with prediabetes at baseline.
Two-tailed p-values <0.05 will be considered statistically
significant. The calculations and figures were made using
STATA v.18.0 for Mac (StataCorp LP, College Station,
TX, USA) and GraphPad Prism software v 6.0 for Mac
(GraphPad Software Inc., San Diego, CA, USA).

Results

The baseline clinical and metabolic characteristics of sub-
jects included in the study are shown in Tables 1 and 2
for the baseline and the follow-up study, respectively. The
mean age was about 50 years, and 61% of the subjects
were females. Obesity was found in 26% of the partici-
pants, 12% had prediabetes, and 50% presented a first-
degree family history of T2D. As mentioned, we included
2,900 subjects (659 subjects with T2D at baseline [preva-
lence study] and 2,241 subjects free from T2D at baseline
-subjects at-risk- who participated in the follow-up [inci-
dence study]). Of the 2,241 participants included in the
follow-up study who were at risk at baseline, 149 devel-
oped T2D (6,6%) during or at the end of the 7.5 (7.1-7.9)

Table 1 Baseline clinical and metabolic characteristics of the
subjects included in the study

BASELINE
NoT2D PrevalentT2D p

n 2241 659 -
Age (years) 47.8(14.8) 64.7 (12.0) <0.001
Female (n, %) 1357 (61%) 309 (47%) <0.001
Current smokers (n, %) 580/2235 (26%) 112/658 (17%) <0.001
Educational level (n, %) <0.001

No studies 168/2234 (8%) 200/658 (30%)

Elementary 1065/2234 (48%)  334/658 (51%)

Secondary 608/2234 (27%)  90/658 (14%)

University 393/2234 (18%)  34/658 (5%)
Family history of T2D 1121 (50%) 491 (75%) <0.001
MedDiet Score 17 (14-21) 17 (14-21) NS
High-fiber Food Score 8(7-10) 8(7-10) NS
Hypertension 834/2233 (37%)  538/656 (82%) <0.001
Dyslipidaemia (n, %) 1011 (45%) 491 (75%) <0.001
Obesity (n, %) 575/2226 (26%)  354/653 (54%) <0.001
BMI (kg/mz) 27.54.7) 309 (5.3) <0.001
Prediabetes (n, %) 267 (12%) - -
Glucose at 0'(mmol/L) 5.1(0.7) 8.0 (3.0 <0.001
Glucose at 120'(mmol/L) 5.7 (1.7) 12.8 (4.1) <0.001
HOMA-IR 20(14) 6.2(17.6) <0.001

All values are given as percentage, mean (SD), or median (interquartile range).
Abbreviations: T2D Type 2 diabetes, MedDiet Mediterranean Diet, BVI Body mass
index, HOMA-IR Homeostatic Model Assessment for Insulin Resistance, NS Not
significant.
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Table 2 Baseline clinical and metabolic characteristics of the

subjects included in the follow-up study

FOLLOW-UP
NoT2D IncidentT2D p

n 2092 149 -
Age (years) 47.2 (14.8) 56.0 (12.1) <0.001
Female (n, %) 1279 (61%) 78 (52%) <0.001
Current smokers (n, %) 542/2087 (26%)  38/148 (26%) NS
Educational level (n, %) <0.001

No studies 146/2086 (7%) 22/148 (15%)

Elementary 975/2086 (47%)  90/148 (61%)

Secondary 585/2086 (28%)  23/148 (16%)

University 380/2086 (18%) 13/148 (9%)
Family history of T2D 1028 (49%) 93 (62%) <0.001
MedDiet Score 17 (14-21) 17 (15-20) NS
High-fiber Food Score 8(7-10) 8 (7-9) NS
Hypertension 743/2085 (36%)  91/148 (62%) <0.001
Dyslipidaemia (n, %) 916 (44%) 95 (64%) <0.001
Obesity (n, %) 493/2079 (24%)  82/147 (56%) <0.001
BMI (kg/mz) 27.3(4.6) 31.1(5.0) <0.001
Prediabetes (n, %) 187 (9%) 80 (54%) <0.001
Glucose at 0'(mmol/L) 5.1(0.6) 5.7(0.7) <0.001
Glucose at 120"(mmol/L) 5.5 (0.6) 75(1.8) <0.001
HOMA-IR 1.9(1.3) 31(1.8) <0.001

