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Context: There is substantial evidence that reduced short-chain fatty acids (SCFAs)
in the gut are associated with obesity and type 2 diabetes, although findings from
clinical interventions that can increase SCFAs are inconsistent. Objective: This sys-
tematic review and meta-analysis aimed to assess the effect of SCFA interventions
on fasting glucose, fasting insulin, and homeostatic model assessment of insulin
resistance (HOMA-IR). Data Sources: Relevant articles published up to July 28,
2022, were extracted from PubMed and Embase using the MeSH (Medical Subject
Headings) terms of the defined keywords [(short-chain fatty acids) AND (obesity OR
diabetes OR insulin sensitivity)] and their synonyms. Data analyses were performed
independently by two researchers who used the Cochrane meta-analysis checklist
and the PRISMA guidelines. Data Extraction: Clinical studies and trials that meas-
ured SCFAs and reported glucose homeostasis parameters were included in the
analysis. Standardized mean differences (SMDs) with 95%CIs were calculated using
a random-effects model in the data extraction tool Review Manager version 5.4
(RevMan 5.4). The risk-of-bias assessment was performed following the Cochrane
checklist for randomized and crossover studies. Data Analysis: In total, 6040 non-
duplicate studies were identified, 23 of which met the defined criteria, reported fast-
ing insulin, fasting glucose, or HOMA-IR values, and reported change in SCFA con-
centrations post intervention. Meta-analyses of these studies indicated that fasting
insulin concentrations were significantly reduced (overall effect: SMD¼�0.15;
95%CI¼�0.29 to �0.01, P¼ 0.04) in treatment groups, relative to placebo
groups, at the end of the intervention. Studies with a confirmed increase in SCFAs
at the end of intervention also had a significant effect on lowering fasting insulin
(P¼ 0.008). Elevated levels of SCFAs, compared with baseline levels, were associ-
ated with beneficial effects on HOMA-IR (P< 0.00001). There was no significant
change in fasting glucose concentrations. Conclusion: Increased postintervention
levels of SCFAs are associated with lower fasting insulin concentrations, offering a
beneficial effect on insulin sensitivity.
Systematic Review Registration: PROSPERO registration number
CRD42021257248.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is characterized by a

reduction in b-cell function as well as by insulin resist-

ance, wherein skeletal muscle, liver, and adipocytes can-

not uptake sufficient amounts of glucose.1 It leads to

life-threatening complications such as neuropathy, ret-

inopathy, and cardiovascular disease. According to the

World Health Organization, there are over 537 million

adults living with T2DM, and this number is estimated

to reach 783 million by 2045.2

Along with T2DM, overweight (body mass index

[BMI] of 25 to < 30 kg/m2) and obesity (BMI� 30) are

considered major health problems, currently affecting

approximately 2 billion people worldwide.3,4 Obesity is

a major risk factor for the development of cardiovascu-

lar disease, hypertension, and stroke. It is also known to

dramatically increase the risk of T2DM, as 90% of indi-

viduals with T2DM are obese or overweight.5 Beneficial

effects of gut microbiota and short-chain fatty acids

(SCFAs) on metabolic health in obesity6,7 and T2DM8,9

have been reported. Differences of the diversity of the

gut microbiome are well recognized between lean and

obese individuals6,7 as well as between individuals with

and without diabetes.10,11 Gut microbes produce

SCFAs, mainly acetate, propionate, and butyrate,

through the fermentation of resistant starch or soluble

fiber. These molecules induce the expression of gut hor-

mones such as peptide tyrosine-tyrosine (PYY) and

glucagon-like peptide 1 (GLP-1) via free fatty acid

receptors (G-protein–coupled receptors 41 and 43),12,13

leading to appetite suppression14 and improvement of

glucose tolerance and insulin sensitivity.15,16 In addi-

tion, fecal transplantation from lean donors to obese

recipients altered the gut microbial composition and

improved insulin sensitivity in the recipients.17,18

Short-chain fatty acids can be administered directly,

as sodium salts or esters, or indirectly, as pre-/probiotics

or high-fiber diets. Multiple clinical trials have aimed at

increasing SCFA levels in participants with impaired

insulin sensitivity, preexisting overweight/obesity, or

multiple gastrointestinal abnormalities. Many meta-

analyses of SCFAs in human clinical trials are available,

but most of these focus on irritable bowel disease,19–21

inflammatory markers,22,23 obesity,24,25 or gut biota.26,27

Relevant previous meta-analyses (see Table S1 in the

Supporting Information online) report effects on insulin

and glucose concentrations after consumption of spe-

cific diets such as those high in fiber, resistant starch or

whole grains, or synbiotics and probiotics. Only one

review analyzed changes in total SCFAs, along with

levels of Bifidobacteria and fasting glucose; however, it

did not examine the effect of SCFA changes on fasting

insulin or homeostatic model assessment of insulin

resistance (HOMA-IR). Until now, there is no system-

atic review and meta-analysis that assessed the effects of

postintervention changes in SCFAs on insulin sensitivity

in humans. To address this research gap, clinical studies

(randomized clinical trials, observational studies, or

treatment-only studies) that reported actual values of

glucose, insulin, or HOMA-IR and that measured

SCFAs following interventions were analyzed. This sys-

tematic review and meta-analysis includes different

interventions that have the potential to alter SCFAs and

is focused on studies that confirm a change in SCFA

concentrations post intervention.

METHODS

Literature search

A systematic search was carried out using PubMed and

Embase via Ovid for studies published from January 1,

1959, to July 28, 2022. There were no restrictions on the

use of MeSH (Medical Subject Heading) terms and their

synonyms. The keywords used for the literature search

were “short-chain fatty acids” AND (“obesity” OR

“diabetes” OR “insulin sensitivity”). All studies were

screened by title, abstract, and full-text reading (Figure 1),

following the Cochrane meta-analysis checklist and the

PRISMA (Preferred Reporting Items for Systematic

reviews and Meta-Analyses) guidelines28 (see Appendix

S1 in the Supporting Information online). Descriptions of

search strategy, study eligibility, data extraction, and anal-

ysis of this systematic review were preregistered in the

PROSPERO system (ID no. CRD42021257248).

Inclusion and exclusion criteria

Papers were included for screening if they contained

the keywords (as defined in the Literature search section

above) and met the PICOS (Participants, Intervention,

Comparator, Outcomes, Study design) criteria summar-

ized in Table 1. The following exclusion criteria were

applied: (1) studies other than human studies, such as

animal studies or cell culture studies, (2) studies not

published in the English language, and (3) publication

types other than peer-reviewed original papers, such as

systematic reviews, meta-analyses, reviews, conference

publications, non-article papers, generic writing, theses

or chapters, and case reports, (4) studies not providing

data for fasting glucose, fasting insulin, or HOMA-IR,
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and (5) studies not reporting pre- and postintervention

SCFA changes.

Data extraction

Results of the literature search were added to an

EndNote X829 library and entered into an MS Excel

worksheet for data screening and extraction (Figure 1).

The first step of removing duplicate hits from the two

databases (Embase and PubMed) was performed in the

EndNote library, where papers with identical titles and

authors were marked as duplicates and removed. In the

screening step, titles and abstracts were assessed for eli-

gibility, and articles were excluded if they met any of

the exclusion criteria. The full-text versions of the 23

qualifying papers that met the inclusion criteria (origi-

nal clinical studies in humans; provided values, not area

under the curve [AUC] values or coefficients) of fasting

Figure 1 Flow diagram of the literature search process.

