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Oral butyrate does not affect innate immunity
and islet autoimmunity in individuals with longstanding type 1
diabetes: a randomised controlled trial
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Abstract
Aims/hypothesis The pathophysiology of type 1 diabetes has been linked to altered gut microbiota andmore specifically to a shortage
of intestinal production of the short-chain fatty acid (SCFA) butyrate, which may play key roles in maintaining intestinal epithelial
integrity and in human and gut microbial metabolism. Butyrate supplementation can protect against autoimmune diabetes in mouse
models. We thus set out to study the effect of oral butyrate vs placebo on glucose regulation and immune variables in human
participants with longstanding type 1 diabetes.
Methods We administered a daily oral dose of 4 g sodium butyrate or placebo for 1 month to 30 individuals with longstanding type 1
diabetes, without comorbidity or medication use, in a randomised (1:1), controlled, double-blind crossover trial, with a washout period
of 1 month in between. Participants were randomly allocated to the ‘oral sodium butyrate capsules first’ or ‘oral placebo capsules first’
study arm in blocks of five. The clinical investigator received blinded medication from the clinical trial pharmacy. All participants,
people doing measurements or examinations, or people assessing the outcomes were blinded to group assignment. The primary
outcome was a change in the innate immune phenotype (monocyte subsets and in vitro cytokine production). Secondary outcomes
were changes in blood markers of islet autoimmunity (cell counts, lymphocyte stimulation indices and CD8 quantum dot assays),
glucose and lipid metabolism, beta cell function (by mixed-meal test), gut microbiota and faecal SCFA. The data was collected at the
Amsterdam University Medical Centers.
Results All 30 participants were analysed. Faecal butyrate and propionate levels were significantly affected by oral butyrate
supplementation and butyrate treatment was safe. However, this modulation of intestinal SCFAs did not result in any significant
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changes in adaptive or innate immunity, or in any of the other outcome variables. In our discussion, we elaborate on this important
discrepancy with previous animal work.
Conclusions/interpretation Oral butyrate supplementation does not significantly affect innate or adaptive immunity in humans
with longstanding type 1 diabetes.
Trial registration Netherlands Trial Register: NL4832 (www.trialregister.nl).
Data availability Raw sequencing data are available in the European Nucleotide Archive repository (https://www.ebi.ac.uk/ena/
browse) under study PRJEB30292.
Funding The study was funded by a Le Ducq consortium grant, a CVON grant, a personal ZONMW-VIDI grant and a Dutch
Heart Foundation grant.
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Abbreviations
CCR C-C chemokine receptor
CRP C-reactive protein
CXCR CXC chemokine receptor
DRiP Defective ribosomal product
IA Islet antigen
IMDM Iscove’s modified Dulbecco’s medium
IQR Interquartile range
LPS Lipopolysaccharide
MFI Mean fluorescence intensity
NK Natural killer
PBMC Peripheral blood mononuclear cell
PPI Preproinsulin
SCFA Short-chain fatty acid
Treg T regulatory cell

Introduction

Type 1 diabetes is the second most frequent autoimmune
disease in childhood and its incidence has tripled in the last
30 years [1]. The gut microbiota composition and, more
specifically, a decrease in producers of the short-chain fatty
acid (SCFA) butyrate have been implicated in type 1 diabetes
development [2–6]. We and others recently reported subtle
differences in the microbiota composition of a cohort of indi-
viduals with type 1 diabetes compared with control partici-
pants, including lower faecal butyryl-acetyl-CoA transferase
gene activity, lower levels of butyrate-producing Roseburia
and lower plasma SCFA concentrations [7]. In addition to
being the main energy source for colonocytes, the SCFA buty-
rate has beneficial effects on markers of immunity that have
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been linked to the pathophysiology of type 1 diabetes. For
example, its immune-dampening effects on lipopolysaccha-
ride (LPS)-induced inflammation and oxidative stress have
already been well-established in inflammatory bowel disease
[8]. Recently, oral butyrate was found to decrease cytokine
release in individuals with the metabolic syndrome and to
decrease induction of trained immunity [9].