All values are given as percentage, mean (SD), or median (interquartile range).
Abbreviations: T2D Type 2 diabetes, MedDiet Mediterranean Diet, BMI body mass
index, HOMA-IR Homeostatic Model Assessment for Insulin Resistance, NS Not
significant.

follow-up period. At baseline, subjects who developed
T2D were older and with a higher proportion of males.
In addition, they had a higher prevalence of first-degree
family history of T2D, arterial hypertension, dyslipi-
demia, and obesity. As expected, those subjects with
prediabetes presented a higher probability of developing
T2D compared to those subjects with normal glucose
metabolism at inclusion (Table 2).

Association between baseline circulating concentrations
of SCFA and baseline food consumption patterns

To further examine the relationship between baseline
circulating concentrations of SCFA and baseline food
consumption patterns and to explore non-linear asso-
ciations, we categorized the sample according to tertiles
of the MedDiet and High-Fiber Food scores. In general
terms, the baseline circulating concentrations of SCFA
were associated with the consumption of high-fiber foods
at baseline. As shown in Fig. 2, the baseline circulat-
ing concentrations of acetate [27.3 (20.5-36.2) umol/L
vs. 28.0 (20.6—37.6) umol/L vs. 31.0 (22.8-40.4) umol/L
for the 1st, 2nd and 3rd tertiles respectively; p<0.001]
(Fig. 2, panel A), propionate [3.3 (1.6—4.1) pumol/L vs.
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3.4 (2.2-4.2) pmol/L vs. 3.6 (2.9-4.4) umol/L; p<0.001]
(Fig. 2, panel B), butyrate [11.0 (1.0-14.0) umol/L vs. 11.5
(1.5-13.9) umol/L vs. 11.9 (8.9-14.5) umol/L; p <0.001]
(Fig. 2, panel C), and isobutyrate [0.88 (0.43-1.09)
pmol/L vs. 0.91 (0.58-1.12) pmol/L vs. 0.95 (0.76-1.15)
umol/L; p<0.001] (Fig. 2, panel D) increased in parallel
with the increase in the baseline High-Fiber Food score
tertiles. Additionally, baseline circulating concentrations
of acetate increased in parallel with the increase in the
baseline MedDiet Score tertiles [28.0 (20.7-37.6) pmol/L
vs. 28.0 (20.7-37.4) umol/L vs. 29.7 (21.5-39.2) pmol/L
for the 1st, 2nd and 3rd tertiles respectively; p=0.037]
(Fig. 3, panel A). However, no differences were found
between tertiles for the rest of the baseline circulating
concentrations of SCFA (Fig. 3, panels B, C and D).

Association between circulating concentrations of SCFA
and T2D at baseline

At baseline, the circulating concentrations of propionate
[3.4 (2.1-4.1) pmol/L in no T2D vs. 3.6 (2.4—4.5) pmol/L;
p<0.001] (Fig. 4, panel B) and isobutyrate [0.90 (0.59—
1.10) pmol/L vs. 0.94 (0.59-1.19) pmol/L; p=0.001]
(Fig. 4, panel D) were higher in those subjects with pre-
existing T2D, with no differences for circulating con-
centrations of acetate [28.6 (21.0-38.1) umol/L vs. 27.7
(20.8-36.9) pmol/L; not significant (NS)] (Fig. 4, panel
A) or butyrate [11.4 (1.6—14.2) pmol/L vs. 11.3 (1.4-14.0)
umol/L; NS] (Fig. 4, panel C). In the same line, the con-
centrations of these two metabolites increased in parallel
with the carbohydrate metabolism status if we compared
subjects with normal glucose with those with prediabetes
and those with T2D [propionate: 3.4 (2.2—4.1) pmol/L vs.
3.6 (2.0-4.3) pmol/L vs. 3.6 (2.4—4.5) umol/L; p<0.001;
isobutyrate: 0.90 (0.59-1.09) pmol/L vs. 0.93 (0.64-1.17)
pmol/L vs. 0.94 (0.59-1.19) pmol/L; p=0.001] (Fig. 5,
panels B and D respectively).