Table 1 PICOS criteria for inclusion and exclusion of studies
Parameter Inclusion criteria Exclusion criteria

Participants Healthy adults, obese/overweight adults, or
adults with underlying conditions

Animal and in vitro cellular studies

Interventions Direct SCFAs interventions (oral/IV infusion/
enema of sodium acetate, propionate, or
butyrate, alone or mixed) or dietary sup-
plementation (resistant starch, inulin, or
chemically modified fiber)

Direct supplementation with substances
other than the 3 SCFAs (acetate, propio-
nate, or butyrate)

Comparators Placebo vs intervention (endpoint); baseline
vs endpoint (intervention group)

Two different treatments or doses or
intermediate time points

Outcomes Concentrations of fasting insulin, fasting
glucose, or HOMA-IR as well as reporting
of changes in plasma or fecal levels of
SCFAs (concentrations shown as bar
graphs or in text) at end of intervention

Studies not reporting concentrations of
fasting insulin, fasting glucose, or
HOMA-IR (eg, AUCs, regression/correla-
tion coefficients, bar graphs, difference
in concentrations) and studies not
reporting the change in SCFAs

Study design Randomized clinical trials, crossover studies,
or treatment-only studies

Non-original papers (reviews, systematic
reviews, conference reports, clinical trial
protocols, ongoing studies) and non-
English papers

Abbreviations: AUC, area under the curve; SCFAs, short-chain fatty acids; HOMA-IR, homeostatic model assessment of insulin resistance;
IV, intravenous.
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glucose or fasting insulin or the HOMA-IR score; and

reported change in plasma or fecal SCFAs before and
after the intervention were then reviewed and included

in the meta-analysis. All values were converted to mean

6 standard deviation (SD) for glucose (mmol/L) and
insulin (lU/mL). Reported units for glucose and insulin

were made consistent.30 In 2 of the 23 studies,31,32 units

or standard deviation values were confirmed with the

authors of the original articles via E-mail correspond-
ence. Subgroup analyses were performed to investigate

differences in fasting insulin, glucose, or HOMA-IR

between placebo and treatment groups, or between the
baseline and the endpoint. Two researchers (N.H.T.P.

and M.V.J.) performed the search and data extraction

independently and then cross-checked the results.

Quality of evidence and risk of bias

Risk of bias and the quality of evidence were assessed in

accordance with the Cochrane recommendations,33 and

outcomes were presented using RevMan software, ver-
sion 5.4.34 The criteria included random sequence gen-

eration (selection bias), allocation concealment

(selection bias), blinding of participants and personnel
(performance bias), blinding of outcome assessment

(detection bias), incomplete outcome data (attrition

bias), selective bias (reporting bias), and other bias.
Each criterion was graded as having high, low, or

unclear risk of bias. Treatment-only studies were not

evaluated for selection, performance, or detection bias
because all participants and associated clinicians were

aware of the treatment allocation. Several of the studies

had a crossover design. Therefore, 3 additional criteria
for crossover studies were assessed: appropriate cross-

over design, carryover effects, and unbiased data

(reporting of data at all stages of the trial).35

Data synthesis and statistical analysis

Data synthesis and statistical analysis were carried out

using Microsoft Excel and RevMan 5.4 software.

Microsoft Excel was used to tabulate and summarize
the insulin and glucose values at appropriate units.

RevMan 5.4 was used to produce forest plots. All data

were entered as mean 6 SD. The random-effects model
and the inverse variance statistical method were used to

calculate standardized mean differences (SMDs) with

95%CIs between the placebo group and the intervention
group, or between the baseline and the endpoint.

The same analysis was also carried out using the

fixed-effects model to ensure the robustness of the cal-
culations. All the analyses were performed in RevMan

5.4. A P value< 0.05 was considered significant.

Standardized mean difference values for SCFAs, insulin,

and glucose were calculated in RevMan 5.4 and used for

Spearman correlation analysis. A correlation matrix was

generated using the corrplot (version 0.92), Hmisc (ver-

sion 4.6-0), and dplyr (version 1.0.7) packages and R

(version 3.6.1) in Rstudio (version 2021.09.0, Build 351;

R Foundation for Statistical Computing, Vienna,

Austria). The correlation significance was analyzed and

verified on GraphPad Prism version 9.4.1 (GraphPad

Software; San Diego, CA, USA).

RESULTS

Characteristics of studies included in meta-analysis

Figure 1 shows the PRISMA flow diagram for the step-

wise selection of studies. The initial search using the

defined MeSH terms in PubMed and Embase via Ovid

identified 6040 papers (after excluding 907 duplicates).

During screening, 570 papers were removed because

they were not published in English or were non-journal

articles. After the remaining 5470 papers were screened

by title and abstract, 278 were deemed eligible for full-

text assessment. A majority of these studies (n¼ 198)

were excluded because insulin sensitivity/resistance

tests were not performed, while another 49 did not

present quantitative data on fasting insulin or fasting

glucose. The 23 studies that contained actual values for

fasting glucose and insulin were included in the meta-

analysis (Table 231,32,36–56).
Table 2 summarizes the 23 studies included in the

meta-analysis. Analyses include data on a total of 1186

study participants from all categories (healthy, 12%;

obese/overweight, 67%; and people with underlying

conditions, including diabetes, 21%). The type of inter-

vention was dietary in 17 studies, propionate (provided

as inulin propionate ester) in 4 studies, gastric bypass in

1 study, and sodium acetate infusion in 1 study. The

duration of intervention in most of the studies ranged

from 10 days to 6 months but was less than 1 week in 4

studies. Either one or all 3 major SCFAs (acetate, propi-

onate, and butyrate), obtained from plasma or feces,

were measured in all studies using chromatography,

spectroscopy, or enzymatic methods. Although plasma/

fecal SCFAs were measured in all 23 studies, not all

studies reported the actual SCFA concentrations. It

was therefore difficult to perform a meta-analysis of

SCFA concentrations in different interventions.

Therefore, the analysis was divided into two subgroups

(one with increased SCFAs post intervention and the

other without increased SCFAs post

intervention;Figure 2,38–41,43,46–49,51–56 Figure 3,36–

41,43,46–49,51–56 and Figure 440,49–51,53–56).
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Table 2 Details of the 23 studies included in the meta-analysis
Study design Reference;

country
Intervention; route;

dosage; duration
Participants in intervention groupa Participants in placebo groupa Postintervention

SCFA levels (source
of SCFAs; method of

measurement)

Effects of interven-
tion on glucose/insu-

lin parametersParticipants Sex Age
(years)

BMI (kg/m2) or
body mass (kg)

Participants Sex Age (years) BMI (kg/m2)
or body mass

(kg)

Treatment only Burnier et al
(1992)31;
Switzerland

Sodium acetate; IV
infusion; 0.5 M
acetate (at rate of
2.5 mmol/min);
120 min

9 healthy
individuals

6 M and
3 F

30 6 1 70 6 3 (kg) – – – – " Acetate (plasma;
acetate kinase
method)

Plasma insulin and
glucose were
not changed
during acetate
infusion.

Fava et al
(2013)42; UK

High-saturated-fat
diet; diet; high-
saturated-fat diet
containing 38%E
from fat; 24 wk

11 individuals
with meta-
bolic
syndrome

N/A 54 6 9.5 28.8 6 4.9
(kg/m2)

– – – – All SCFAs " (feces;
GC-MS chroma-
tography, FFAP
column)

Fasting plasma glu-
cose and insulin
were not signifi-
cantly altered
after high-satu-
rated-fat diet.

H€arma et al
(2021)45;
Finland

Gastric bypass
(RYGB); surgery;
–; 6 mo

30 obese (T2DM
and nondia-
betic)
individuals

9 M and
21 F

47.3 6 8.8 44.5 6 5.7
(kg/m2)

– – – – # Acetate and #
butyrate, no
change in propio-
nate (feces; GC-
MS)

All individuals
undergoing sur-
gery had
improved glyce-
mic control.

Gonz�alez
Hern�andez et
al (2020)44;
Netherlands

Low-calorie diet;
diet; low-calorie
diet with 800
kcal/d; 8 wk

478 individuals
with BMI� 27

175 M and
303 F

41 6 6 35 6 5
(kg/m2)

– – – – " Acetate (plasma;
1H NMR
spectroscopy)

In females, a posi-
tive association
was observed
between
changes in ace-
tate and
changes in
HOMA-IR.

Akamine et al
(2022)32;
Japan

White rice amazake
(WA) or brown
rice amazake
(BA); diet;
350 g/d; 4 wk

19 individuals
with meta-
bolic syn-
drome (WA);
21 individuals
with meta-
bolic syn-
drome (BA)

11 M and 8 F
(WA); 9 M
and 12 F
(BA)

56.7 6 2.2
(WA);
58.5 6

2.2 (BA)

28.8 6 0.8 (WA);
28.8 6 0.7 (BA)

– – – – No change in any
SCFAs (plasma;
GC-MS
chromatography)

Plasma glucose
and plasma
insulin were not
significantly dif-
ferent between
the 2
treatments.