Butyrate may be beneficial in type 1 diabetes through vari-
ous mechanisms. First, butyrate induces differentiation of T
regulatory cells (Tregs) through histone H3 acetylation in
animal models [10, 11], while it induces apoptosis of murine
proinflammatory Tcells in vitro [12]. These effects may play a
role in type 1 diabetes, as specific autoreactive T cells have
been found to be primed in the gut of NODmice [13]. Finally,
increased butyrate production via co-fermentation of acetate
by communities rich in Akkermansia may protect against the
development of anti-islet cell autoantibodies [14]. A recent
study showed that a diet rich in butyrate and acetate can
prevent type 1 diabetes in NOD mice [15] and confirmed that
high acetate and butyrate levels coincide with protection from
autoimmune diabetes in NOD mice, as was previously report-
ed [16]. In contrast, intestinal microbes will start degrading the
protective mucus layer in order to maintain SCFA production
if deprived of dietary fibre, thereby increasing bacterial trans-
location and immunogenicity [17]. These changes are associ-
ated with increased circulating levels of toll-like receptor 2
and 4 ligands in type 1 diabetes, due to increased intestinal
permeability [18, 19]. In addition, butyrate supplementation
induces hyporesponsiveness to LPS, which coincides with
less LPS-induced IL-6 and IL-12 secretion in intestinal macro-
phages, eliciting tolerance towards intestinal microbiota [20].
Furthermore, animal studies have suggested that butyrate can
improve intestinal barrier function by upregulating tight-
junction proteins [21]. Finally, the interaction between gut
microbes and the innate immune system has been shown to
be a crucial factor in the development of autoimmune diabetes
in NOD mice [22].

Insulitis and beta cell destruction are focal and non-
exhaustive processes [23], and most individuals with
longstanding type 1 diabetes retain some residual C-peptide
secretion [24, 25]. In line with this, it has been postulated that
human type 1 diabetes beta cells are in a state of senescence
[26] that might be reversed by restoring the intestinal immune
balance (e.g. by restoring the SCFA balance). As the innate
immune system has now been established to retain immuno-
logical memory after previous encounters with inflammatory
stimuli [27] such as gut microbial antigens (‘trained innate
immunity’), the SCFAs, including butyrate, may be excellent
candidates to downregulate such a proinflammatory status in
type 1 diabetes. Therefore, we studied the effect of oral

butyrate capsule supplementation compared with placebo for
4 weeks on both safety and the innate and adaptive immune
systems in individuals with longstanding type 1 diabetes.
Moreover, we studied the effects on islet autoimmunity and
(mixed-meal test stimulated) residual beta cell function in
relation to changes in intestinal microbiota composition.

Methods

Participant recruitment Participants with type 1 diabetes were
recruited from outpatient diabetes clinics in the Amsterdam
region between February 2015 and February 2016. All partici-
pants providedwritten informed consent and all study procedures
were approved by the institutional review board (ethics commit-
tee) of the Academic Medical Center and conducted in accor-
dance with the Declaration of Helsinki. The study was prospec-
tively registered with the Netherlands Trial Register (NL4832).
Inclusion criteria for participants were a diagnosis of type 1
diabetes, European descent, age 18–65 years and normal BMI
(18.5–25.0 kg/m2). Exclusion criteria were known determinants
of an altered microbiota composition, including medication use
besides insulin (e.g. statins, proton-pump inhibitors), use of anti-
biotics in the last 3 months and use of probiotics. In addition,
individuals with unusual dietary habits (including a vegetarian
diet) and medical conditions beside type 1 diabetes that are
believed to affect or associate with glucose metabolism or an
altered gut microbiota (e.g. coeliac disease, cholecystectomy, irri-
table bowel syndrome, autoimmune thyroid disease) [28] were
excluded.

Randomisation and study design Participants were randomly
allocated to the ‘oral sodium butyrate capsules first’ or ‘oral
placebo capsules first’ study arm in blocks of five. The clinical
investigator received blinded medication from the clinical trial
pharmacy. This was dispersed to the participants, who started
with either 4 g (2 g twice daily) sodium butyrate or placebo
capsules (produced by Sensilab, Lódz, Poland). Of note, 4 g/
day was the maximum daily dose allowed by the institutional
review board based on previous human intervention studies
[29, 30]. Compliance was evaluated by counting the number
of capsules returned after 4 weeks of treatment. A washout
period of 4 weeks was maintained before transfer to the other
study arm. The study and statistical analysis scheme is shown in
electronic supplementary material (ESM) Fig. 1. Participants
were asked to maintain their habitual physical activity pattern,
but to refrain from heavy exercise in the days preceding study
visits. Participants were encouraged to continue with their usual
diet. All participants completed an online nutritional diary
(https://mijn.voedingscentrum.nl/nl/eetmeter) for 1 week
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before each study visit to monitor their intake of carbohydrates,
fat, protein and fibre.