Association between baseline circulating concentrations
of SCFA and T2D at 7-year follow-up

We further explored the potential association between
baseline circulating concentrations of SCFA and incident
T2D. Up to 2,241 subjects of the 2,408 subjects at-risk
from the baseline study [prevalence study] who partici-
pated in the follow-up study [incidence study] had avail-
able samples for the metabolomics analysis (93.1% of the
Di@bet.es follow-up study). Subjects who developed T2D
(incident cases) after a median follow-up of 7 years had
higher baseline circulating concentrations of butyrate
[11.4 (1.6-14.1) pmol/L vs. 12.3 (6.9-15.2) pmol/L;
p=0.040] (Fig. 6, panel C) and isobutyrate [0.90 (0.58—
1.09) umol/L vs. 0.96 (0.72-1.23) pmol/L, p=0.004]
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Fig. 2 Circulating concentrations of SCFA and High-Fiber Food Score. Circulating concentrations of acetate (panel A), propionate (panel B),
butyrate (panel C), and isobutyrate (panel D) at baseline according to tertiles of the High-Fiber Food Score. The baseline circulating concentrations
of acetate, propionate, butyrate, and isobutyrate increased in parallel with the increase of baseline High-Fiber Food score tertiles. Data are presented
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(Fig. 6, panel D) with no differences for baseline circulat-
ing concentrations of acetate [28.6 (21.0-38.4) pmol/L vs.
29.1 (20.6—36.7) umol/L; NS] or propionate [3.4 (2.1-4.1)
pumol/L vs. 3.6 (2.6—4.2) umol/L; NS) (Fig. 6, panels A and
B, respectively).

Baseline circulating concentrations of SCFA as a predictive
biomarker of incident T2D

We developed logistic regression models to evaluate the
independent factors associated with incident T2D at 7
years follow-up. In the univariate analyses, age (OR 1.04
[95%CIL: 1.03-1.05]; p<0.001), male (OR 1.43 [95%ClL:
1.03-1.99]; p<0.001), family history of T2D (OR 1.43
[95%CL: 1.18-1.74]; p<0.001), obesity (OR 4.06 [95%Cl:
2.89-5.71]; p<0.001), arterial hypertension (OR 2.88
[95%CI: 2.04—4.06]; p<0.001), dyslipidemia (OR 2.26
[95%CI: 1.60-3.19]; p<0.001), prediabetes (OR 11.81
[95%CI: 8.28—-16.85]; p <0.001), glucose concentrations at
0’ (OR 6.20 [95%CI: 4.52-8.50]; p<0.001) and 120’ (OR
1.89 [95%CL 1.67-2.12]; p<0.001) post-OGTT, insu-
lin resistance (OR 1.42 [95%CIL: 1.29-1.56]; p<0.001),
assessed by HOMA-IR, and butyrate (OR 1.93 [95%CI:

1.24-3.01]; p<0.001) at baseline were positively associ-
ated with incident T2D. On the contrary, the educational
level at baseline (OR 0.26 [95%CI: 0.14-0.48]; p<0.001
and OR 0.23 [95%CI: 0.11-0.47]; p<0.001 for second-
ary and university studies, respectively) was inversely
associated with incident T2D. No association was found
between baseline dietary patterns (adherence to MedDiet
or consumption of high-fiber foods) in the univariate
analyses. In the multivariate analysis, baseline circulating
concentrations of butyrate (OR 1.03 [95%CI: 1.01-1.07];
p=0.037) and isobutyrate (OR 1.9 [95%CIL 1.2-3.1];
p=0.009) were independently associated with develop-
ment of T2D after adjusting for age, sex, family history of
T2D, prediabetes, obesity, hypertension and dyslipidemia
at baseline (Table 3).