(continued)
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Table 2 Continued
Study design Reference;

country
Intervention; route;

dosage; duration
Participants in intervention groupa Participants in placebo groupa Postintervention

SCFA levels (source
of SCFAs; method of

measurement)

Effects of interven-
tion on glucose/insu-

lin parametersParticipants Sex Age
(years)

BMI (kg/m2) or
body mass (kg)

Participants Sex Age (years) BMI (kg/m2)
or body mass

(kg)

Randomized,
placebo-
controlled,
parallel-arm
studies

Chambers et al
(2015)41; UK

Inulin propionate
ester; oral; inulin,
10 g/d (control)
vs inulin-propio-
nate ester, 10g/d
(intervention);
24 wk

25 overweight
individuals

10 M and
15 F

55.3 6 1.4 88.5 6 2.9 (kg) 24 overweight
individuals

9 M and 15 F 53.4 6 1.5 91.0 6 2.8 kg " Acetate, " propio-
nate, no change in
butyrate (feces;
GC-FID
chromatography)

Fasting glucose,
fasting insulin,
and postpran-
dial responses
were not signifi-
cantly different
post
intervention.

Vetrani et al
(2016)54; Italy

Whole-grain diet;
diet; refined
cereal products
(control) vs
whole-grain
cereal (interven-
tion); 12 wk

21 healthy
individuals

9 M and
12 F

57.2 6 1.9 32.1 6 1.4
(kg/m2)

19 healthy
individuals

7 M and 12 F 58.4 6 1.6 31.5 6 1.3 kg/m2 No change in acetate
or butyrate, " pro-
pionate (plasma;
GC-MS
chromatography)

Whole-grain
wheat-based
diet lowered
postprandial
insulin
concentrations.

Canfora et al
(2017)39;
Netherlands

GOS; diet; maltodex-
trin, 16.95 g/d
(control) vs GOS
15 g/d (interven-
tion); 12 wk

21 obese or over-
weight
individuals

11 M and
10 F

59.2 6 7.2 98.4 6

11.9 (kg)
23 obese or over-

weight
individuals

12 M and 11 F 58.4 6 7.3 96.9 6 11.5 kg No change in any
SCFAs (plasma and
feces; GC-MS
chromatography)

Intervention with
GOS did not
alter insulin
sensitivity.

Chambers et al
(2019(2))56;
UK

Inulin propionate
ester; oral; inulin,
20 g/d (control)
vs inulin-propio-
nate ester (inter-
vention), 20 g/d;
6 wk

9 individuals
with NAFLD

4 M and
5 F

51 6 4 31.5 6

1.9 (kg/m2)
9 individuals with

NAFLD
5 M and 4 F 49 6 4 29.5 6 1.4 kg/m2 No change in acetate

or propionate, "
butyrate (plasma;
1H NMR
spectroscopy)

Change in HOMA-
IR was signifi-
cantly different
post
intervention.

Palacios et al
(2020)51;
Australia

Probiotic; oral; 200
mg microcrystal-
line
celluloseþ 10 mg
silicaþ 10 mg
magnesium stea-
rate (control) vs
multistrain probi-
otic (interven-
tion); 12 wk

30 individuals
with prediabe-
tes or T2DM

17 M and
13 F

61.4 6 8.9 35.5 6 6.2
(kg/m2)

30 individuals with
prediabetes or
T2DM

11 M and 19 F 56.1 6 12.3 36.3 6 7.5 kg/m2 No change in any
SCFAs (plasma;
GC-MS
chromatography)

No significant dif-
ferences in fast-
ing plasma
glucose (placebo
vs intervention).

Meslier et al
(2020)49; Italy

Mediterranean diet;
diet; habitual diet
(control) vs an
individually tail-
ored diet (inter-
vention); 8 wk

43 healthy over-
weight
individuals

21 M and 22 F 43 6 13 30.9 6 3.8
(kg/m2)

39 healthy over-
weight
individuals

18 M and 21 F 42 6 12 31.2 6 5.3 kg/m2 No change in any
SCFAs (feces; GC-
MS
chromatography)

No changes
observed in
blood glucose or
plasma insulin
concentrations.

Oh et al (2021)55;
Korea

Probiotic; oral; 1
capsule daily of
microcrystalline
cellulose (control)

20 individuals
with impaired
glucose
tolerance

6 M and 14 F 56.4 6

11.57
25.25 6 3.14

(kg/m2)
20 individuals with

impaired glucose
tolerance

3 M and 17 F 53.55 6 10.18 25.03 6 1.92 kg/m2 No change in any
SCFAs (feces; LC-
triple Q-MS
analysis)

Beneficial effect of
single-strain
probiotic sup-
plementation

(continued)
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Table 2 Continued
Study design Reference;

country
Intervention; route;

dosage; duration
Participants in intervention groupa Participants in placebo groupa Postintervention

SCFA levels (source
of SCFAs; method of

measurement)

Effects of interven-
tion on glucose/insu-

lin parametersParticipants Sex Age
(years)

BMI (kg/m2) or
body mass (kg)

Participants Sex Age (years) BMI (kg/m2)
or body mass

(kg)

vs 1 capsule daily
of L plantarum
HA01, 4� 109

CFU (interven-
tion); 8 wk

administered
over 8 wk on
HbA1c levels in
prediabetic
individuals.

Mocanu et al
(2021)50;
Canada

Fiber; diet; micro-
crystalline cellu-
lose, 33 g/d (M)
and 27 g/d (F)
low fermentable
fiber (control) vs
same dose of
corn fiber, resist-
ant wheat starch
type 4, and acacia
gum (interven-
tion); 6 wk

15 obese
individuals

2 M and 13 F 48.4 6 8.8 131.3 6 32.0 (kg) 17 obese individuals 5 M and 12 F 48.3 6 10.4 122.8 6 25.5 kg No change in any
SCFAs (feces;
GC-FID
chromatography)

No difference in
HOMA-IR
observed
between base-
line and end of
intervention in
the treatment
group.

Randomized,
single-blind
(Alles et al36) or
double-blind
(all others),
placebo-con-
trolled,
crossover
studies

Alles et al
(1999)36;
Netherlands

FOS; diet; glucose,
4 g/d (control) vs
FOS, 15 g/d
(intervention);
20 d

20 patients with
T2DM

9 M and 11 F 59.3 6 5.4 28.3 6 3.5 (kg/m2) 20 patients
withT2DM

9 M and 11 F 59.3 6 5.4 28.3 6 3.5 kg/m2 No change in acetate
(plasma; enzy-
matic method)

Dietary supple-
mentation did
not change
blood glucose in
patients with
T2DM.

McIntosh et al
(2003)48;
Australia

High-fiber wheat or
rye vs low fiber;
diet; dietary fiber,
19 g/d (control)
vs 32 g/d (inter-
vention); 4 wk

28 overweight
individuals

28 M 40–65 30 6 0.9 (kg/m2) 28 overweight
individuals

28 M 40–65 30 6 0.9 kg/m2 Unchanged acetate,
" propionate in
high-wheat group,
" butyrate in high-
rye group (feces;
GC-MS or LC-MS
chromatography)

Improved meta-
bolic health and
# plasma insulin
in intervention
compared with
control.

Sandberg et al
(2016)52;
Sweden

Rye-based diet; diet;
100% white
wheat flour bread
(control) vs 85%
whole rye ker-
nelsþ 15% white
wheat flour bread
(intervention); 1
or 3 consecutive
meals

19 healthy
recruits (data
available for
18)

9 M and 10 F 25.6 6 3.5 21.9 6 1.87
(kg/m2)

19 healthy recruits
(data available for
17)

9 M and 10 F 25.6 6 3.5 21.9 6 1.87 kg/m2 All SCFAs " (plasma;
GC
chromatography)

Rye-kernel-based
meal # glycemia
and improved
insulin
sensitivity.