Study procedures During each study visit, anthropometric
measurements (i.e. height, weight and hip and waist circum-
ference) were taken and BP was measured. Blood was
sampled after an overnight fast. Plasma was isolated by centri-
fugation at 200 g for 15 min at 4°C and plasma aliquots were
stored for further analyses at −80°C. Urine was collected for
24 h prior to each visit. Faecal samples were collected at home
on the morning of the visit and frozen at −80°C at the research
facility, or on the night before the visit and frozen at home,
stored in a freezer (−20°C) overnight and transferred frozen to
the clinical research unit.

Biochemistry Fasting plasma glucose concentrations and C-
reactive protein (CRP) (Roche, Basel, Switzerland) were
determined in plasma samples. C-peptide was measured by
RIA (Millipore, Amsterdam, the Netherlands), while total
cholesterol, HDL-cholesterol and triacylglycerols were deter-
mined in plasma using commercially available enzymatic
assays (Randox, Antrim, UK; and DiaSys, Holzheim,
Germany). All analyses were performed using a Selectra
autoanalyser (Sopachem, Ochten, the Netherlands). LDL-
cholesterol was calculated using the Friedewald formula.
Calprotectin was determined in faeces using a commercial
ELISA (Bühlmann, Schönenbuch, Switzerland).

Mixed-meal test stimulated C-peptide test (for residual beta
cell function) For the mixed-meal test stimulated C-peptide
test, participants did not use their long-acting exogenous insu-
lin injections and used only half of their evening dose of short-
acting insulin on the evening before each mixed-meal test, as
previously described [31]. After an overnight fast and without
taking their short-acting morning insulin dose, a mixed-meal
test was performed with 6 ml/kg Sustacal Boost (Nestlé,
Nunspeet, the Netherlands) with a maximum of 360 ml per
person, as previously described (1004 kJ, 6 g fat, 20 g protein,
28 g carbohydrate) [32]. Subsequent blood samples to
measure C-peptide were taken at 0 and 90 min.

Isolation of peripheral blood mononuclear cells Peripheral
blood mononuclear cells (PBMCs) were isolated using
Ficoll-density gradient centrifugation (Ficoll 5.7%,
amidotrizoate 9%; LUMC Pharmacy, Leiden, the
Netherlands) at the study site. Blood, collected in EDTA-
containing tubes, was transferred to a 50 ml tube and 1:1
diluted with PBS (Braun, Kronberg, Germany) until a final
volume of 37.5 ml. This was layered on top of 12.5 ml Ficoll.
After centrifuging, the interphase containing PBMCs was
harvested and washed three times using PBS. PBMCs were
resuspended in a mixture containing 2 ml Iscove’s modified
Dulbecco’s medium (IMDM; Lonza, Basel, Switzerland), L-

glutamine, penicillin–streptomycin and 15% human serum
(Sanquin, Leiden, the Netherlands), and counted.

Ex vivo PBMC stimulation experiments Monocytes were
isolated and stimulated as previously described [33]. Next,
the monocyte-containing layer was aspirated, washed and
then plated into polystyrene 96-well plates (5 × 105 PBMCs
ml−1 well−1; Corning, New York, NY, USA) for 1 h at 37°C
and 5% CO2. Non-adherent cells were removed by washing
three times with warm PBS. The adhered monocytes were
subsequently cultured in RPMI 1640 medium with
GlutaMAX (Life Technologies/Invitrogen, Breda, the
Netherlands). Finally, monocytes were stimulated for 24 h
with medium alone (RPMI), 10 μg/ml Pam3Cys or 10 ng/ml
LPS. After incubation, supernatants were collected and stored
at −80°C. Cytokine production was measured by ELISAs
according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN, USA), as previously described [33].

