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Background and Aims: Butyrate is a microbiota-derived short-chain fatty acid linking colonic fermen-
tation to host metabolism, with systemic availability limited by intestinal utilization and first-pass
hepatic metabolism. Whether sodium butyrate (NaBut) supplementation might modulate its circu-
lating levels and metabolic effects is unclear. The aim of this study is to assess whether oral NaBut
supplementation improves body weight and metabolic profile in adults with overweight/obesity with or
Keywords: without type 2‘ diabetes (TZD). . ' '

Butyrate ' Methods: In this randomized, double-blind, placebo-controlled, parallel-group trial, 46 adults (23 with
SCFA T2D), aged 30-70 years and BMI 25-39.9 kg/m?, were assigned (1:1) to NaBut (1875 mg/day) or placebo
for 12 weeks, combined with an identical moderately hypoenergetic diet. Anthropometrics, body

body weight
Glucose control composition, fasting metabolic parameters, gastrointestinal symptoms, 7-day continuous glucose
Obesity monitoring (CGM)-derived metrics, and serum short-chain fatty acids (GC/FID) were evaluated at

Type 2 diabetes baseline and week 12.
Results: In participants without diabetes, NaBut induced greater reductions in body weight compared
with placebo (—7.0 + 3.0 vs. —3.2 + 1.6 kg; p = 0.001). In participants with T2D, weight changes did not
differ between NaBut and placebo; however, NaBut significantly reduced plasma triglycerides
(—0.36 4 0.47 vs. +0.08 & 0.30 mmol/L; p = 0.012) and increased time-in-tight-range (TITR; 70-140 mg/
dL) by 9 %, independently of weight change. Serum butyrate concentrations increased with NaBut in
both cohorts and were associated with weight change in obese people and CGM-derived changes in
T2D..
Conclusions: NaBut supplementation supported weight loss in obesity without diabetes. In T2D, NaBut
improved triglyceridemia and CGM-derived glycemic control, largely independent of weight change.
Trial registration number: NCT07252609 (https://clinicaltrials.gov/study/NCT07252609; Clinical-
Trials.gov; 2025-11-17).
© 2026 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

1. Introduction

Butyrate is widely recognized as a key microbial metabolite
linking gut fermentation to host metabolic regulation [1]. As one of
the major short-chain fatty acids (SCFAs) produced in the
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colon—primarily through dietary fiber fermentation—butyrate
exerts multiple biological functions. It serves as the principal en-
ergy source for colonocytes, contributes to intestinal barrier
integrity by enhancing tight-junction assembly, and displays potent
anti-inflammatory and antioxidant effects within the gut [2].
Beyond these local actions, butyrate also modulates systemic
metabolic processes, including the regulation of energy balance,
glucose homeostasis, and lipid metabolism [3,4]. Experimental
and clinical evidence indicate that butyrate can stimulate the
secretion of enteroendocrine hormones such as glucagon-like
peptide-1 (GLP-1) and peptide YY (PYY), improve insulin
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sensitivity, promote lipid oxidation, and attenuate low-grade
chronic inflammation [5-7]. In humans, intervention studies
have shown that a fiber-rich diet increases postprandial circulating
butyrate concentrations [8,9], which are associated with improved
glucose tolerance and insulin sensitivity [10]. Despite increased
colonic SCFA production with high fiber intake, systemic butyrate
availability remains limited, as most colonic butyrate is rapidly
utilized by colonocytes or extracted during first-pass hepatic
metabolism. Given this intrinsically low systemic bioavailability,
oral sodium butyrate supplementation has been proposed as a
strategy to achieve more stable and physiologically relevant
circulating concentrations capable of eliciting the metabolic ef-
fects attributed to butyrate.

Preclinical studies support this hypothesis. In murine models,
sodium butyrate supplementation prevents or attenuates diet-
induced obesity, improves insulin resistance, mitigates hepatic
steatosis, and reduces systemic and tissue inflammation [11-13].
These effects appear to involve both peripheral metabolic path-
ways and modulation of the gut-brain axis, with potential impli-
cations for appetite regulation and energy balance [14].

However, translation to humans remains incomplete. Available
clinical trials are limited in number and report heterogeneous
results. In healthy individuals, supplementation with 4 g/day so-
dium butyrate improved insulin sensitivity, whereas no such effect
was observed in adults with metabolic syndrome [5]. In in-
dividuals with type 2 diabetes (T2D), combined supplementation
with sodium butyrate (600 mg/day) and inulin (10 g/day) reduced
diastolic blood pressure, while improvements in fasting glucose
and waist-to-hip ratio were observed only with the combined
intervention [6]. Notably, plasma GLP-1 concentrations increased
in participants receiving sodium butyrate, either alone or in
combination with inulin, suggesting a potential effect on appetite-
regulating pathways.

More recently, two randomized controlled trials reported that
sodium butyrate supplementation (20 mg/kg body weight in
children with obesity and 600 mg/day in adults with obesity)
resulted in significant reductions in body weight and BMI [15,16].
These findings further support a potential role for butyrate in body
weight regulation, although the underlying mechanisms and the
magnitude of clinically relevant effects remain to be clarified.

Within this context—characterized by strong mechanistic
rationale, encouraging yet preliminary human evidence, and
substantial gaps in knowledge—we designed the present ran-
domized, double-blind, parallel-group trial as a proof-of-concept
to investigate the metabolic effects of butyrate.

The primary aim was to evaluate the effects of 12-week sodium
butyrate supplementation, compared with placebo and combined
with a moderately hypoenergetic diet, on body weight, body
composition, lipid metabolism, and glucose regulation—also
assessed by continuous glucose monitoring—in adults with over-
weight or obesity with and without type 2 diabetes. Including both
phenotypes allowed us to directly compare metabolic responses
and to explore whether the effects depend on the underlying
pathophysiological context. The overarching objective was to
determine whether sodium butyrate confers direct metabolic
benefits in humans and to explore whether some of the metabolic
improvements typically attributed to high-fiber diets may be
mediated by increased circulating butyrate.