Sandberg et al
(2018)53;
Sweden

Rye-kernel and
resistant starch
type 2; diet;
100% white
wheat flour bread
(control) vs 43%
rye kernels þ
43% whole-grain
rye flourþ 14%

38 healthy
individuals

8 M and 30 F 63.9 6 5.5 24.2 6 2.5 (kg/m2) 38 healthy
individuals

8 M and 30 F 63.9 6 5.5 24.2 6 2.5 kg/m2 All SCFAs " (plasma;
GC-MS
chromatography)

Whole-grain rye-
based bread "
insulin sensitiv-
ity and fasting
SCFAs but not
fasting insulin or
fasting glucose.
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Table 2 Continued
Study design Reference;

country
Intervention; route;

dosage; duration
Participants in intervention groupa Participants in placebo groupa Postintervention

SCFA levels (source
of SCFAs; method of

measurement)

Effects of interven-
tion on glucose/insu-

lin parametersParticipants Sex Age
(years)

BMI (kg/m2) or
body mass (kg)

Participants Sex Age (years) BMI (kg/m2)
or body mass

(kg)

HAM-RS2 flour
bread (interven-
tion); 3 d

Johnstone et al
(2020)46; UK

Resistant starch;
diet; digestible
starch, 22 g/d for
F and 26 g/d for
M (control) vs
resistant starch
type 3, 22 g/d for
F and 26 g/d for
M; 10 d

19 obese or over-
weight
individuals

11 M and 8 F 20–62 94.3 6 18.5 (kg) 19 obese or over-
weight
individuals

11 M and 8 F 20–62 94.3 6 18.5 kg No change in any
SCFAs (feces, capil-
lary GC-MS
chromatography)

Fasting blood glu-
cose, but not
insulin, was
lower in resist-
ant starch diet.

Ampatzoglou et
al (2015)37; UK

Whole-grain diet;
diet; whole grain,
< 16 g/d (control)
vs > 80 g/d
(intervention); 6
wk

33 healthy
individuals

12 M and 21 F 48.8 6 1.1 27.9 6 0.7
(kg/m2)

33 healthy
individuals

12 M and 21 F 48.8 6 1.1 27.9 6 0.7 kg/m2 No change in any
SCFAs (feces;
HPLC)

No significant
changes in fecal
SCFAs or blood
glucose follow-
ing whole grain
consumption.

Giacco et al
(2004)43; Italy

Short-chain FOS;
diet; short-chain
FOS, 15 g/d (pla-
cebo) vs 10.6 g/d
(intervention); 2
mo

30 patients with
mild hyperc-
holes-
terolemia

20 M and 10 F 45.5 6 9.9 26.6 6 2.2
(kg/m2)

30 patients with
mild hypercho-
lesterolemia

20 M and 10 F 45.5 6 9.9 26.6 6 2.2 kg/m2 No change in acetate
(plasma; GC-MS
chromatography)

Postprandial insulin
response (but
not glucose) #
significantly
post
intervention.

Maki et al
(2012)47; USA

Resistant starch type
2; diet; HAM-RS2,
0 g/d (control) vs
30 g/d (interven-
tion); 4 wk

33 overweight or
obese
individuals

11 M and 22 F 49.5 6 1.6 30.6 6 0.5
(kg/m2)

33 overweight or
obese individuals

11 M and 22 F 49.5 6 1.6 30.6 6 0.5 kg/m2 " acetate (in F), no
change in propio-
nate or butyrate
(plasma; GC
chromatography)

Insulin sensitivity
improved in
males but not in
females.

Chambers et al
(2019)40; UK

Inulin propionate
ester; oral; cellu-
lose, 20 g/d (con-
trol) vs inulin-
propionate ester,
20 g/d (interven-
tion); 6 wk

12 nondiabetic
individuals
with obesity
or overweight

3 M and 9 F 60 6 1 29.8 6 0.9
(kg/m2)

12 nondiabetic indi-
viduals with obe-
sity or
overweight

3 M and 9 F 60 6 1 29.8 6 0.9 kg/m2 No change in any
SCFAs (plasma; 1H
NMR
spectroscopy)

Colonic propionate
delivery via inu-
lin propionate
ester improved
insulin
sensitivity.

Byrne et al
(2019)38; UK

Inulin propionate
ester; oral; inulin,
10 g/d (control)
vs inulin-propio-
nate ester, 10 g/d
(intervention); 6 d

21 healthy indi-
viduals with
obesity or
overweight

9 M and 12 F 59 6 8 81.5 6 9 (kg) 21 healthy individu-
als with obesity
or overweight

9 M and 12 F 59 6 8 81.5 6 9 kg No change in any
SCFAs (plasma;
GC-MS
chromatography)

No change in base-
line values or
AUC for glucose
or insulin after
intervention.

Abbreviations and symbols: AUC, area under the curve; CFU, colony-forming units; F, female; FOS, fructo-oligosaccharides; GC, gas chromatography; GC-FID, gas chromatography–flame ionization detection; GC-MS, gas chromatography–
mass spectrometry; GOS, galacto-oligosaccharides; 1H NMR, proton nuclear magnetic resonance; HAMRS2, high-amylose maize resistant starch type 2; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model assessment of insulin resistance;
HPLC, high-performance liquid chromatography; IV, intravenous; LC-MS, liquid chromatography–mass spectrometry; LC-Triple Q-MS, liquid chromatography triple quadrupole mass spectrometry; M, male; NAFLD, nonalcoholic fatty liver
disease; RYGB, Roux-en-Y gastric bypass; SCFAs, short-chain fatty acids; T2DM, type 2 diabetes mellitus; ", increased; #, decreased.
aReported per the original article.
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Effects of SCFAs on glucose homeostasis parameters
between placebo and intervention groups at the
endpoint

The effects of SCFAs on fasting insulin (Figure 2), fast-

ing glucose (Figure 3), and HOMA-IR (Figure 4) are

stratified for studies (from Table 2) that confirm a sig-

nificant increase or no change in SCFA concentrations

post intervention. In a comparison between placebo

and intervention groups at the endpoint (final assess-

ment after intervention), fasting insulin was signifi-

cantly lower (SMD¼�0.25; 95%CI¼�0.43 to �0.06;

P¼ 0.008) in the treatment group when SCFA concen-

trations were confirmed to have increased at the end of

the intervention (Figure 2). The overall effect on fasting

insulin concentrations was also significant

(SMD¼�0.15; 95%CI¼�0.29 to �0.01; P¼ 0.04;

Figure 2). In contrast, fasting glucose (SMD¼�0.06;

95%CI¼�0.24 to 0.13; P¼ 0.55; Figure 3) and HOMA-

IR (SMD¼�0.22; 95%CI¼�0.48 to 0.05; P¼ 0.11;

Figure 4) did not differ significantly between treatment

and control arms for studies wherein SCFA concentra-

tions increased post intervention. For the subgroup of

studies that did not show an increase in SCFAs, there

were no significant differences in fasting insulin, fasting

glucose, or HOMA-IR between the control and treat-

ment arms (Figures 2, 3, and 4).

When fasting insulin values were analyzed on the

basis of direct SCFA administration or indirect dietary

treatment, a significant reduction in fasting insulin

was observed only after direct intervention

(SMD¼�0.39; 95%CI¼�0.74 to �0.05; P¼ 0.03) but

not after the indirect (dietary) intervention compared

with their controls (see Figure S1 in the Supporting

Information online).38–41,43,46–49,51–56 Further sub-

grouping into direct intervention with evidence of

increased SCFAs showed significant reduction of fast-

ing insulin (SMD¼�0.58; 95%CI¼�1.01 to �0.16;

P¼ 0.007) (see Figure S2 in the Supporting

Information online).38–41,43,46–49,51–56 However, it

should be noted that all 3 studies included in this anal-

ysis were from the same group of authors and eval-

uated the inulin-propionate ester intervention.40,41,56

Similar subanalyses for the source of SCFAs (feces or

plasma) revealed that elevated plasma SCFAs were

associated with a significant reduction in fasting insu-

lin concentrations (SMD¼�0.22; 95%CI¼�0.43 to

�0.01; P¼ 0.04; see Figure S3 in the Supporting

Information online).38–41,43,46–49,51–56 Since the benefi-

cial effects on glycemic parameters were seen when

SCFAs were higher, a correlation analysis on the

changes in SCFA, insulin, and glucose concentrations

between placebo and intervention at the endpoint was

performed (see Figure S4 in the Supporting

Figure 2 Fasting insulin concentrations from each study were compared between placebo group and treatment group at the end of
the intervention period. Data are presented as the standardized mean difference (SMD) in fasting insulin (mU/mL) and have been separated
into two subgroups: one with evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention, and the other with-
out any change in SCFAs post intervention. The type of intervention (M, meal/mixed; C3, propionate) is noted at the end of each study.
Abbreviation: IV, inverse variance.
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Information online). Of the 23 studies, only 8 could be

included for this analysis because only those studies

reported the actual values of SCFA concentrations (see

Table S2 in the Supporting Information

online).36,37,40,43,47,48,52,56 Notably, the SMD of acetate

between the placebo and intervention groups was sig-

nificantly and inversely correlated with that of fasting

insulin (r¼�0.64; P¼ 0.048).