Flow cytometric analysis of monocytes Erythrocytes in
EDTA-containing blood were lysed using erythrocyte-lysis
buffer (Affymetrix; eBioscience, San Diego, CA, USA), after
which the cells were washed with PBS (5 min at 4°C). Next,
the supernatant containing the lysed erythrocytes was
removed and leucocytes were incubated with fluorescently
labelled antibodies (see ESM Table 1). Cells were washed
with PBS and samples were analysed by flow cytometry
(BD FACSCanto II; Becton Dickinson, Franklin Lakes, NJ,
USA). Monocytes were classified according to their CD14,
CD16 and HLA-DR expression. Mean fluorescence intensity
(MFI) was calculated by subtracting the MFI of the isotype
control from that of the marker. Data were analysed using
FlowJo software 9.0 (TreeStar, Ashland, OR, USA) using
the gating strategy shown in ESM Fig. 2a.

Adaptive (T cell function) immunity Blood samples were kept
at room temperature and transferred from the study site in
Amsterdam to the Leiden University Medical Center and
processed within 24 h of sampling. PBMCs were used to
measure the immune response. Granulocytes were isolated
for DNA extraction and genetic barcoding (HLA typing).

Lymphocyte stimulation test The lymphocyte stimulation test
measures proliferation of T cells by incorporating 3H-thymi-
dine in the cell’s DNA. Fresh PBMCs were cultured in 96-
well round-bottom plates in IMDM and 10% inactivated
human serum (Sanquin, Amsterdam, the Netherlands). Cells
were incubated in the conditioned medium alone or in the
presence of the autoantigen proteins GAD65, preproinsulin
(PPI), islet antigen (IA)-2 and defective ribosomal product
of proinsulin mRNA (DRiP-C-H/DRiP-R-P). All antigens
were generated as recombinant protein on site and used at a
final concentration of 10 μl/ml. For controls, cells were
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stimulated with IL-2 or tetanus toxoid. Cells were incubated
for 5 days, after which 3H-thymidine (50μl, 370 GBq/ml) was
added for the last 18 h. Cells were harvested on filters using an
automated harvester. Proliferation was determined by measur-
ing 3H-thymidine incorporation in an automatic liquid scintil-
lation counter. All results were calculated as mean cpm in the
presence of antigen and compared with medium alone. The
stimulation index was calculated as mean cpmantigen/mean
cpmmedium, and a stimulation index ≥3 was considered a posi-
tive response.

FACS analyses and quantification of autoreactive CD8 T cells
using quantum dots For phenotyping and quantification of
autoreactive CD8+ T cells, PBMCs were stained with fluores-
cent antibodies according to a standard protocol as described
previously [34]. Stained cells were measured using
FACSCanto (phenotyping) and LSR II (quantum dot)
machines (Becton Dickinson, Franklin Lakes, NJ, USA).
Phenotyping data were analysed with FlowJo software
(TreeStar) using the gating strategy (ESM Fig. 2b) or as
described previously for quantum dot analyses [34].

Faecal SCFA concentrations Fresh morning faecal samples
were collected and stored in −80°C until use. SCFAs were
measured using HPLC UVas previously published [30, 35].

Gut microbiota analyses Total genomic DNA was isolated
from 250 mg of faeces using an adapted repeated bead-
beating method based on a previously described protocol
[36]. Faecal samples were placed in bead-beating tubes and
extracted twice in lysis buffer (STARbuffer, Roche, Basel,
Switzerland) with bead-beating at 5.5 m/s for 60 s, three times
in 20 s intervals in a Precellys 24 homogeniser (Bertin,
Montigny-le-Bretonneux, France). After each bead-beating
cycle, samples were heated to 95°C for 15min and then centri-
fuged at full speed for 5 min at 4°C. Supernatants from the two
extractions were pooled and purified using the Maxwell RSC
Blood DNA Kit (Promega, Madison, WI, USA). Amplicons
containing the barcoded V4 region of 16S genes were ampli-
fied using an adapted one-step PCR method [37]. Forward
index primer (Illumina [San Diego, CA, USA] Adapter,
Index, pad, link, 16Sf) and reverse index primer (Illumina
Adapter, Index, pad, link, 16Sr) were used [38].