2. Materials and methods
2.1. Participants

Forty-six participants (23 with T2D and 23 without diabetes),
male and female, aged 30-70 years, with overweight or obesity
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(BMI 25-39.9 kg/m?) were enrolled in the study. Participants with
T2D were required to have good glycemic control (HbAlc < 53
mmol/mol).

Exclusion criteria included a history of cardiovascular events
(myocardial infarction or stroke) within the previous six months;
anemia (hemoglobin <12 g/dL); renal or hepatic impairment
(creatinine >1.5 mg/dL; alanine or aspartate aminotransferase >2
times the upper limit of normal); insulin therapy or use of glucose-
lowering medications other than metformin. Additional exclusion
criteria were: use of antibiotics, probiotics, or prebiotics within the
preceding three months; habitual moderate-to-vigorous physical
activity; pregnancy or lactation; and current use of vitamin, nu-
traceutical, or antioxidant supplements. These criteria were
adopted to reduce clinical and pharmacological heterogeneity, to
minimize potential confounding effects of glucose-lowering ther-
apies on metabolic outcomes, and to avoid potential confounding
factors affecting gut microbiota composition and metabolic out-
comes. Use of metformin, antihypertensive agents, and statins was
maintained stable throughout the study. Sex was categorized as
male, or female based on sex assigned at birth. The study was
conducted at the Department of Clinical Medicine and Surgery,
University Hospital Federico II, Naples, Italy. All participants pro-
vided written informed consent prior to enrolment. The study
protocol was approved by the Ethics Committee of the University
of Naples “Federico II” and conducted in accordance with the
Declaration of Helsinki. The trial was registered at Clinical-
Trials.gov (NCT07252609).

2.2. Study design

The study was designed as a randomized, double-blind,
placebo-controlled, parallel-group trial. After a three-week run-in
period during which participants maintained their habitual diet,
subjects were randomly assigned (1:1) to receive either sodium
butyrate (NaBut) supplementation or a placebo for 12 weeks, both
in combination with a moderately hypoenergetic diet. The 12-
week duration was chosen to allow sufficient time to detect po-
tential changes in body weight and to evaluate sustained meta-
bolic adaptations beyond short-term responses. Randomization
was performed using an online randomization plan generator
(http://randomization.com), and allocation was carried out by
independent personnel. Investigators, participants, and outcome
assessors were blinded to group assignment throughout the study.

Sodium butyrate was administered as 625 mg tablets (Butir
Bioma®, UNIFARCO S.p.A.), taken three times daily at breakfast,
lunch, and dinner, for a total daily dose of 1875 mg. This dose was
selected to achieve an increase in circulating butyrate concentra-
tions sufficient to test the mechanistic hypothesis of this proof-of-
concept trial, while ensuring good tolerability. The placebo con-
sisted of capsules containing microcrystalline cellulose. Sodium
butyrate and placebo were identical in colour, weight, odor, and
taste and were supplied by UNIFARCO S.p.A. (Italy).

Adherence to the intervention was assessed by capsule count,
with compliance defined as consumption of at least 90 % of the
provided capsules. Both groups followed hypoenergetic diets with
comparable macronutrient composition, developed according to
current nutritional recommendations for the general and diabetic
populations [17,18]. Diets provided 10-20 % of total energy from
protein, <35 % from fat (<10 % from saturated fat), 45-60 % from
carbohydrates (<10 % from simple sugars), and approximately 15 g
of dietary fiber per 1000 kcal. Individual energy requirements
were estimated by multiplying basal metabolic rate, measured by
indirect calorimetry, by the physical activity level (PAL), and sub-
sequently reduced by 300-500 kcal/day to achieve moderate en-
ergy restriction. Participants were monitored biweekly by a
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dietitian, who assessed anthropometric measures and dietary
adherence using 7-day food records.

2.3. Clinical assessments

All clinical and anthropometric measurements were obtained
after a 12-h overnight fast at baseline and after 12 weeks of
intervention. Body weight, height, and waist circumference were
measured according to standardized procedures [19]. Body
composition was assessed using bioelectrical impedance analysis
(Bodygram, AKERN S.r.L, Italy).

Blood pressure was measured with an automated digital
sphygmomanometer (Omron, Japan) after 10 min of rest. If two
measurements differed by more than 5 mmHg, a third measure-
ment was taken, and the average of the two closest values was
recorded.

Gastrointestinal symptoms were assessed using a visual
analogue scale (VAS), in which participants rated abdominal pain,
bloating, nausea, and meteorism on a 10-cm scale ranging from
“not at all” to “extremely”.

2.4. Blood collection and analysis

Venous blood samples were collected after overnight fasting
into tubes containing a clot activator (for serum) or K3-EDTA (for
plasma). Samples were immediately placed on ice, centrifuged at
4 °C, separated, and stored at —80 °C until analysis. Plasma glucose,
total cholesterol, HDL cholesterol, and triglycerides were
measured using enzymatic colorimetric methods (ABX Di-
agnostics) on an ABX Pentra 400 analyzer (HORIBA Medical,
Montpellier, France). LDL cholesterol was calculated using the
Friedewald formula. Plasma insulin concentrations were
measured by ELISA (DIA-source ImmunoAssay S.A., Nivelles,
Belgium) on a Triturus analyzer (Diagnostic Grifols S.A., Barcelona,
Spain). Serum short-chain fatty acids (SCFAs)—acetic, propionic,
and butyric acids—were quantified by gas chromatography with
flame ionization detection (GC/FID; Dani, Analitica Instruments
S.p.A., Milan, Italy), using a megabore column compatible with
aqueous solvents, as previously described [20]. Serum samples
were deproteinized with metaphosphoric acid, and the superna-
tant was analyzed using isovaleric acid as the internal standard.
Calibration curves were generated using standard mixtures at low,
medium, and high concentrations. Quality control samples were
analyzed at the beginning and end of each batch. Intra-assay co-
efficients of variation were 2.2 %, 2.0 %, and 1.2 %, and inter-assay
coefficients were 2.9 %, 2.0 %, and 1.8 % for acetate, propionate,
and butyrate, respectively.