ROC curve analyses were performed to explore the
ability of baseline circulating concentrations of SCFA
to improve the prediction of the incidence of T2D at
7-year follow-up beyond traditional risk factors. The
C-statistics for predicting incident T2D was 0.840
[95%CI: 0.807-0.873] for the model including conven-
tional risk factors (model 1: age, sex, family history
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Fig. 4 Circulating concentrations of SCFA and type 2 diabetes at baseline. Circulating concentrations of acetate (panel A), propionate (panel B),
butyrate (panel C), and isobutyrate (panel D) for subjects without T2D (n=2,241) vs. subjects with T2D (n=659) at baseline. Baseline circulating
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non-significant; T2D: type 2 diabetes

of T2D, prediabetes, obesity, hypertension, and dys-
lipidemia at baseline), 0.847 (95%CI: 0.816-0.877)
for butyrate (model 1+ baseline butyrate) and 0.843
(95%CI: 0.812-0.875) for isobutyrate (model 1+ base-
line isobutyrate) (Fig. 7). Thus, both baseline circulating

concentrations of butyrate (0.847 vs. 0.840; p=0.149)
and isobutyrate (0.843 vs. 0.840; p =0.390), when added
to traditional risk factors, offered a good ability to pre-
dict T2D, although similar to the reference model based
only on baseline clinical factors. Finally, to assess the
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ranges. Mann-Whitney test was used to compare the two groups. NS: non-significant; T2D: type 2 diabetes

accuracy of baseline circulating concentrations of SCFA
as a biomarker to predict incident T2D, we compared
the accuracy of the existing risk score (FINDRISK) for
predicting the risk of T2D with the models, includ-
ing baseline circulating concentrations of butyrate and

isobutyrate, respectively. Accordingly, the FINDRISK
score was calculated for each patient, and the ROC
curve was developed. The C-statistics for the prediction
of T2D was 0.785 [95%CI: 0.746-0.823] for the FIN-
DRISK (Fig. 7). Thus, both models, including baseline
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Table 3 Association between baseline circulating
concentrations of SCFA and incident T2D

Unadjusted Adjusted
IncidentT2D  OR (Cl 95%) p OR (C1 95%) p
Acetate 1.00 (0.98-1.01) NS - -
Propionate 1.09 (0.97-1.22) NS - -
Butyrate 1.93(1.24-301) 0004  1.03(1.00-1.07)  0.037
Isobutyrate 1.02 (0.99-1.05) NS 1.02(1.18-3.12) 0.009

Abbreviations: T2D type 2 diabetes, OR Odds Ratio, C/ Confidence interval, NS
Non-significant.

circulating concentrations of butyrate (0.847 vs. 0.785;
p<0.001) and isobutyrate (0.843 vs. 0.785; p<0.001),
improved the risk prediction compared to FINDRISK.
Baseline dietary patterns, including adherence to Med-
Diet or consumption of high-fiber foods, did not add
any prediction value.

In addition, to validate the model performance, the
NRI and IDI were also calculated. In the first compari-
son (model 1 vs. model 1+ baseline butyrate), there was
a non-significant improvement in predicting the risk
of T2D, with a positive 1.51% NRI and an IDI of 0.34%.
The reclassification of T2D cases showed a net gain of
2 correct classifications out of 142 cases (1.4% improve-
ment), and the reclassification of non-T2D cases simi-
larly showed a net gain of 2 correct classifications out of
2042 non-T2D cases (0.1% improvement). In the second
comparison (model 1 vs. model 1+ baseline isobutyrate),

Sensitivity
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there was a slight, non-significant decline in the predic-
tion of the risk of T2D, with an NRI of -0.70% and an IDI
of 0.06%. Here, the reclassification of T2D cases resulted
in 1 fewer correct classification out of 142 cases (0.7%
decline), while the reclassification of non-T2D cases
showed no net change. In the third comparison (FIND-
RISK vs. model 1+baseline butyrate), the model dem-
onstrated a statistically significant improvement in the
prediction of the risk of T2D, with a NRI of 12.6% and
an IDI of 5.19%. This improvement was driven by a net
gain of 9 correct reclassifications in T2D cases out of 142
(6.3% improvement) and a net gain of 128 additional cor-
rect reclassifications out of 2042 non-T2D cases (a 6.3%
improvement). In the fourth comparison (FINDRISK vs.
model 1+ baseline isobutyrate), the model also showed a
statistically significant improvement in the prediction of
the risk of T2D, with an 8.65% NRI and a 4.97% IDI. This
improvement consisted in a net reclassification gain of
4 detected out of 142 cases (2.8% improvement on T2D
reclassification) and a net reclassification gain of 119 out
of 2042 non-T2D cases (5.8% improvement on non-T2D
reclassification).