Template DNA (20 ng) was used in the PCR mix: 6 μl 5×
high-fidelity buffer (Thermo Fisher Scientific, Waltham, MA,
USA), 0.75μl PCR grade nucleotideMix (10 μmol/l; Thermo
Fisher Scientific), 0.3 μl Phusion DNA polymerase (2 U/μl),
18.95 μl nuclease-free water, 1.5 μl forward index primer
(10 μmol/l) and 1.5 μl reverse index primer (10 μmol/l).
The amplification program featured initial denaturation at
98°C for 30 s, 25 cycles of denaturation at 98°C for 10 s,
annealing at 55°C for 20 s, elongation at 72°C for 90 s and
extension at 72°C for 10 min [38]. PCR was performed using

a Biometra thermal cycler (Göttingen, Germany). To confirm
the presence of the PCR product, 1% agarose gel electropho-
resis containing ethidium bromide was used. PCR products
were purified using the Biomek FX robot (Beckman
Coulter, Brea, CA, USA) with AMPure XP beads (Beckman
Coulter). Amplicons were quantified using the Qubit dsDNA
BR Assay Kit (Thermo Fisher). The samples, each labelled
with a unique index, were pooled in equal molar concentra-
tions. The quality and quantity of the pooled library was
checked using a High Sensitivity DNA chip (Agilent, Santa
Clara, CA, USA) on the Bioanalyzer 2100 (Agilent) and Qubit
dsDNA BR Assay Kit. The libraries were sequenced using a
MiSeq platform (Illumina, San Diego, CA, USA) using V3
chemistry with 2 × 251 cycles. Forward and reverse reads
were length trimmed at 240 and 210 bp, respectively, and
amplicon sequence variants were inferred and merged using
dada2 (https://benjjneb.github.io/dada2/dada-installation.
html) v1.5.2. Taxonomy was assigned using dada2
implementation of the RDP classifier and SILVA 16S
ribosomal database V128 (https://www.arb-silva.de/
documentation/release-128/). Microbiota data were further
analysed and visualised using phyloseq (https:/ /
bioconductor.org/packages/release/bioc/html/phyloseq.html),
vegan (https://cran.r-project.org/web/packages/vegan/index.
html) and picante (https://cran.r-project.org/web/packages/
picante/index.html), and analyses were performed as
previously published [39]. Raw sequencing data were
submitted to the European Nucleotide Archive repository
under study PRJEB30292. A microbiota amplicon sequence
variant abundance table is supplied in the ESM, paired with
the taxonomy key (ESM Tables 2, 3).

Study endpoints The primary endpoint was a change in innate
immune function (peripheral monocyte phenotype analysed
by flow cytometry and in vitro monocyte cytokine production)
with butyrate vs placebo treatment. Secondary endpoints were
changes in adaptive immunological variables (i.e. peripheral T
cell subsets, residual beta cell function, HbA1c, total daily
insulin dose, markers of intestinal and systemic inflammation
[faecal calprotectin, CRP, leucocytes]) as well as changes in
SCFA concentrations and gut microbiome composition
following sodium butyrate vs placebo treatment.

Power calculation and statistics We based our sample-size
calculation on the assumption that 4 weeks of oral butyrate treat-
ment would induce a 30% reduction in in vitro (LPS) stimulated
monocyte TNF-α secretion (from 2.000 to 1400 pg/ml with an
SD of 500 pg/ml), whereas no effect was expected with placebo.
Using a t test on group means, a 0.05 significance level and
power of 0.8, the necessary sample size was 30. Three partici-
pants were replaced after retracting their consent for private
reasons (respectively: too burdensome, other obligations and
anxiety problems). The study ended in January 2017.
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A summary of the analysis methods is provided in ESM Fig.
1b. For baseline differences between groups and to compare
before vs after butyrate, a paired two-sided Wilcoxon’s rank
sum test or Student’s t test was used depending on the distribu-
tion of the data. Accordingly, data are expressed asmeans ± SEM
or medians with interquartile range (IQR). Spearman’s Rank test
was used for correlation analyses. To compare differences
between the treatment groups, a Wilcoxon’s test was performed
on theΔ butyrate andΔ placebo. Then, to assess a ‘carry-over’
effect, an unpaired two-sided Student’s t test was performed
between the butyrate-first group and the placebo-first group.
‘Carry-over’ effects were defined as late effects in the butyrate-
first group (n = 15) that were registered in the placebo phase, but
that may be attributed to prior butyrate use.