2.5. Continuous glucose monitoring

Each participant was provided with a CGM device (Dexcom
One-+) for seven consecutive days at baseline and after 12 weeks.
Interstitial glucose concentrations recorded at 5-min intervals
were used for analyses. The following CGM-derived metrics were
obtained from Dexcom Clarity reports (Dexcom, Inc.): percentage
of time spent in the 70-140 mg/dL range (time in tight range,
TITR); percentage of time spent above 140 mg/dL (TAR140) and
above 250 mg/dL (TAR250); percentage of time spent below
70 mg/dL (time below range, TBR70); and mean interstitial glucose
concentration with standard deviation (SD) and coefficient of
variation (CV) as indices of glycemic variability. A tight TIR of
70-140 mg/dL was used for participants with T2D, rather than the
conventional 70-180 mg/dL range [21], to ensure comparability
with participants without diabetes and given the inclusion of in-
dividuals with good glycemic control (HbA1lc < 53 mmol/mol).
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2.6. Sample size calculation and statistical analysis

Sample size was calculated based on Coppola et al. [15], who
reported a mean between-group difference of 5.5 kg in body
weight loss (SD 4.1 kg) after a 24-week intervention, while our
study employed a shorter intervention period (12 weeks) with a
higher daily dose of sodium butyrate. Assuming a two-tailed o of
0.05 and 80 % power, 40 participants were required. To account for
an anticipated 15 % dropout rate, 46 participants were recruited.
This sample size was considered appropriate for a proof-of-
concept trial aimed at detecting clinically meaningful differences
in body weight outcomes. Data are presented as mean + SD, unless
otherwise specified. Normality was assessed using the
Kolmogorov-Smirnov test; non-normally distributed variables
were log-transformed before analysis. The primary outcome was
the change in body weight. Between-group differences in out-
comes were assessed using univariate ANCOVA, with treatment
group as a fixed factor and the corresponding baseline value and
sex as covariates. Effect sizes were estimated using partial eta
squared (n?p) derived from the ANCOVA models. Analyses were
stratified by diabetes status. When changes in metabolic param-
eters were observed, models were additionally adjusted for
changes in body weight. Within-group pre- and post-changes
were assessed descriptively using paired t-tests. Correlations
were evaluated using Spearman's rank correlation coefficient,
adjusted for multiple comparisons using the Benjamin-Hochberg
test. A two-tailed p-value <0.05 was considered statistically sig-
nificant. Analyses were performed using SPSS Statistics, version
30.0 (IBM Corp., Armonk, NY, USA).

3. Results

A total of 48 participants were randomized, and 46 completed
the study: 23 with obesity (11 NaBut, 12 placebo) and 23 with
obesity and type 2 diabetes mellitus (T2D) (11 NaBut, 12 placebo)
(Fig. 1). Adherence to the intervention was high across groups.
Capsule compliance exceeded the predefined threshold (>90 %) in
all participants, with no differences between treatment arms. Di-
etary adherence was excellent in both groups. Analysis of 7-day
food records at week 12 showed that macronutrient and fiber
intake closely reflected the prescribed dietary composition, with
no between-group differences (Table 1). In participants without
diabetes, actual energy intake was slightly lower than prescribed,
whereas it was consistent with target values in participants with
T2D.

3.1. Anthropometric and metabolic outcomes

3.1.1. Participants without diabetes

Baseline characteristics were comparable between the NaBut
and placebo groups, with no significant differences in age, sex,
anthropometric measures, blood pressure, or fasting metabolic
parameters (Table 2).

After 12 weeks, NaBut supplementation resulted in signifi-
cantly greater reductions in body weight compared with placebo
(=7.0 &£ 3.0 vs —3.2 &+ 1.6 kg; p = 0.001). The mean difference
between groups was —3.74 kg (95 % CI —5.86 to —1.63), corre-
sponding to an effect size (partial eta squared, n’p) of 0.41. Simi-
larly, BMI decreased to a greater extent in the NaBut group
compared with placebo (-2.6 + 12 vs —12 + 0.6 kg/m?;
p = 0.001). The between-group mean difference was —1.39 kg/m?
(95 % CI —2.19 to —0.59), with an effect size (n?p) of 0.40 (Table 2).
Biweekly assessments demonstrated a progressive and sustained
decline in body weight throughout the intervention in the NaBut
group (Fig. 2A). NaBut supplementation also led to greater
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Participants screened for eligibility (n=54)

\

Excluded (n=6)
-Declined to participate (n=2)
-BMI <25 kg/m? (n=4)

‘ Enrolled and randomly assigned to treatment (n=48)

|

l

Obese without type 2 diabetes

Obese with type 2 diabetes
(n=24)

(n=24)
|

' .

v !

NaBut + Hypoenergetic diet Placebo + Hypoenergetic diet NaBut Hypoenergetic diet Placebo + Hypoenergetic diet
(n=12) (n=12) (n=12) (n=12)
NaBut + Hypoenergetic diet (n=11) NaBut + Hypoenergetic diet (n=11)
-Discontinued treatment (n=1) -Discontinued treatment (n=1)
-Withdrew for personal reason (n=1) -Withdrew for personal reason (n=1)
Completed the trial (n=11) | | Completed the trial (n=12) | | Completed the trial (n=11) | | Completed the trial (n=12)

Fig. 1. Participant flow diagram.

Table 1

Composition of diets assigned and followed by participants without and with type 2 diabetes during the 12-week intervention.