Figure 3 Fasting glucose concentrations from each study were compared between placebo group vs treatment group at the end of
the intervention period. Data are presented as the standardized mean difference (SMD) in fasting glucose (mmol/L) and have been sepa-
rated into two subgroups: one with evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention, and the other
without any change in SCFAs post intervention. The type of intervention (M, meal/mixed; C3, propionate) is noted at the end of each study.
Abbreviation: IV, inverse variance.

Figure 4 Homeostatic model assessment of insulin resistance (HOMA-IR) values were compared between placebo group and treat-
ment group at the end of the intervention period. Data are presented as the standardized mean difference (SMD) in HOMA-IR and have
been separated into two subgroups: one with evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention,
and the other without any change in SCFAs post intervention. The type of intervention (M, meal/mixed; C3, propionate) is noted at the end
of each study. Abbreviation: IV, inverse variance.
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Changes in glucose, insulin, or HOMA-IR relative to
baseline

Changes from baseline in fasting insulin, fasting glu-

cose, and HOMA-IR were analyzed in the intervention

group and the placebo group. A significantly lower fast-

ing insulin level was observed at the end of intervention

(Figure 531,32,39,41,42,44,46,49,51,54–56) compared with base-

line (SMD¼�0.22; 95%CI¼�0.43 to�0.01; P¼ 0.04)

in studies that found increased SCFA concentrations.

The overall effect on fasting insulin was also significant

when all studies were included (SMD¼�0.18;

95%CI¼�0.34 to �0.03; P¼ 0.02; Figure 5). Fasting

glucose did not demonstrate any significant changes

relative to baseline in the meta-analysis

(Figure 631,32,36,37,39,41,42,44–47,49,51,53–56). On the other

hand, HOMA-IR was significantly different

(SMD¼�0.44; 95%CI¼�0.56 to �0.32; P< 0.00001)

in studies with increased SCFA concentrations post

intervention. This significance was also observed when

all the studies (demonstrating increased or unchanged

or decreased SCFAs post intervention) were included in

the analysis (SMD¼�0.37; 95%CI¼�0.48 to �0.27;

P< 0.00001) (Figure 732,44,49–51,54–56). In the analysis of

HOMA-IR, one study had more participants than

others.44 The comparison of baseline vs endpoint values

in the placebo group alone did not demonstrate any sig-

nificant improvement in fasting insulin (see Figure S5

in the Supporting Information online),39,41,46,49,51,54–56

fasting glucose (see Figure S6 in the Supporting

Information online),36,37,39,41,46,47,49,51,53–56 or HOMA-

IR (see Figure S7 in the Supporting Information

online).49–51,54–56

Risk-of-bias assessment

The quality assessment of the 23 studies included in the

meta-analysis is presented in Figure S8 in the

Supporting Information online. As noted in the

Methods section, crossover studies were analyzed sepa-

rately (see Figure S8-A in the Supporting Information

online).36–38,40,43,46–48,52,53 Several of the studies did not

report sufficient details of unbiased data presentation or

carryover effects to assign low or high risks, and thus

they had to be classified as having unclear risk of bias.

Eight studies did not describe allocation concealment,

the criterion with the highest factor of unclear risk.

Similarly, most studies did not have clear reporting of

unbiased data (availability of study results at every time

point during crossover). The risk of bias for blinding

criteria was high in 6 studies. Since most of the studies

were dietary interventions, blinding may not have been

always applicable (eg, when the participants and the

researchers could see which foods were given). In the

parallel-arm trials, the risk of bias was much lower in

most of the studies (see Figure S8-B in the Supporting

Figure 5 Fasting insulin concentrations at baseline and endpoint (end of intervention) from each study in the treatment group. Data
are presented as the standardized mean difference (SMD) in fasting insulin (mU/mL) and have been separated into two subgroups: one with
evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention, and the other without any change in SCFAs post
intervention. The type of intervention (M, meal/mixed; C3, propionate; C2, acetate) is noted at the end of each study. Abbreviation: IV, inverse
variance.
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Figure 6 Fasting glucose concentrations at baseline and endpoint (end of intervention) from each study in the treatment group.
Data are presented as the standardized mean difference (SMD) in fasting insulin (mmol/L) and have been separated into two subgroups: one
with evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention, and the other without any change in SCFAs
post intervention. The type of intervention (M, meal/mixed; C3, propionate; C2, acetate) is noted at the end of each study. Abbreviation: IV,
inverse variance.

Figure 7 Homeostatic model assessment of insulin resistance (HOMA-IR) values at baseline and endpoint (end of intervention) from
available studies in the treatment group. Data are presented as the standardized mean difference (SMD) in HOMA-IR and have been sepa-
rated into two subgroups: one with evidence of an increase in short-chain fatty acids (SCFAs) concentration(s) post intervention, and the other
without any change in SCFAs post intervention. The type of intervention (M, meal/mixed; C3, propionate) is noted at the end of each study.
Abbreviation: IV, inverse variance.
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Information online). Five treatment-only studies were

not included in the analysis of selection, performance,
or detection bias because all participants received the

same treatment, and any selection/blinding was not
applicable. These studies are represented by the white

area in the graph (see Figure S8-B in the Supporting
Information online).

DISCUSSION

This systematic review and meta-analysis of 23 studies
included a varied group of participants. The main find-

ing was significantly lower fasting insulin in the group
that received SCFAs directly and in the group that had

evidence of an increase in SCFAs following intervention
compared with the placebo group. When baseline and

endpoint values were compared in the treatment
groups, fasting insulin and HOMA-IR were signifi-

cantly improved at the endpoint, a finding not observed
for the baseline vs endpoint comparison in the placebo

groups. Similar results were achieved when using the

fixed-effects model, thus confirming the robustness of
this study.

The underlying mechanism linking SCFAs to
T2DM has not been fully elucidated. A mechanism

involving gut microbes or microbial metabolites (eg,
colonic SCFAs) regulating incretin hormone expres-

sion, insulin secretion, and glucose homeostasis is likely
and needs validation. Incretin hormones such as

glucose-dependent insulinotropic polypeptide and
GLP-1 are known to regulate insulin secretion following

oral glucose intake.57 Glucagon-like peptide 1 also plays
a significant role in improving glucose tolerance and

insulin sensitivity.15,16 Interestingly, SCFAs lowered

fasting insulin and improved HOMA-IR without affect-
ing fasting glucose. It would have been informative to

understand the effects of the increase in SCFAs on
GLP-1 concentrations, but only 6 studies measured

GLP-1,38–40,49,52,53 and only 3 of these studies men-
tioned the use of the necessary dipeptidyl peptidase 4

inhibitors during the collection of samples.39,52,53 Meta-
analysis to understand the effect of changes in SCFAs

on GLP-1 was inconclusive in this same set of papers.
Sodium acetate, administered via gastric or intrave-

nous infusion at various dosages, was the first SCFA to
be investigated in human studies in the 1980s.58–61

Notably, most of the studies conducted during the last

decade have focused on the oral administration of
sodium propionate, sodium butyrate, or SCFA mixtures

for extended periods of time (up to 6 months), with
dosages ranging from 1 to 10 g/d. These studies and the

long periods of SCFA intervention underscore the
safety of SCFAs in human clinical studies/trials. To

date, there have been no reports of any adverse effects

of SCFAs on human health. A very recent systematic

review and meta-analysis assessed the effects of acute

and chronic administration of SCFAs and vinegar on

glycemic control.62 Interestingly, the authors did not

observe a significant effect of acute acetate or propio-

nate treatment or chronic propionate treatment on glu-

cose and insulin concentrations. However, they did not

stratify their analyses on the basis of changes in SCFA

concentrations post intervention. The quantitative anal-

ysis showed that only those studies with evidence of an

increase in SCFA concentrations reported significantly

lower fasting insulin values. Studies without any

increase in SCFAs reported no change in insulin

concentrations.
Short-chain fatty acids are typically measured in

fecal or plasma samples. They are present in larger

quantities in feces,63 and fecal SCFAs are considered to

be an indirect representation of SCFA production in

the colon. Short-chain fatty acids in the circulation are

present in smaller quantities and usually reflect the

amount remaining after uptake into colonocytes and

then the liver.64 Nonetheless, circulating SCFAs are

shown to be more directly associated with metabolic

health than fecal SCFAs.65 The subanalysis also con-

firmed a significant effect of SCFAs on fasting insulin

concentrations when circulating SCFAs are increased.