Results

Thirty participants with type 1 diabetes were included; 15
were allocated to the ‘oral sodium butyrate capsules first’
and 15 to the ‘oral placebo capsules first’ study arm.
Participants had a median age of 32.5 years, with a mean
diabetes duration of 8 years; 67% were male. Macronutrient

intake did not differ between study periods. Other baseline
and follow-up characteristics can be found in Table 1.

Innate immune system phenotype and functional assays
Monocyte subset analysis showed a significant numerical
increase in CD11b expression upon sodium butyrate adminis-
tration (Fig. 1k), but this was not statistically significant when
compared with the change after placebo (p = 0.32). Ex vivo
cytokine production (TNF-α, IL-10 and IL-1β) did not show
significant changes after stimulation with either LPS or
Pam3Cys (Fig. 2).

Adaptive immune system phenotype and T cell functional
in vitro assays Islet autoreactive CD8 Tcells were enumerated
using quantum dot multiplexed HLA-A2 tetramers loaded
with a range of islet epitopes (Fig. 3). IA-2-specific CD8+ T
cells were significantly decreased upon oral butyrate adminis-
tration (p = 0.009), which persisted when compared with the
change after placebo (p = 0.01) and no carry-over effect was
observed (Fig. 3d). It should be noted, however, that (in
contrast to all other analyses, which were performed using
data from all 30 participants) quantum dot analyses could only
be performed in 13/30 people (those with HLA-DR3/4 and

Table 1 Baseline and follow-up characteristics

Baseline and follow-up characteristics Before butyrate After butyrate p valuea Absolute change
butyrate

Absolute change
placebo

p value of Δsb

Age (median years, min–max) 32.5 (22–61)
Male, n/total 20/30
Diabetes duration, years (IQR) 8 (4–16)
Anti-GAD65 positive, n/total 18/30
Anti-IA-2 positive, n/total 14/30
GAD65 and IA-2 negative, n/total 8/30
BMI, kg/m2 23.5 (21.4–25.6) 23.5 (21.5–25.5) NS 0 0 NS
Daily insulin use, U/kg 0.59 (0.33–0.85) 0.61 (0.35–0.89) NS 0 0 NS
HbA1c, mmol/mol 55 (45–65) 55 (41–70) NS 0 –2 NS
HbA1c, % 7.3 (5.9–8.6) 7.3 (5.4–9.3) NS 0 −0.2 NS
Stimulated C-peptide AUC,

mmol/l × min
163 (−256–583) 155 (−125–434) NS −11 +4 NS

HDL-cholesterol, mmol/l 1.46 (1.04–1.88) 1.51 (1.00–2.01) NS +0.06 −0.08 NS
LDL-cholesterol, mmol/l 2.65 (1.76–3.53) 2.80 (1.83–3.77) NS +0.15 −0.19 NS
Triacylglycerols, mmol/l 0.69 (0.28–1.10) 0.77 (0.28–1.25) NS +0.08 +0.01 NS
CRP, nmol/l 5.7 (−6.0–17.4) 5.7 (−2.1–13.6) NS 0 +1 NS
Faecal calprotectin, μg/g 25 (−3–53) 22 (−15–59) NS −3 −3 NS
Faecal acetate, μmol/g 103 (47–160) 87 (47–128) 0.031 –16 −1.4 NS
Faecal propionate, μmol/g 23.4 (5.7–41.0) 18.6 (4.5–32.7) 0.003 −4.7 +0.57 0.02
Faecal butyrate, μmol/g 19.9 (−5.6–45.4) 13.7 (7.9–35) 0.001 −6.2 +5.3 0.03
Total faecal SCFA, μmol/g 168 (84–253) 145 (69–223) 0.014 −23 +3.5 NS (0.09)
Total energy intake, kJ/day 7880 (5633–10,118) 7750 (5717–9771) NS −130 −100 NS
Protein intake, g/day 76 (51–102) 74 (59–89) NS −2 +5 NS
Carbohydrate intake, g/day 192 (108–275) 198 (127–269) NS +6 +4 NS
Fat intake, g/day 77 (62–92) 76 (61–92) NS −1 +5 NS
Fibre intake, g/day 20 (9–30) 20 (12–28) NS 0 +1 NS