Participants without type 2 diabetes

Participants with type 2 diabetes

NaBut + Hypoenergetic

Placebo + Hypoenergetic

NaBut + Hypoenergetic Placebo + Hypoenergetic

diet (n =11) diet (n = 12) diet (n =11) diet (n = 12)

Assigned Followed Assigned Followed Assigned Followed Assigned Followed
Energy (kcal/day) 1497 + 180 1380 + 177° 1454 + 174 1313 + 247° 1657 + 187 1601 £ 290 1621 £ 174 1614 + 279
Protein (% TEI) 19 18+ 2 19 18+2 19 17 +£2 19 18 +2
Fat (% TEI) 33 33+3 33 33+2 33 33+3 33 32+4
Saturated (% TEI) 7 8+2 7 8+1 7 8+1 7 7+2
Carbohydrates (% TEI) 48 45+ 3 48 454+ 3 48 47 +£5 48 47 + 6
Sugars (% TEI) 13 13+2 13 13+£3 13 8+1 13 7+2
Fibre (g/1000 kcal) 20 2145 20 18+3 20 19+3 20 21+8

Data are Mean =+ SD of the 7-day food records completed at week 12. TEI: total energy intake.
? p < 0.05 vs Assigned; The energy of assigned diet was calculated by subtracting 300-500 kcal from each participant's estimated energy requirement.

reductions in fasting plasma triglycerides, insulin concentrations,
and HOMA-IR compared with placebo, whereas fasting glucose
decreased significantly (p = 0.002) from baseline only in the NaBut
group. However, none of the between-group differences in meta-
bolic parameters remained significant after adjustment for
changes in body weight, indicating that these effects were largely
weight-dependent. No additional between-group differences were
observed for other metabolic variables (Table 2).

3.1.2. Participants with type 2 diabetes

Baseline characteristics did not differ between treatment
groups, except for higher plasma triglyceride levels in the NaBut
group (Table 3). After 12 weeks, body weight, BMI, and waist
circumference decreased similarly in the NaBut and placebo
groups, with no significant between-group differences (Table 3).
The trajectory of body weight change over time did not differ be-
tween groups (Fig. 2B). In contrast, NaBut supplementation

resulted in a significantly greater reduction in plasma triglycerides
compared with placebo (-0.36 4+ 0.47 vs +0.08 4+ 0.30 mmol/l;
p = 0.012). The between-group mean difference was —0.44 mmol/I
(95 % CI —0.79 to —0.10; n°p = 0.26). This effect remained signifi-
cant after adjustment for body weight change (p = 0.018). Total
cholesterol also decreased more in the NaBut group, although this
difference was no longer significant after weight adjustment.
Within-group analyses showed significant reductions in fasting
glucose, HbA1c, LDL cholesterol, and HDL cholesterol in the NaBut
group; however, these changes did not differ significantly from
those observed in the placebo group. Fasting insulin and HOMA-IR
decreased similarly in both groups (Table 3).

3.2. Body composition

In participants without diabetes, fat mass decreased signifi-
cantly from baseline in both groups, with no significant between-
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Table 2
Anthropometric, clinical, and serum SCFA parameters at baseline and after the 12-week intervention in participants without type 2 diabetes.
NaBut + Hypoenergetic diet Placebo + Hypoenergetic diet p° p value® Mean difference
a
Baseline 12-week B p° Baseline 12-week B between* (95 % C1)
Sex (M/F) 3/8 4/8
Age (years) 54 (44-66) 58 (48-69)
Weight (kg) 953+ 150 883+150 -70+3.0 0.00192.0+15.0 88.7+140 -32+16 0.001 0.001 —3.74 (-5.86 to —1.63)
Body mass index (kg/mz) 346 +40 321+40 -26+12 0.001331+47 319+44 -12+0.6 0.001 0.001 -1.39 (-2.19 to —-0.59)
Waist circumference (cm) 109 + 11 102 + 12 -72+3.8 0.001 104 + 10 99 + 10 -54+2.0 0.001 0.332 —1.78 (—4.42 to 0.86)
Systolic blood pressure (mmHg) 120 + 15 117 £9 —-349 0.319 121 £ 17 120 £+ 6 -1+19 0.882 0.669 —2.08 (—15.24 to 11.09)
Diastolic blood pressure (mmHg) 79 + 11 78 +£ 10 —1+8 0.668 77 + 11 80+ 6 3+9 0.285 0.305 —4.17 (—11.90 to 3.55)
Plasma triglycerides (mmol/l) 1.58 £ 0.82 1.06 +0.32 -0.52 +0.72 0.039 1.18 + 0.44 1.14 + 0.33 —0.04 + 0.21 0.613 0.045¢ —0.49 (—00.094 to —0.03)
Plasma total cholesterol (mmol/l) 5.41 + 1.01 5.08 + 1.42 -0.33 + 0.93 0.487 5.02 + 1.01 4.82 +0.83 -0.21 + 0.70 0.064 0.679 —0.19 (-0.93 to 0.55)
Plasma HDL cholesterol (mmol/l) 1.27 +£ 0.26 1.22 +0.18 -0.05 + 0.23 0.247 1.53 £ 0.33 1.35+0.18 -0.18 + 0.23 0.038 0.262 —0.13 (-0.10 to 0.35)
Plasma LDL cholesterol (mmol/l) 3.52 +0.83 3.03 + 1.19 -0.49 + 0.88 0.529 2.98 + 0.98 2.95 + 0.83 -0.03 + 0.62 0.889 0.244 —0.44 (-1.18 to 0.29)
HDbA1C (%) 56+ 04 5.6+03 —0.08 + 0.09 0.391 5.6 + 0.3 55+03 —0.06 + 0.04 0.152 0.831 —0.02 (-0.22 t0 0.18)
HbA1C (mmol/mol) 38 + 4.4 37 +28 -09+3.0 034137 +27 37+34 —0.08 + 1.4 0.845 0.405 —0.83 (-2.85 to 1.20)
Plasma glucose (mmol/l) 533+039 516+033 -0.17 +£0.11 0.002 5.11 +0.39 5.16 +0.44 0.05 + 0.44 0.649 0.305 —0.22 (-0.51 to 0.07)
Plasma insulin (pmol/l) 156.3 £ 42.4 98.6 + 42.4 —57.7 +27.8 0.001 118.8 + 64.6 101.4 + 63.2 —17.4 + 46.5 0.215 0.025¢ —40.51 (—74.22 to —6.79)
HOMA-IR 54+ 14 33+14 -21+09 00014.0+24 34+22 —06+16 022000219 —1.47(-2.66 to —0.29)
Serum acetic acid (pmol/l) 240.3 + 394 2524 + 664 12.0 + 46.6 0.413 221.2 4+ 60.5 206.3 + 63.8 —15.0 &+ 45.5 0.280 0.188 26.94 (—13.02 to 66.89)
Serum propionic acid (pmol/l) 241 +123 270+11.6 28 +8.6 0302 249+91 243+73 -06+69 0.768 0.327 3.42 (-3.30to 10.13)
Serum butyric acid (pmol/1) 229+55 293+57 64+6.2 0.007 23.1 +£ 9.1 21.7+79 —-13+6.6 0.497 0.009 7.74 (2.18-13.31)