Analysis of Sensitivity

Sensitivity analyses were performed to avoid poten-
tial reverse causality, excluding subjects with prediabe-
tes (m=267, 12%) at baseline. From the 1,974 subjects
with normal glucose metabolism at inclusion, n=69
(3.5%) developed T2D during the study follow-up. As

T T
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T T T
0.50 0.75 1.00

1-Specificity
Fig. 7 ROC curves for prediction of incident type 2 diabetes. The ROC curves for conventional risk factors (blue: model 1), butyrate (red: model
1+butyrate), isobutyrate (green: model 1 +isobutyrate), and FINDRISK (yellow) in predicting incident type 2 diabetes after a 7-year follow-up
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previously, after a multivariate adjustment, the asso-
ciation between baseline circulating concentrations of
butyrate (OR 1.07 [95%CI: 1.02-1.12]; p=0.003) and
isobutyrate (OR 3.00 [95%CI: 1.54—5.85]; p=0.001) with
incident T2D remained unchanged or strengthened, as
compared with the analyses including subjects with pre-
diabetes. The C-statistics for predicting incident T2D
was 0.776 [95%CI: 0.725-0.827] for the model including
conventional risk factors (model 1: age, sex, family his-
tory of T2D, obesity, hypertension, and dyslipidemia at
baseline), 0.789 [95%CI: 0.740-0.839] for butyrate (model
1+ baseline butyrate) and 0.791 [95%CI: 0.743-0.840] for
isobutyrate (model 1+ baseline isobutyrate) and 0.676
[95%CI: 0.619-0.734] for the FINDRISK. Thus, both
baseline circulating concentrations of butyrate (0.775
vs. 0.792; p=0.238) and isobutyrate (0.784 vs. 0.771;
p=0.306), when added to baseline traditional risk factors,
offered a good ability to predict T2D, although similar to
the reference model and improved significantly the risk
prediction compared to FINDRISK (butyrate: 0.775 vs.
0.676, p <0.001; and isobutyrate: 0.784 vs. 0.676, p <0.001;
respectively).

In addition, when the sensitivity analyses were per-
formed, an association between baseline consumption of
high-fiber foods (OR 0.886 [0.792-0.990], p=0.033) and
incident T2D emerged in the univariate analyses. Thus,
we added the baseline consumption of high-fiber foods
to the previously developed models. When baseline con-
sumption of high-fiber foods was added to the model, it
improved the prediction of T2D risk, although the dif-
ferences were not statistically significant to the previous
models. The C-statistics for predicting incident T2D was
0.805 [95%CI: 0.751-0.856] for the model including tra-
ditional risk factors (model 1: age, sex, family history of
T2D, obesity, hypertension dyslipidemia+ consumption
of high-fiber foods at baseline), 0.812 [95%CI: 0.761—
0.862] for butyrate (model 1+ consumption of high-fiber
foods at baseline + baseline butyrate) and 0.812 [95%ClI:
0.758-0.866] for isobutyrate (model 1+ consumption of
high-fiber foods at baseline + baseline isobutyrate).

Discussion

This study provides new evidence on the association
between SCFAs and the risk of developing T2D. Elevated
baseline circulating concentrations of butyrate and isobu-
tyrate were identified as independent predictors of T2D
incidence over a median follow-up period of seven years.
These associations remained significant after adjust-
ment for traditional risk factors, including age, sex, fam-
ily history of T2D, prediabetes, obesity, hypertension,
and dyslipidemia. The findings of this study are consist-
ent with the established role of SCFAs as key metabolites
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produced by the gut microbiota through the anaerobic
fermentation of dietary fibers. Previous research has
underscored the critical role of SCFAs in maintaining gut
health and influencing systemic metabolic processes [4].
This study builds upon existing knowledge by identify-
ing an association between SCFAs and the risk of T2D,
emphasizing their potential utility as biomarkers for dis-
ease prediction.