One potential reason for higher variability in fecal

SCFAs could be the variations in methods used for col-

lection, storage, and processing of samples.66

Standardization of methods for measurement of SCFAs

is urgently needed.
The present meta-analysis demonstrates that direct

administration of SCFAs is more beneficial than indi-

rect methods of administration, including a variety of

diets. It is notable that SCFAs are not well suited to oral

administration because of their unpleasant taste and

odor.67 Recent studies have focused on the development

of novel targeted delivery systems that can deliver

SCFAs into the colon or the circulatory system.68 Only

one study in the present systematic review investigated

the direct infusion of SCFAs (ie, acetate), reporting

increases in circulating (plasma/serum) SCFAs.31 All

the remaining studies that provided SCFAs as capsules,

powders, or meals reported variable SCFA concentra-

tions at the endpoint.38,40,41,56

Apart from potential differences in fecal and circu-

lating SCFA concentrations, another reason for this var-

iation could be different methods of assessing

compliance. Three trials maintained regular communi-

cation between participants and investigators to encour-

age high compliance, and the participants returned

their used and unused sachets to calculate the compli-

ance rate at the end of the study.40,41,56 Future studies
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should ensure that compliance with the intervention is

assessed and reported.
Because of the invasive nature of infusion studies,

the direct infusion of acetate was performed for only a
short period of time.31 However, studies that confirmed

an increase in SCFA concentrations (Figure 2) were
those that reported a lowering effect on fasting insu-
lin.40,41,47,48,51–54,56 Therefore, it would be interesting to

understand the long-term effects of SCFA infusion on
insulin sensitivity. Clinical trials addressing this ques-

tion are warranted. Interestingly, a separate systematic
review and meta-analysis confirmed that the left colon

may contribute to the maintenance of glucose homeo-
stasis.69 Since human GLP-1-producing L cells are

found at the highest density in the left colon,70 removal
of the left colon is, not surprisingly, associated with

T2DM. The direct infusion of SCFAs provides a unique
opportunity to manipulate the expression of incretin

hormones, and more studies in this area are needed.
Dietary fiber (from whole grain, oat/wheat/barley

bran, guar gum, pectin, legumes, psyllium, and resistant
starch) enhances the production of SCFAs in the colon

following fermentation by gut microbes.71,72 Although
the beneficial effects of dietary fiber intake on obesity

and diabetes have been highlighted,73,74 this meta-
analysis provides evidence for the beneficial role of

SCFA interventions in lowering fasting hyperinsuline-
mia (see Figures S1 and S2 in the Supporting

Information online). Short-chain fatty acids are natu-
rally available through fermented beverages and food

products, such as apple cider vinegar, kombucha, fer-
mented alcoholic beverages, kefir, cheese, legumes,

nuts/seeds, soybean paste, ghee, sauerkraut, and pickled
vegetables.75,76 These food products contain high levels

of SCFAs, are easy to obtain, and provide readily avail-
able dietary sources of SCFAs. Daily SCFA consump-

tion (in moderation) through SCFA-rich food products
may hold great potential to improve insulin sensitivity

and provide substantial health benefits, including
reducing the risk of cancer.77 Larger clinical studies
investigating the effects of these fermented beverages

and food products are warranted.
The limitations of this meta-analysis are mainly due

to the heterogeneity of the included studies, which was
unavoidable because of the nature of the study question

around the effect of SCFAs on insulin sensitivity. The
factors contributing to the high heterogeneity were age,

sex, sample size, diet, lifestyle, underlying health condi-
tions, types of SCFAs measured (acetate, propionate,

butyrate, or all), and the source of SCFAs (feces or
plasma). Other sources of heterogeneity include the dif-

ferent types of interventions used, such as various diets,
gastric bypass surgery, or SCFAs provided as capsules or

via infusion. It was not possible to perform subgroup

analyses to understand the effects of SCFA dosage or

SCFA delivery route on fasting insulin and fasting glu-

cose because the number of studies was too low. It is

also notable that majority of the studies in this analysis

were conducted on 3 different continents (Europe,

North America, and Australia), which may have contrib-

uted to the risk of bias through the recruitment of the

majority of individuals of only one ethnicity. However,

the ethnicity of participants was not mentioned in any

of the studies. The included studies reported differences

in sensitivities of the methods used for measurement of

SCFAs and insulin or glucose. In addition, the literature

search was limited to papers published in English, and

thus 169 non-English papers were excluded.
Despite its limitations, this systematic review is the

first to summarize and provide a meta-analysis of clini-

cal studies showing the beneficial effects of increased

SCFAs on fasting insulin and HOMA-IR. This meta-

analysis captured all studies that reported SCFA changes

and provided actual values of fasting insulin and glucose

in humans. This approach was chosen as the focus of the

systematic review and meta-analysis in order to increase

current understanding of the metabolic benefits of ele-

vated SCFAs following clinical interventions.

CONCLUSION

This is the first meta-analysis to demonstrate a signifi-

cant decrease in fasting insulin when SCFA concentra-

tions were confirmed to have increased. While this

beneficial effect of SCFAs on fasting insulin has been

confirmed, several factors need to be evaluated before

optimal implementation of SCFA interventions, such as

the type of SCFA (acetate, propionate, butyrate, or a

mixture), the form of SCFA administration (fiber-

enriched diets or capsules containing sodium salts or

inulin esters), the duration of intervention, the route of

delivery (oral or intravenous infusion), and patient

compliance. Nonetheless, on the basis of the overall

results presented here, direct SCFA consumption or an

SCFA-enriched diet was found to have beneficial effects

on fasting insulin concentrations. Therefore, SCFA

interventions, or dietary guidance along with clinical

monitoring and lifestyle management, could be consid-

ered a safe and novel treatment for individuals with

overweight, obesity, or T2DM.

Acknowledgments

The authors acknowledge the infrastructure support

through the Western Sydney University School of

Medicine, Cambelltown, New South Wales, Australia,

and the library services through the University of

206 Nutrition ReviewsVR Vol. 82(2):193–209

https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data


Technology Sydney, Sydney, New South Wales,
Australia.

Author contributions. A.A.H. conceptualized the study;

N.H.T.P. conducted the literature search and data anal-
ysis; M.V.J. validated the literature search and contrib-

uted to data interpretation and analysis; W.K.M.W.
performed correlation data analysis; N.T.N. and A.M.S.

participated in data interpretation and analysis;
N.H.T.P. and M.V.J. wrote the first draft; W.K.M.W.,

N.T.N., A.M.S., and A.A.H. wrote and edited the manu-
script; A.A.H. finalized the manuscript; and all authors

contributed revisions to the manuscript. All authors
read the final version of the manuscript submitted for

publication. A.A.H. is the guarantor of this work and,
as such, had full access to all the data in the study and

takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Funding. N.H.T.P. acknowledges a scholarship from the
Diabetes and Islet Biology Group and support through

Diabetes Australia (General Grant to M.V.J.). M.V.J.
was supported through a Juvenile Diabetes Research

Foundation (JDRF) International Advanced
Postdoctoral Fellowship (3-APF-2016–178-A-N) and a

Transition Award from JDRFI (1-FAC-2021–1063-A-
N). W.K.M.W. is supported through the Leona M. and

Harry B. Helmsley Charitable Trust (Grant 2018PG-
T1D009 to AAH) in collaboration with the JDRF

Australian Type 1 Diabetes Clinical Research Network
funding (Grant 3-SRA-2019–694-M-B to A.A.H.).

A.A.H. is supported by grants from the JDRF Australia
Type 1 Diabetes Clinical Research Network (JDRF/4-

CDA2016-228-MB) and Visiting Professorships (2016–
18 and 2019–22) from the Danish Diabetes Academy,

funded by the Novo Nordisk Foundation, grant number
NNF17SA0031406.