Data are Mean =+ SD. Age expressed as mean (range).
¢ 12-week minus baseline.
b within-group comparison (12-week vs baseline) by paired t-test.
¢ between groups comparison, adjusted for baseline value and sex by univariate ANCOVA.
94 not significant after adjustment for body weight change.

Participants without type 2 diabetes

2-week 4-week 6-week 8-week 10-week 12-week
0,00 : + t + + t 1
-1,00 A
-2,00 A
-3,00 A
-4,00
-5,00
-6,00 *

-7,00 4 =@=NaBut *
-800 - =&-—Placebo

Body weight (kg)

1
*

B Participants with type 2 diabetes
2-week 4-week 6-week 8-week 10-week 12-week

0,00 + t t + t + |
-1,00 A
-2,00 A
-3,00 A
-4,00 -
-5,00 A
-6,00 A

7,00 | _g—NaBut
-8,00 -/ =#—Placebo

Body weight (kg)

Fig. 2. Body weight changes in participants without type 2 diabetes (panel A) and with type 2 diabetes (panel B) during the intervention with sodium-butyrate (red lines) and
placebo (grey lines). Mean + SEM, *p < 0.05 vs placebo; within-group comparisons performed by paired-samples t-test.
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Table 3
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Anthropometric, clinical, and serum SCFA parameters at baseline and after the 12-week intervention in participants with type 2 diabetes.

NaBut + Hypoenergetic diet

Placebo + Hypoenergetic diet

p value®
between® (95 % CI)

Mean difference

Baseline 12-week 2 p°  Baseline 12-week 2 p°
Sex (M/F) 6/5 7/5
Age (years) 59 (48-63) 60 (50-67)
Weight (kg) 92.0+ 158 874+140 -46+24 0.001 88.0 +£11.0 845+115 -3.5+3.0 0.002 0.302 —1.10 (—3.50 to 1.29)
Body mass index (kg/mz) 326 +3.6 310+ 34 —-1.6 £ 0.6 0.001 30.1 +40 289+44 -12+1.0 0.002 0.239 —0.41 (-1.13 t0 0.32)
Waist circumference (cm) 107 + 10 102 £ 10 —44+26 0.001 104 + 11 101 + 11 -34+26 0.001 0358 —1.03 (-3.31 to 1.24)
Systolic blood pressure 124 + 19 122 +9 -23+13.0 0.585 129 + 14 125+ 12 —4.6 +13.0 0.241 0.700 2.31(—9.03 to 13.65)
(mmHg)
Diastolic blood pressure 77 £ 15 78 £ 8 04 +11.0 0918 82 +5 77 £ 9 -53+77 0.036 0.173 5.70 (—2.69 to 14.09)
(mmHg)
Plasma triglycerides (mmol/l) 1.67 + 0.47° 1.31+£0.28 -0.36 +0.47 0.029 1.15+0.50 1.23 +£0.50 0.08 + 0.30 0.365 0.012 —0.44 (-0.785 to —0.10)
Plasma total cholesterol 435+1.04 4.01+067 -034+047 0.048 3.88+096 4.09+0.78 021+0.67 0.008 0.035¢ —0.61 (-1.12 to —0.10)
(mmol/1)
Plasma HDL cholesterol 124 +£023 1.11+034 -013+0.17 0.043 1.24 £ 0.39 132+ 034 0.08 +0.23 0.440 0.054 —0.17 (-0.34 to —0.01)
(mmol/l)
Plasma LDL cholesterol 262+088 233+£062 -029+0.36 0.027 2.28 +0.83 230 +0.67 0.02 +0.54 0.873 0.123 —0.31 (—0.72 to 0.09)
(mmol/1)
HbA1C (%) 64 + 0.5 6.2 +£ 0.6 —0.24 £ 0.27 0.020 6.4 + 0.6 6.3 £ 0.6 —0.15+ 0.3 0.440 0473 —0.08 (—0.32 t0 0.17)
HbA1C (mmol/mol) 46.5 + 6.1 44.0 £ 6.1 —25+29 0.017 468 +6.2 453 +65 -15+3.0 0.101 0.412 —1.04 (—3.64 to 1.55)
Plasma glucose (mmol/l) 683 +139 6.05+089 -0.78+0.78 0.013 6.66 +1.11 6.33 +0.83 —0.33 + 0.56 0.079 0.183 —0.45 (—1.05 to 0.19)
Plasma insulin (pmol/l) 141.7 £ 764 102.8 +52.24 —38.9 +£55.6 0.050 154.9 &+ 95.8 103.5 + 61.8 —51.4 & 43.0 0.020 0.558 12.5 (—31.07 to 56.86)
HOMA-IR 6.3 +39 40+24 —22+3.0 0.042 6.6 + 4.2 43 +28 —-23+18 0.038 0978 0.06 (—2.08 to 2.20)
Serum acetic acid (pmol/l) 297.1 £ 106.5 2749 + 37.5 —-22.2 +117.2 0.544 295.7 + 54.2 304.7 + 69.0 9.0 + 32.2 0.352 0.376 —31.24 (-104.32 to
41.84)
Serum propionic acid (pmol/l) 24.3 + 113 29.6 + 12.7 5.3 +8.7 0.048 235+89 19.1+88 —-44+52 0.052 0.004 9.78 (3.58-15.97)
Serum butyric acid (pmol/1) 153 £ 5.7 21.0+5.0 5.7 £ 4.1 0.001 162 +3.8 148+39 -14+48 0.314 0.001 7.17 (3.27-11.06)