Our findings further demonstrate a positive association
between the consumption of high-fiber foods at baseline
and baseline circulating concentrations of SCFA, which
agrees with previous studies that identify dietary fibers as
the primary substrates for SCFA production [4]. In this
study, higher intake of high-fiber foods at baseline was
associated with higher baseline circulating concentra-
tions of acetate, propionate, butyrate, and isobutyrate,
emphasizing the critical role of dietary patterns in modu-
lating SCFA levels. Moreover, adherence to the MedDiet
has been linked to elevated SCFA concentrations and
inversely associated with markers of intestinal perme-
ability, such as lipopolysaccharide-binding protein and
zonulin, suggesting that SCFAs may serve as a mechanis-
tic link between diet and the maintenance of intestinal
barrier integrity [22]. Notably, while baseline circulating
concentrations of acetate increased with the increase of
the adherence to the MedDiet at baseline, other SCFAs
did not exhibit a similar pattern, indicating that specific
dietary fibers may differentially influence SCFA produc-
tion [22]. This differential effect may be attributed to
the distinct fermentation properties of individual fibers,
their interactions with specific gut microbiota composi-
tions, and the varying affinities of SCFAs for their recep-
tors, such as FFA2 and FFA3, as suggested by Ulven et al.
[5]. These findings highlight the complexity of the inter-
play between dietary fibers, SCFA production, and gut
microbiota.

Observational epidemiological and interventional clini-
cal studies indicate that both fiber consumption [23-26]
and the adherence to a MedDiet [27-29] are causally
related to a higher risk of T2D. Nevertheless, although
there is an association between the dietary patterns and
the circulating concentrations of SCFA, we did not find
any association between the consumption of high-fiber
foods and the adherence to MedDiet with T2D predic-
tion, which is probably a paradoxical result. However, we
found an association between baseline consumption of
high-fiber foods and incident T2D when performing the
sensitivity analyses (excluding subjects with prediabe-
tes). In this sense, some authors have suggested that the
effect of SCFA on the substrate and energy metabolism
may differ between metabolic phenotypes [30-32]. Can-
fora et al. demonstrated that supplementation of a fiber
mixture increased distal colonic bacterial fermentation
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in lean individuals, which improved metabolic health
parameters. However, in subjects with overweight/obese
and prediabetes, the supplementation with a fiber mix-
ture increased circulating acetate concentrations. Still,
it did not improve metabolic health parameters [33].
Therefore, the observed differences in behaviour between
healthy people and those with prediabetes may be con-
sistent with the findings presented in this study.

The potential of butyrate and isobutyrate as predictive
biomarkers for T2D is particularly compelling. Both base-
line circulating concentrations of SCFAs demonstrated
strong predictive capabilities for T2D, with C-statistics
comparable to traditional clinical risk factors. However,
their inclusion in a conventional risk model resulted
in only marginal improvements in predictive accuracy,
which were not statistically significant. Despite this, both
baseline circulating concentrations of SCFAs significantly
enhanced risk prediction compared to the FINDRISK
Score, emphasizing their potential clinical utility. These
observations align with those of Husted et al. [2], who
highlighted the role of metabolites as signaling molecules
capable of modulating metabolic pathways and influenc-
ing disease outcomes. Integrating SCFAs into existing
predictive models could offer a more refined assessment
of T2D risk, particularly for individuals with borderline
or ambiguous clinical profiles. Such an approach under-
scores the relevance of these metabolites as complemen-
tary biomarkers, providing additional insights beyond
those offered by traditional risk factors [2].