Declaration of interest. The authors have no relevant
interests to declare.

Supporting Information

The following Supporting Information is available
through the online version of this article at the publish-
er’s website.

Appendix S1 PRISMA 2020 checklist.

Table S1 Previously published relevant meta-

analyses and systematic reviews assessing the effects

of diet, pre-/pro-/synbiotics on insulin and glucose

metabolism.

Table S2 Concentrations of short-chain fatty

acids (SCFAs) reported in different studies for pla-

cebo and treatment groups at the end of intervention.

Figure S1 Forest plot of fasting insulin concentra-

tions between control group and treatment subgroup

by direct or indirect administration of short-chain

fatty acids.

Figure S2 Forest plot of fasting insulin concentra-

tions between control group and treatment subgroup

by direct or indirect administration of short-chain

fatty acids (SCFAs) and by increase or no increase in

SCFAs.

Figure S3 Forest plot of fasting insulin concentra-

tions between control group and treatment subgroup

by measurement of plasma or fecal short-chain fatty

acids (SCFAs) and by increase or no increase in

SCFAs.

Figure S4 Correlation matrix between changes in

concentrations of fasting insulin, fasting glucose, and

different short-chain fatty acids.

Figure S5 Forest plot of fasting insulin concentra-

tions between baseline and endpoint in placebo

group.

Figure S6 Forest plot of fasting glucose concen-

trations between baseline and endpoint in placebo

group.

Figure S7 Forest plot of homeostatic model

assessment of insulin resistance (HOMA-IR) between

baseline and endpoint in placebo group.

Figure S8 Risk-of-bias analysis.

REFERENCES

1. Alberti K, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus
and its complications. Part 1: diagnosis and classification of diabetes mellitus.
Provisional report of a WHO consultation. Diabet Med. 1998;15:539–553.

2. International Diabetes Federation. IDF Diabetes Atlas. 9th ed. International
Diabetes Federation; 2019. https://diabetesatlas.org/atlas/ninth-edition/

3. International Diabetes Federation. IDF Diabetes Atlas. 10th ed. International
Diabetes Federation; 2021. https://diabetesatlas.org/atlas/tenth-edition/

4. World Health Organization. Obesity and overweight. Fact sheet no. 311. World
Health Organization. Published 2015. Updated 9 June 2021. https://www.who.int/
news-room/fact-sheets/detail/obesity-and-overweight

5. Bramante CT, Lee CJ, Gudzune KA. Treatment of obesity in patients with diabetes.
Diabetes Spectr. 2017;30:237–243.

6. Cotillard A, Kennedy SP, Kong LC, et al.; ANR MicroObes consortium. Dietary inter-
vention impact on gut microbial gene richness. Nature. 2013;500:585–588.

7. Le Chatelier E, Nielsen T, Qin J, et al.; MetaHIT consortium. Richness of human gut
microbiome correlates with metabolic markers. Nature. 2013;500:541–546.

8. Karlsson FH, Tremaroli V, Nookaew I, et al. Gut metagenome in European women
with normal, impaired and diabetic glucose control. Nature. 2013;498:99–103.

9. Qin J, Li Y, Cai Z, et al. A metagenome-wide association study of gut microbiota in
type 2 diabetes. Nature. 2012;490:55–60.

10. Larsen N, Vogensen FK, van den Berg FWJ, et al. Gut microbiota in human adults
with type 2 diabetes differs from non-diabetic adults. PLoS One. 2010;5:e9085.

11. Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core gut microbiome in obese
and lean twins. Nature. 2009;457:480–484.

12. Kimura I, Ozawa K, Inoue D, et al. The gut microbiota suppresses insulin-mediated
fat accumulation via the short-chain fatty acid receptor GPR43. Nat Commun.
2013;4:1829.

Nutrition ReviewsVR Vol. 82(2):193–209 207

https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuad042#supplementary-data
https://diabetesatlas.org/atlas/ninth-edition/
https://diabetesatlas.org/atlas/tenth-edition/
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight


13. Brown AJ, Goldsworthy SM, Barnes AA, et al. The orphan G protein-coupled recep-
tors GPR41 and GPR43 are activated by propionate and other short chain carbox-
ylic acids. J Biol Chem. 2003;278:11312–11319.

14. Horner K, Lee S. Appetite-related peptides in childhood and adolescence: role of
ghrelin, PYY, and GLP-1. Appl Physiol Nutr Metab. 2015;40:1089–1099.

15. Cani PD, Knauf C, Iglesias MA, et al. Improvement of glucose tolerance and hepatic
insulin sensitivity by oligofructose requires a functional glucagon-like peptide 1
receptor. Diabetes. 2006;55:1484–1490.

16. Zander M, Madsbad S, Madsen JL, et al. Effect of 6-week course of glucagon-like
peptide 1 on glycaemic control, insulin sensitivity, and b-cell function in type 2
diabetes: a parallel-group study. Lancet. 2002;359:824–830.

17. Kootte RS, Levin E, Saloj€arvi J, et al. Improvement of insulin sensitivity after lean
donor feces in metabolic syndrome is driven by baseline intestinal microbiota
composition. Cell Metab. 2017;26:611–619.e6.

18. Vrieze A, Van Nood E, Holleman F, et al. Transfer of intestinal microbiota from lean
donors increases insulin sensitivity in individuals with metabolic syndrome.
Gastroenterology. 2012;143:913–916.e7.

19. Sun Q, Jia Q, Song L, et al. Alterations in fecal short-chain fatty acids in patients
with irritable bowel syndrome: a systematic review and meta-analysis. Medicine.
2019;98:e14513.

20. Zhuang X, Li T, Li M, et al. Systematic review and meta-analysis: short-chain fatty
acid characterization in patients with inflammatory bowel disease. Inflamm Bowel
Dis. 2019;25:1751–1763.

21. Shen D, Bai H, Li Z, et al. Positive effects of resistant starch supplementation on
bowel function in healthy adults: a systematic review and meta-analysis of
randomized controlled trials. Int J Food Sci Nutr. 2017;68:149–157.

22. McLoughlin RF, Berthon BS, Jensen ME, et al. Short-chain fatty acids, prebiotics,
synbiotics, and systemic inflammation: a systematic review and meta-analysis. Am
J Clin Nutr. 2017;106:930–945.

23. Tabrizi R, Ostadmohammadi V, Lankarani KB, et al. The effects of probiotic and
synbiotic supplementation on inflammatory markers among patients with diabe-
tes: a systematic review and meta-analysis of randomized controlled trials. Eur J
Pharmacol. 2019;852:254–264.

24. John G, Wang L, Nanavati J, et al. Dietary alteration of the gut microbiome and its
impact on weight and fat mass: a systematic review and meta-analysis. Genes
(Basel). 2018;9:167.

25. Hadi A, Alizadeh K, Hajianfar H, et al. Efficacy of synbiotic supplementation in obe-
sity treatment: a systematic review and meta-analysis of clinical trials. Crit Rev
Food Sci Nutr. 2020;60:584–596.

26. So D, Whelan K, Rossi M, et al. Dietary fiber intervention on gut microbiota com-
position in healthy adults: a systematic review and meta-analysis. Am J Clin Nutr.
2018;107:965–983.

27. Kim KN, Yao Y, Ju SY. Short chain fatty acids and fecal microbiota abundance in
humans with obesity: a systematic review and meta-analysis. Nutrients.
2019;11:2512.

28. Moher D, Liberati A, Tetzlaff J et al.; PRISMA Group. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med..
2009;6:e1000097.

29. EndNote [computer software]. Philadelphia, PA: Clarivate; 2013.
30. Knopp JL, Holder-Pearson L, Chase JG. Insulin units and conversion factors: a story

of truth, boots, and faster half-truths. J Diabetes Sci Technol. 2019;13:597–600.
31. Burnier P, Tappy L, J�equier E, et al. Metabolic and respiratory effects of infused

sodium acetate in healthy human subjects. Am J Physiol. 1992;263:R1271–R1276.
32. Akamine Y, Millman JF, Uema T, et al. Fermented brown rice beverage distinc-

tively modulates the gut microbiota in Okinawans with metabolic syndrome: a
randomized controlled trial. Nutr Res. 2022;103:68–81.