Data are Mean =+ SD. Age expressed as mean (range).
2 12-week minus baseline.
within-group comparison (12-week vs baseline) by paired t-test.

b
¢ between groups comparison, adjusted for baseline value and sex by univariate ANCOVA. °p < 0.05 vs placebo.
d

not significant after adjustment for body weight change.

group difference (—6 4+ 3 vs —4 + 2 kg; p = 0.132). Body cell mass
remained stable in the NaBut group, whereas a modest reduction
was observed in the placebo group (p = 0.037); however, the
between-group difference was not significant (Supplementary
Table 1).

Similarly, in participants with T2D, fat mass decreased
significantly in both groups, with no between-group difference
(=3 £2vs —4 + 4 kg; p=0.323), while body cell mass remained
unchanged throughout the intervention (Supplementary
Table 1).

3.3. Serum short-chain fatty acids

In participants without diabetes, fasting serum SCFA concen-
trations were comparable between groups at baseline. After 12
weeks, serum butyrate increased significantly in the NaBut group
(p = 0.007), resulting in a significant between-group difference
compared with placebo (mean difference: 7.74 umol/l, 95 % CI: 2.18
to 13.31; n%p = 0.285) (Table 2).

In participants with T2D, baseline serum SCFA levels were also
comparable. After the intervention, both propionate and butyrate
increased significantly in the NaBut group, leading to significant
between-group differences versus placebo (mean difference:
9.78 pmol/l, 95 % CI: 3.58 to 15.97; n’p = 0.339, for propionate;
mean difference: 7.17 umol/1, 95 % CI: 3.27 to 11.06; n°p = 0.411, for
butyrate) (Table 3).

3.4. CGM-derived metrics of daily glucose control

As shown in Table 4, no statistically significant between-group
differences were observed in CGM-derived metrics of daily glucose
control among participants without diabetes. However, within-
group analysis revealed a significant reduction in the standard

deviation of mean glucose concentrations from baseline to 12
weeks in the NaBut group (19 4 4 vs 16 + 5 mg/dl; p = 0.034),
although this change did not differ significantly from that
observed in the placebo group.

In participants with T2D (Table 5), NaBut supplementation
significantly increased time spent in the tight glycemic range by
9 % compared with placebo (9 =9 % vs —3 £ 16 %; p = 0.047; mean
difference: 12.42 %, 95 % Cl (0.16-24.67), n?p = 0.191). Accordingly,
the percentage of time spent in the 140-250 mg/dL range was
reduced by 9 % in the NaBut group compared with placebo
(=9+£9%vs4+17 %; p=0.044; mean difference: —13.31 %, 95 % CI
(—26.22 to —0.39), n°p = 0.197). No other CGM-derived metrics of
glucose control differed significantly between groups after 12
weeks of intervention.

3.5. Gastrointestinal symptoms

Across participants with and without diabetes, 12 weeks of
NaBut supplementation significantly improved gastrointestinal
symptoms compared with placebo, including reductions in con-
stipation, abdominal pain, and flatulence. Among participants
with T2D, bloating was also significantly reduced (p < 0.05 for all
comparisons) (Supplementary Fig. 1).

3.6. Correlation analyses

Among participants without diabetes, changes in serum buty-
rate were significantly associated with reductions in body weight
(r = —0.649, p = 0.008) and HOMA-IR (r = —0.655, p = 0.008).

Among participants with diabetes, changes in serum butyrate
were significantly associated with changes in triglycerides
(r = —0.615, p = 0.016), constipation (r = —0.528, p = 0.045),
abdominal bloating (r = —-0.582, p = 0.022), and flatulence
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Table 4
CGM-derived metrics of the daily glucose profile at baseline and after 12 weeks of treatment in participants without type 2 diabetes.
NaBut + Hypoenergetic diet p° Placebo + Hypoenergetic diet p° p value®  Mean difference
a
Baseline  12-week * Baseline  12-week * between® (95 % C1)
Sex (M/F) 3/7 3/6
Mean glucose concentration (mg/dl) 116+ 11 108 +32 -8+34 0471 107 +£10 108 +10 1+7 0.535 0421 —9.6 (—34.33 to 15.04)
SD of the mean glucose (mg/dl) 19+4 16 +£5 —3+4 0.034 18+3 17 £2 —-1+£3 0.403 0.249 —1.76 (—4.87 to 1.35)
CV (%) 16 +3 24 + 33 8+ 34 0477 17 +3 16 +2 —143 0325 0437 8.98 (—14.83 to 32.79)
TAR >250 mg/dl (%) 00+00 00+£00 00=+0.0 - 00+00 00+00 0.0+00 - - -
TAR 140-250 mg/dl (%) 11+8 9+6 —2+8 0368 6+4 5+7 -0.7+4 0.656 0.498 —2.13 (—8.64 to 4.37)
TIR 70-140 mg/dl (%) 89 +7 91 +6 3+8 0208 93 +4 95+ 6 2+6 0369 0.647 1.51 (-5.33 to 8.36)
TBR <70 mg/dl (%) 07+10 01+03 -06+14 0217 14+20 03+05 -11+25 0.214 0.583 0.511 (—1.42 to 2.44)

Data are available for 10 subjects in the NaBut group and 9 subjects in the Placebo group. Data are Mean =+ SD.