Although the bulk of evidence suggests that increased
SCFA production benefits the host by exerting antiobes-
ity and antidiabetic effects [34, 35], some in vitro and
in vivo studies have indicated that overproduction or
accumulation of SCFAs in the bowel may also lead to
obesity or T2D, owing to increased energy accumula-
tion, higher capacity to harvest energy through SCFA
production or increased de novo lipogenesis [9, 36—38].
In our study, baseline circulating concentrations of SCFA
were higher in individuals with pre-existing T2D and
those who developed T2D during the follow-up period.
This observation aligns with prior studies [9, 36], which
reported elevated fecal SCFA levels in overweight, obese,
and subjects with T2D. However, focusing on circulating
concentrations of SCFA offers a more precise represen-
tation of in vivo fermentation processes, as fecal SCFA
levels may not fully capture the systemic metabolic state.
Elevated baseline circulating concentrations of butyrate
and isobutyrate, in particular, may signify an adaptive
response to the metabolic dysregulation associated with
T2D, highlighting the intricate interactions between gut-
derived metabolites and host metabolism. These findings
underscore the need for further research into the under-
lying mechanisms of this relationship.
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Additionally, the results are consistent with Zhao et al.
findings, who observed a significant increase in SCFA
and zonula occludens-1 concentrations (used for assess-
ing tight junctions integrity and regulation of intestinal
permeability) in subjects with T2D [39]. The authors
hypothesised that the intestinal barrier destruction,
driven by hyperglycemia, increased the passive reab-
sorption of SCFAs, which resulted in the rising circulat-
ing concentrations of SCFA in subjects with T2D. Thus,
the study suggested that excessive SCFA absorption may
occur via a leaky gut caused by gut microbiota dysbio-
sis, leading to higher levels of circulating SCFAs in sub-
jects with T2D and that the leaky gut might be caused by
the disordered gut microbiota [39]. These observations
further emphasize the role of SCFAs in metabolic dys-
regulation and gut barrier integrity, providing important
insights into the pathophysiology of T2D.

The association of SCFAs with the development of T2D
underscores the pivotal role of gut microbiota and their
metabolic products in maintaining metabolic health.
The independent predictive value of butyrate and isobu-
tyrate warrants further investigation into the mechanistic
pathways through which these SCFAs influence glucose
metabolism and insulin sensitivity. The primary fermen-
tation products resulting from digestion of dietary fibre
in the intestine are SCFA, which are widely recognized
for their role as key energy sources in metabolic path-
ways. Normal colonic epithelia obtain 60-70% of their
energy supply from SCFA, particularly butyrate. The liver
primarily absorbs propionate, serving as a precursor for
gluconeogenesis, liponeogenesis and protein synthesis.
Acetate enters systemic circulation to be metabolised
by peripheral tissues and acts as a substrate for choles-
terol synthesis. An excess production of SCFA from
dietary compounds, potentially caused by alterations of
gut microbiota, may escape digestion in the small intes-
tine, therby providing the host with an additional energy
source [9].

However, the potential of SCFAs to act as extracellular
signalling molecules also offers a plausible explanation for
their involvement in modulating metabolic and inflam-
matory responses, which are key contributors to T2D
pathogenesis [3]. Notably, SCFAs, particularly butyrate,
are known to activate GPCRs such as FFA2 and FFA3,
which are expressed in several tissues, including human
colonic tissues, as well as pancreatic islets, adipose tis-
sue, skeletal muscle, liver, and immune cells. These recep-
tors mediate various metabolic and immune processes,
suggesting that SCFAs may influence T2D development
through multiple mechanisms [3, 6, 7]. Observational
and interventional studies have shown that SCFAs affect
a range of host systems and energy homeostasis by acti-
vating GPCRs, preserving intestinal integrity and barrier
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function, influencing immune regulation and inflam-
matory responses (by the reduction of the secretion of
pro-inflammatory cytokines and chemokines), and mod-
ulating the enteric nervous system and brain-gut axis.
Furthermore, SCFAs may play crucial roles in maintain-
ing glucose homeostasis and insulin sensitivity by: 1) in
pancreatic islets, by regulating 3-cell insulin secretion; 2)
in adipose tissue, by enhancing lipid buffering capacity,
increasing the oxidation of fatty acids in brown adipose
tissue, facilitating the browning and mitochondrial func-
tion of white adipose tissue, diminishing the size of adipo-
cytes and by the inhibition of endogenous lipolysis within
adipocytes; 3) in the liver, by decreasing glycolysis and
gluconeogenesis, and increasing glucose uptake and gly-
cogen synthesis and fatty acids oxidation and improving
mitochondrial function; and 4) in the skeletal muscle by
improving glucose uptake and by the inhibition of ectopic
lipid storage in skeletal muscle [40, 41]. Additionally, the
role of SCFAs in modulating incretin hormones, essential
to maintain glucose metabolism, offers further insights
into the connection between gut microbiota-derived
metabolites and T2D. SCFAs can also stimulate the local
release of satiety hormones such as GLP-1 and peptide YY
(PYY) from enteroendocrine L-cells via the activation of
GPR41 or GPR43 [40, 41], while in circulation, they epi-
genetically regulate the expression of adipokines such as
leptin, adiponectin, and resistin. Recent evidence indi-
cates that circulating SCFAs are associated with GLP-1
concentrations, whole-body lipolysis, and peripheral
insulin sensitivity in humans [42]. This emphasizes the
therapeutic potential of targeting gut microbiota and their
metabolites in T2D prevention and management.