33. Higgins JPT, Savovi�c J, Page MJ, et al. Assessing risk of bias in a randomized trial.
In: Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA, eds.
Cochrane Handbook for Systematic Reviews of Interventions. 2nd ed. John Wiley &
Sons, 2019;205–228.

34. Review Manager (RevMan) [computer software] Version 5.4. The Cochrane
Collaboration. 2020.

35. Ding H, Hu GL, Zheng XY, et al. The method quality of cross-over studies involved
in Cochrane Systematic Reviews. PLoS One. 2015;10:e0120519.

36. Alles MS, de Roos NM, Bakx JC, et al. Consumption of fructooligosaccharides does
not favorably affect blood glucose and serum lipid concentrations in patients with
type 2 diabetes. Am J Clin Nutr. 1999;69:64–69.

37. Ampatzoglou A, Atwal KK, Maidens CM, et al. Increased whole grain consumption
does not affect blood biochemistry, body composition, or gut microbiology in
healthy, low-habitual whole grain consumers. J Nutr. 2015;145:215–221.

38. Byrne CS, Chambers ES, Preston T, et al. Effects of inulin propionate ester incorpo-
rated into palatable food products on appetite and resting energy expenditure: a
randomised crossover study. Nutrients. 2019;11:861.

39. Canfora EE, van der Beek CM, Hermes GDA, et al. Supplementation of diet with
galacto-oligosaccharides increases bifidobacteria, but not insulin sensitivity, in
obese prediabetic individuals. Gastroenterology. 2017;153:87–97.e3.

40. Chambers ES, Byrne CS, Morrison DJ, et al. Dietary supplementation with inulin-
propionate ester or inulin improves insulin sensitivity in adults with overweight
and obesity with distinct effects on the gut microbiota, plasma metabolome and

systemic inflammatory responses: a randomised cross-over trial. Gut.
2019;68:1430–1438.

41. Chambers ES, Viardot A, Psichas A, et al. Effects of targeted delivery of propionate
to the human colon on appetite regulation, body weight maintenance and
adiposity in overweight adults. Gut. 2015;64:1744–1754.

42. Fava F, Gitau R, Griffin BA, et al. The type and quantity of dietary fat and carbohy-
drate alter faecal microbiome and short-chain fatty acid excretion in a metabolic
syndrome ‘at-risk’ population. Int J Obes (Lond). 2013;37:216–223.

43. Giacco R, Clemente G, Luongo D, et al. Effects of short-chain fructo-oligosacchar-
ides on glucose and lipid metabolism in mild hypercholesterolaemic individuals.
Clin Nutr. 2004;23:331–340.

44. Gonz�alez Hern�andez MA, Canfora EE, Pasmans K, et al. The relationship between
circulating acetate and human insulin resistance before and after weight loss in
the DiOGenes study. Nutrients. 2020;12:339.

45. H€arma M-A, Adeshara K, Istomin N, et al. Gastrointestinal manifestations after
Roux-en-Y gastric bypass surgery in individuals with and without type 2 diabetes.
Surg Obes Relat Dis. 2021;17:585–594.

46. Johnstone AM, Kelly J, Ryan S, et al. Nondigestible carbohydrates affect metabolic
health and gut microbiota in overweight adults after weight loss. J Nutr.
2020;150:1859–1870.

47. Maki KC, Pelkman CL, Finocchiaro ET, et al. Resistant starch from high-amylose
maize increases insulin sensitivity in overweight and obese men. J Nutr.
2012;142:717–723.

48. McIntosh GH, Noakes M, Royle PJ, et al. Whole-grain rye and wheat foods and
markers of bowel health in overweight middle-aged men. Am J Clin Nutr.
2003;77:967–974.

49. Meslier V, Laiola M, Roager HM, et al. Mediterranean diet intervention in over-
weight and obese subjects lowers plasma cholesterol and causes changes in the
gut microbiome and metabolome independently of energy intake. Gut.
2020;69:1258–1268.

50. Mocanu V, Zhang Z, Deehan EC, et al. Fecal microbial transplantation and fiber
supplementation in patients with severe obesity and metabolic syndrome: a
randomized double-blind, placebo-controlled phase 2 trial. Nat Med.
2021;27:1272–1279.

51. Palacios T, Vitetta L, Coulson S, et al. Targeting the intestinal microbiota to prevent
type 2 diabetes and enhance the effect of metformin on glycaemia: a randomised
controlled pilot study. Nutrients. 2020;12:2041.

52. Sandberg JC, Björck IM, Nilsson AC. Rye-based evening meals favorably affected
glucose regulation and appetite variables at the following breakfast; a random-
ized controlled study in healthy subjects. PLoS One. 2016;11:e0151985.

53. Sandberg JC, Björck IM, Nilsson AC. Impact of rye-based evening meals on cogni-
tive functions, mood and cardiometabolic risk factors: a randomized controlled
study in healthy middle-aged subjects. Nutr J. 2018;17:102.

54. Vetrani C, Costabile G, Luongo D, et al. Effects of whole-grain cereal foods on
plasma short chain fatty acid concentrations in individuals with the metabolic syn-
drome. Nutrition. 2016;32:217–221.

55. Oh M-R, Jang H-Y, Lee S-Y, et al. Lactobacillus plantarum HAC01 supplementation
improves glycemic control in prediabetic subjects: a randomized, double-blind,
placebo-controlled trial. Nutrients. 2021;13:2337.

56. Chambers ES, Byrne CS, Rugyendo A, et al. The effects of dietary supplementation
with inulin and inulin-propionate ester on hepatic steatosis in adults with non-
alcoholic fatty liver disease. Diabetes Obes Metab. 2019;21:372–376.

57. Holst JJ, Ørskov C. The incretin approach for diabetes treatment: modulation of
islet hormone release by GLP-1 agonism. Diabetes. 2004;53(suppl 3):S197—S204.

58. Richards RH, Vreman HJ, Zager P, et al. Acetate metabolism in normal human sub-
jects. Am J Kidney Dis. 1982;2:47–57.

59. Nitenberg A, Huyghebaert MF, Blanchet F, et al. Analysis of increased myocardial
contractility during sodium acetate infusion in humans. Kidney Int.
1984;26:744–751.

60. Ekblad H, Kero P, Takala J. Slow sodium acetate infusion in the correction of meta-
bolic acidosis in premature infants. Am J Dis Child. 1985;139:708–710.

61. Suokas A, Kupari M, Heikkil€a J, et al. Acute cardiovascular and metabolic effects of
acetate in men. Alcohol Clin Exp Res. 1988;12:52–58.

62. Cherta-Murillo A, Pugh JE, Alaraj-Alshehhi S, et al. The effects of SCFAs on glyce-
mic control in humans: a systematic review and meta-analysis. Am J Clin Nutr.
2022;116:335–361.

63. Fernandes J, Su W, Rahat-Rozenbloom S, et al. Adiposity, gut microbiota and fae-
cal short chain fatty acids are linked in adult humans. Nutr Diabetes. 2014;4:e121.

64. Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in control of body weight
and insulin sensitivity. Nat Rev Endocrinol. 2015;11:577–591.

65. Müller M, Gonz�alez Hern�andez MA, Goossens GH, et al. Circulating but not faecal
short-chain fatty acids are related to insulin sensitivity, lipolysis and GLP-1 concen-
trations in humans. Sci Rep. 2019;9:12515.

66. Sowah SA, Riedl L, Damms-Machado A, et al. Effects of weight-loss interventions
on short-chain fatty acid concentrations in blood and feces of adults: a systematic
review. Adv Nutr. 2019;10:673–684.

67. Hanselman EC, Amado NJ, Breslin PAS. Oral signals of short and long chain fatty
acids: parallel taste pathways to identify microbes and triglycerides. Curr Opin
Physiol. 2021;20:126–133.

208 Nutrition ReviewsVR Vol. 82(2):193–209



68. Gill PA, van Zelm MC, Muir JG, et al. Review article: short chain fatty acids as
potential therapeutic agents in human gastrointestinal and inflammatory disor-
ders. Aliment Pharmacol Ther. 2018;48:15–34.

69. Jensen AB, Sørensen TI, Pedersen O, et al. Increase in clinically recorded type 2
diabetes after colectomy. Elife. 2018;7:e37420.
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