Data are expressed as medians with IQR except where otherwise specified (i.e. n/total or median [min–max])

p values were calculated using Mann–Whitney test
a p values comparing before vs after butyrate
b p values comparing Δ butyrate vs Δ placebo
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-DQ2/8) and that a large baseline difference was seen between
the butyrate and placebo treatment groups. CD8 cells specific
for other epitopes did not change significantly. Lymphocyte
stimulation assays showed no statistically significant changes
in Tcell proliferation in response to islet autoantigens (Fig. 4).
Flow cytometry analysis showed no significant change in
natural killer (NK) cells, B cells,β7/CD49d and CXC chemo-
kine receptor (CXCR)3/C-C chemokine receptor (CCR)5-
positive CD8+ T cells, β7/CD49d and CXCR3/CCR5 CD4+

T cells or natural Tregs (Fig. 5), or several additional lympho-
cyte subsets (ESM Fig. 3).

SCFAs, glucose metabolism and inflammatory variables In
line with our previous work, in which oral butyrate was
administered to participants with the metabolic syndrome
[30], faecal SCFA content decreased significantly after
4 weeks of oral butyrate treatment (Fig. 6f), with a concomi-
tant reduction in faecal levels of acetate, propionate and buty-
rate (Table 1; Fig. 6g–i).

No effects on weight, BMI, energy intake, fasting glucose
or total daily insulin dose were seen (Table 1), nor on inflam-
matory variables (plasma CRP levels and faecal calprotectin)
(Fig. 6d, e). Finally, while 21 out of 30 participants still had
some endogenous C-peptide secretion at baseline before the
mixed-meal test, as previously described in individuals with

longstanding type 1 diabetes [24, 25], residual beta cell func-
tion (mixed-meal test-stimulated C-peptide levels) or HbA1c

did not improve significantly (Fig. 6a, b), which was in line
with our expectations from this short treatment course.

Gut microbiota composition upon oral butyrate treatmentBy
applying the Extreme Gradient Boosting classification algo-
rithm [40] in combination with a stability selection procedure
[41] to identify which intestinal bacterial species were most
discriminative between oral butyrate vs placebo treatment, we
identified Lachnospira pectinoschiza, Ruminococcaceae spp.,
Marvinbryant ia spp . , Erys ipe lo t r ichaceae spp . ,
Bifidobacterium adolescentis/faecale/stercoris, Dorea
formicigenerans and several Lachnospiraceae spp. to be the
top ten most discriminative taxa (Fig. 7a). A more complete
list including the top 30 features that were most discriminatory
is provided in ESM Fig. 4. The receiver-operator curve AUC
was 0.63 ± 0.15 on the test dataset. The observed discrimina-
tive effect of the selected top ten taxa on separation between
butyrate and placebo can be appreciated in the partial least-
squares discriminant analysis plot (Fig. 7c), showing poor
separation of the butyrate and placebo groups. Finally, faecal
microbiota diversity, as calculated using the Shannon index
(alpha diversity), did not alter significantly during the study
period in either group (Shannon’s diversity index: butyrate,
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from 4.36 ± 0.27 to 4.33 ± 0.34 vs placebo, from 4.35 ± 0.26
to 4.38 ± 0.25, NS).

Discussion

Recent animal studies have suggested a causal role for altered
intestinal SCFAmetabolism in type 1 diabetes [15, 17, 42]. To
our knowledge, we here present the first human study
assessing the safety and effect of oral butyrate supplementa-
tion on immune system function and residual beta cell secre-
tory capacity. We observed a significant decrease in faecal
SCFA levels following oral butyrate treatment, with no
change in innate immunity or residual beta cell function.
Although we observed a change in autoreactive IA-2-
specific CD8+ T cells, this was only in a subset of 13/30
participants with HLA-DR3/4 and -DQ2/8, and with large
baseline variation between the groups. Thus, our data in
human type 1 diabetes seem to contrast abounding literature
on the beneficial effects of butyrate in mouse models of type 1
diabetes. This may be explained by differences in the mode of
administration and dosing, the timing and duration of the
intervention in relation to the stage of the disease process,
systemic vs local effects of butyrate or differences between
human and animal physiology, pathology and microbiology.

Exploring these issues may contribute to our understanding of
the role of butyrate in (new-onset) human type 1 diabetes and
guide future research.