Recent evidence indicates that SCFA may exert diver-
gent effects depending on the metabolic context. It has
been hypothesized that intestinally produced SCFAs are
processed differently in insulin-resistant states, poten-
tially influencing glucose and lipid metabolism [43].
Tang et al. demonstrated that, under diabetic conditions,
elevated SCFA concentrations interact with FFA2 and
FFA3, impairing glucose-stimulated insulin secretion.
Furthermore, they suggested that antagonists targeting
FFA2 and FFA3 may enhance insulin secretion in people
with T2D [44]. These findings highlight the bidirectional
relationship between gut microbiota-derived SCFAs and
T2D, underscoring the complexity of this emerging field.
Despite these advancements, numerous questions remain
unanswered, necessitating further research to elucidate
the role of SCFAs in glucose regulation in T2D.

Although this study offers valuable insights, certain
limitations should be acknowledged. As previously
explained, the Di@bet.es study was the first nationwide,
prospective, population-based study in Spain designed
to determine the prevalence and incidence of T2D [10,
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11]. Subjects were assessed at baseline (prevalence study)
and a second time for the follow-up study (incidence
study) but were not followed periodically between these
two time points. Thus, as patients were evaluated only
at the start and end of the study (after 7 years), the exact
time of our endpoint (new cases of T2D) was unknown.
The absence of gut microbiota analysis, resulting from
the unavailability of fecal samples, restricts the ability
to directly associate specific bacterial populations with
SCFA production and the risk of T2D. In addition, we
could not differentiate dietary vs. host-derived SCFA
sources. Thus, the absence of gut microbiota data and the
inability to differentiate dietary vs. host-derived SCFA
sources limits our capacity to explore deeply the mech-
anistic insights of the role of SFCA in the development
of T2D. Furthermore, the high attrition rate observed in
the follow-up cohort (45%) raises concerns about poten-
tial selection bias. Nevertheless, we found few differences
between people who participated in the follow-up and
those who did not, as previously published [10], and thus,
the possible participation bias would be minimal. While
using an untargeted metabolomics approach provides
a comprehensive overview, it is inherently less sensitive
and specific than targeted analyses, which may impact
the precision and reproducibility of the results. Finaly, the
Di@bet.es Study administered a qualitative FFQ, which
has been previously used in a population-based study in
southern Spain [12, 45]. We are aware that ad hoc valida-
tion remains ideal. Nevertheless, the use of FFQs in the
Di@bet.es study without specific ad hoc validation for
the Spanish population is supported by robust scientific
evidence and methodological strategies to address appli-
cability and recall bias [46—48].

Conclusions

In conclusion, the findings of this study underscore a
significant association between baseline circulating con-
centrations of SCFAs and the risk of developing T2D,
emphasizing the critical role of dietary fiber intake in
modulating these metabolites. Although baseline circu-
lating concentrations of SCFAs alone may not dramati-
cally improve risk prediction beyond traditional clinical
factors, they provide valuable insights into the intricate
metabolic interplay between diet, gut microbiota, and
host health. Future research should incorporate gut
microbiota profiling alongside targeted SCFA analyses
to further unravel these complex relationships and facili-
tate the development of personalized dietary interven-
tions for T2D prevention. These findings contribute to
the expanding body of evidence on the pivotal role of gut
microbiota-derived metabolites in metabolic health and
disease, offering a foundation for innovative approaches
to T2D risk assessment and management.
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