2 12-week minus baseline.
b within-group comparison (12-week vs baseline) by paired t-test.

¢ between groups comparison, adjusted for baseline value and sex by univariate ANCOVA. CV, Glucose variability; GMI, Glucose management indicator; TAR, Time above

target glucose range; TIR, Time in range; TBR, Time below targets glucose range.

Table 5

CGM-derived metrics of the daily glucose profile at baseline and after 12 weeks of treatment in participants with type 2 diabetes.

b

b

NaBut + Hypoenergetic diet p Placebo + Hypoenergetic diet p p value® Mean difference
a o
Baseline 12-week  ° Baseline 12-week  * between® (95 % Cl)
Sex (MJF) 5/4 7/5
Mean glucose concentration 127 +10 133 +£17 6413 0163 1334+17 141+17 8416 0.093 0.762 —1.97 (-15.41 to 11.47)
(mg/dl)
SD of the mean glucose 28 +6 29+ 6 1+7 0675 28+9 29+7 1+5 0.345 0.896 —0.33 (-5.61 to 4.94)
(mg/dl)
CV (%) 22+ 4 21+ 4 -03+50 0887 22+4 21+ 4 —-1+3 0.231 0.640 0.86 (—2.93 to 4.65)
TAR >250 mg/dl (%) 01+03 03+07 02+04 0169 0.7+2 0.7 £2 0.08+09 0.754 0.676 0.14 (—0.55 to 0.82)
TAR 140-250 mg/dl (%) 25+9 16 + 13 —-9+49 0.013 32419 35+ 19 4+ 17 0.453 0.044 -13.31 (-26.22 to —0.39)
TIR 70-140 mg/dl (%) 74 +9 83+ 13 9+9 0.012 68 +20 65 + 20 —-3+16 0.512 0.047 12.42 (0.16-24.67)
TBR <70 mg/dl (%) 01+£03 03+05 02+06 0347 05+2 00+£00 -05+2 0166 0.114 0.72 (~0.19 to 1.63)

Data are available for 9 subjects in the NaBut group and 12 subjects in the Placebo group. Data are Mean =+ SD.

¢ 12-week minus baseline.
b within-group comparison (12-week vs baseline) by paired t-test.

¢ between groups comparison, adjusted for baseline value and sex by univariate ANCOVA.

(r = —0.655, p = 0.013), while a borderline association was
observed with body weight changes (r = —0.459, p = 0.07).
Moreover, changes in serum butyrate were inversely related to
time above range (TAR; 140-250 mg/dl) (r = —0.554, p = 0.048).

4. Discussion

The most relevant findings of our study are that oral sodium
butyrate (NaBut) supplementation, provided alongside a moder-
ately hypoenergetic diet, compared with placebo, results in: (1) a
clinically meaningful reduction in body weight, with a large
between-group effect size, in adults with obesity without diabetes
while not inducing significant weight changes in those with
obesity and type 2 diabetes (T2D); and (2) improved glycemic
control, reflected by a significant reduction in time above range
(TAR) and a concomitant increase in time in range (TIR), observed
exclusively in participants with T2D. Notably, these effects were
accompanied by an increase in circulating butyrate, supporting a
central role for butyrate in mediating the observed metabolic re-
sponses. Collectively, these divergent outcomes suggest that the
metabolic efficacy of NaBut depends on the host's underlying
pathophysiological context.

In non-diabetic obesity, NaBut supplementation induced
significantly greater weight loss than placebo, with an average
between-group difference of approximately 3.7 kg. The effect was
already evident after two weeks and progressively increased over
time, suggesting a time-dependent response consistent with a
dose-duration effect. Importantly, weight loss was primarily
attributable to a reduction in fat mass, while body cell mass—a key

component of lean tissue—was preserved. From a clinical
perspective, this represents a favourable outcome, as preservation
of lean mass supports resting energy expenditure and is associated
with better functional capacity and metabolic health. As expected,
the observed reductions in triglycerides, insulin concentrations,
and insulin resistance were largely explained by the greater
weight loss achieved with NaBut supplementation.

These findings are consistent with those reported by Amiri et al.
[16], who showed that supplementation with 600 mg/day of NaBut
for eight weeks significantly reduced body weight by approxi-
mately 2.5 kg and improved lipid profiles in adults with obesity.
Our data extends and reinforces these observations by suggesting
that higher doses and/or longer supplementation periods may
further enhance these effects, supporting the concept that buty-
rate exerts dose- and time-dependent metabolic actions.

In contrast, NaBut did not induce significant weight loss in
adults with obesity and T2D and this result is new compared to
what is present in the literature. The attenuated weight response
in T2D likely reflects disease-specific metabolic constraints.
Chronic hyperinsulinaemia may suppress lipolysis and limit
butyrate-driven stimulation of mitochondrial oxidation [3].
Concurrently, the systemic and hypothalamic inflammation char-
acteristic of T2D [22] may impair satiety signalling and disrupt
energy homeostasis. In addition, diabetes-associated gut dysbiosis
may reduce responsiveness to exogenous short-chain fatty acids,
thereby attenuating downstream effects on the gut-brain axis and
on satiety-related hormones such as GLP-1 and PYY [23,24]. This
interpretation is consistent with evidence from Phase III clinical
trials, which show that weight-loss pharmacotherapies are
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generally less effective in individuals with T2D than in those with
non-diabetic obesity, largely due to more severe insulin resistance
and persistent hyperinsulinemia, which limits lipid mobilization
[25-27].