Recently, butyrate and acetate supplementation were
shown to protect NOD mice from developing autoimmune
diabetes [15]. Diet-induced increases in butyrate affected
Treg activity, while acetate decreased splenic B cells.
However, type 1 diabetes in humans does not necessarily
require B cells [43]. In addition, these effects were observed
after a diet optimised for high colonic release of butyrate and
acetate, rather than direct oral administration of SCFA,
complicating direct comparison. In line with our previous
study that found similar faecal bacterial strains to be altered
upon oral butyrate treatment in humans [30], we observed that
several species of Lachnospiraceae, a family containing many
important butyrate-producing genera, were more abundant
after butyrate use (L. pectinoschiza, D. formicigenerans),
while Lachnospiraceae Blautia , Lachnospiraceae
Marvinbryantia, Lachnospiraceae NK4A136 group and
Faecalibacterium prausnitzii were less abundant. However,
it should be noted that the small intestinal microbiota may
be more important in type 1 diabetes pathogenesis than the
faecal microbiota [44]. Thus, it is conceivable that oral buty-
rate supplementation downregulates the intestinal abundance
of butyrate producers, or downregulates microbial gene
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expression involved in the production of butyrate, as butyrate
is a waste product of these microbes. This corresponds to our
finding of lower faecal total SCFA and butyrate levels upon
oral butyrate supplementation. It is therefore possible that oral
butyrate supplementation is counterproductive, whereas
supplementation of dietary fibres would increase the abun-
dance of intestinal butyrate-producing species and associated
benefits.

T cell autoimmunity in individuals with type 1 diabetes
persists decades after diagnosis, which has been demonstrated
in individuals with type 1 diabetes who received either full

pancreas transplants [24] or islet transplants. In these individ-
uals, a recurrence of islet autoimmunity can be seen [45–47].
Our study showed no relevant effect of oral butyrate on T cell
autoimmunity. Inherent to clinical studies, we could only
investigate immune cells in peripheral blood. In mouse stud-
ies, differences in splenic B cells and Treg cells were observed
that were not reflected in the pancreatic and mesenteric lymph
nodes, underscoring important compartmental differences in
characterising immune phenotype and function, although
peripheral islet autoreactive Tcells have been shown to mimic
islet autoimmunity in pancreatic lesions [23, 47–49]. While
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these changes may be mediated by changes in intestinal
epithelial integrity, as seen in mouse models [50], we did not

observe an increase in the intestinal inflammation marker
faecal calprotectin.
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Our study was conducted in participants with longstanding
type 1 diabetes and not in those with new-onset type 1 diabe-
tes, which would be an interesting treatment group for future
clinical studies. In line with our previous human study [30] we
used a standard daily dose of 4 g sodium butyrate given by the
oral route to increase butyrate availability in the small intestine
rather than in the colon, as both innate and adaptive immune
cells are believed to be trained in the small intestinal mucosa
before exerting their function in the peripheral tissues [51]. In
addition, dysbiosis specifically in the duodenum and pancre-
atic ducts has been implicated in innate immune-mediated
beta cell infiltration [52]. Our data suggest that treatment
altered SCFA concentrations across the entire gastrointestinal
tract, as faecal amounts were decreased. Thus, the current
mode of delivery should be sufficient to affect training of

immune cells involved in beta cell destruction and inflamma-
tion. Nevertheless, rectal SCFA administration also warrants
consideration, as rectal butyrate administration at roughly
12.5% of our oral dose in humans has already been shown
to achieve increased but safe butyrate levels in portal venous,
hepatic venous and peripheral blood [53]. Finally, we chose a
crossover design so that participants could be their own refer-
ence and to increase statistical power, as eligible individuals in
the region were limited by necessarily strict inclusion criteria.
Although we have addressed a potential carry-over effect in
our statistical analysis, our crossover design may impair
assessment of immunological memory variables such as
trained immunity [54].

In conclusion, in this first-in-humans study, we report that a
course of oral butyrate supplementation in individuals with
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longstanding type 1 diabetes was safe, but did not affect
peripheral blood innate and adaptive immunity in any of our
assays. This puts into perspective prior research on the prom-
ising role of butyrate as an immune regulator in human type 1
diabetes. Nevertheless, future studies should elucidate wheth-
er butyrate can benefit individuals with new-onset type 1
diabetes or their IA-positive siblings if a longer treatment
duration and/or different modes of directly or indirectly
increasing intestinal butyrate levels are used.
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