To the best of our knowledge, our intervention study is the first
to demonstrate an improvement of glycemic control in individuals
with T2D—assessed using CGM-derived metrics— that was inde-
pendent of changes in body weight. Continuous glucose moni-
toring allows a dynamic and clinically meaningful evaluation of
glucose regulation, an approach not adopted in previous supple-
mentation trials. Specifically, NaBut increased the percentage of
daily time spent in the tight range (i.e., the normoglycemic range)
by 9 %, without any intensification of glucose-lowering therapy.
This finding is remarkable and clinically relevant, given that even
smaller gains (>5 %) in TIR — and particularly in tight TIR - are
associated with a reduced glycemic variability and, in turn, a lower
risk of both micro and macrovascular complications [21]. Similar
improvements in glucose control metrics, particularly in the target
range of 70-140 mg/dL, were not observed in individuals without
diabetes. However, this was expected as these participants already
spent approximately 90 % or more of the time within that range.
Detecting any further improvement would therefore require a
larger sample size and, in any case, the clinical relevance of such an
improvement would be minimal.

Across both cohorts, NaBut supplementation significantly
improved gastrointestinal symptoms compared with placebo,
including constipation, bloating, abdominal pain, and flatulence.
These effects are biologically plausible, given butyrate's trophic
actions on the intestinal epithelium, its ability to strengthen barrier
integrity, and its influence on gut motility and mucosal secretion
[4,28]. Beyond symptomatic relief—an established indication for
NaBut, particularly in paediatric settings—these improvements
may also indirectly contribute to metabolic regulation, as suggested
by the observed correlations with metabolic outcomes.

Reductions in body weight among participants with obesity
and improvements in glycemic control among those with T2D
were associated with increases in circulating butyrate, suggesting
a mechanistic link between butyrate availability and metabolic
outcomes. However, these exploratory correlations do not estab-
lish causality, and the underlying biological mechanisms require
confirmation.

Interestingly, NaBut supplementation also increased circulating
propionate levels.

The rise in propionate may be relevant in T2D, a condition often
characterized by gut dysbiosis with reduced abundance of
endogenous butyrate-producing bacteria and an overall dimin-
ished SCFA-producing capacity [23,29]. Provision of exogenous
butyrate may help re-stabilize microbial fermentation, enhance
cross-feeding interactions, and improve the turnover of shared
metabolic intermediates such as lactate and succinate, thereby
favoring propionate production [30-32]. In addition, by strength-
ening gut barrier function and reducing metabolic endotoxaemia
and low-grade inflammation [33-35], butyrate may create a more
favourable intestinal environment that supports SCFA-producing
microbial communities, consistent with the parallel increase in
circulating propionate observed in our study.

The mechanisms through which butyrate may exert its meta-
bolic effects are likely to be different as suggested by evidence
from in vitro and animal studies. By activating FFAR2 and FFAR3 on
enteroendocrine L cells, butyrate may stimulate the secretion of
GLP-1 and PYY, thereby enhancing glucose-dependent insulin
secretion, delaying gastric emptying, attenuating postprandial
glycemic excursions, and increasing satiety, ultimately leading to
reduced energy intake [24,36,37].
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Beyond these endocrine effects, butyrate may reinforce intes-
tinal barrier integrity and reduce metabolic endotoxaemia and
low-grade inflammation, processes that are centrally involved in
both insulin resistance and obesity-related metabolic dysfunction
[38]. In addition, butyrate may promote a shift toward increased
fatty acid oxidation and improved mitochondrial efficiency,
further contributing to reductions in adiposity and improvements
in insulin sensitivity [39].

The concomitant increase in propionate may potentiate these
effects through shared FFAR2/FFAR3-mediated incretin and PYY
signalling [40] and, potentially, through additional suppression of
hepatic gluconeogenesis [41]. Overall, these complementary
mechanisms provide a coherent framework linking NaBut sup-
plementation to parallel effects on body weight regulation and
glucose homeostasis, particularly in T2D, where endogenous SCFA-
producing networks are frequently compromised.

Key strengths of this study include its randomized, placebo-
controlled design and the use of continuous glucose monitoring,
which enabled a dynamic and detailed assessment of glycemic
outcomes. The parallel inclusion of adults with obesity with and
without T2D allowed direct comparison of phenotype-specific
responses, highlighting the importance of metabolic context in
determining the efficacy of NaBut. Limitations include the rela-
tively small sample size, the short intervention duration, which
preclude conclusions regarding the long-term sustainability of the
observed effects, and the restriction to individuals with good
metabolic control treated with metformin alone limiting the
generalizability of the findings to patients with more advanced
type 2 diabetes or more complex pharmacological regimens.
Additional limitations include the absence of direct assessment of
gut microbiota composition and mechanistic biomarkers (e.g.,
incretin responses or inflammatory mediators), which precludes
definitive conclusions about the pathways underlying the
observed clinical effects. Future studies should explore broader
dosing regimens, longer follow-up periods, and combination
strategies with prebiotics or probiotics to optimize butyrate de-
livery and microbiota-mediated responsiveness.

In conclusion, NaBut supplementation combined with moder-
ate caloric restriction promoted significant weight loss in adults
with obesity without diabetes and was accompanied by a more
favorable lipid profile. In adults with obesity and T2D, NaBut
improved glycemic control and lipid parameters largely indepen-
dently of changes in body weight.

Although Na-But supplementation cannot be considered a
clinical alternative to currently available pharmacological weight-
loss therapies, given the substantially greater effects achieved with
these agents, in individuals with moderate overweight, NaBut
supplementation may provide modest support for weight reduc-
tion, with good tolerability and the potential for additional
gastrointestinal benefits.

Overall, our findings support the metabolic role of sodium
butyrate in humans and suggest further investigation into its
therapeutic potential. Future studies with mechanistic endpoints
are needed to elucidate the underlying mechanisms and to better
define the clinical contexts in which NaBut supplementation may
be most beneficial.
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