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Short-chain fatty acids as anti-inflammatory agents in over-
weight and obesity: a systematic review and meta-analysis

Shaun Eslick @, Cherry Thompson, Bronwyn Berthon, and Lisa Wood

Context: Short-chain fatty acids (SCFAs) derived from microbial fermentation
of prebiotic soluble fibers are noted for their anti-inflammatory benefits
against obese systemic inflammation. Objective: A systematic review and meta-
analysis were undertaken to investigate the effect of SCFAs and prebiotic interven-
tions on systemic inflammation in obesity. Data Sources: Relevant studies from
1947 to August 2019 were collected from the Cumulative Index to Nursing and
Allied Health Literature, Embase, Medline, and Cochrane databases. Preferred
Reporting Items for Systematic Reviews and Meta-Analyses guidelines were fol-
lowed. Study Selection: Of 61 included studies, 29 were of humans and 32 of ani-
mals. Data Extraction: Methodological quality of studies was assessed using the
critical appraisal checklist of the Academy of Nutrition and Dietetics. Data pertain-
ing to population, intervention type and duration, and markers of systemic inflam-
mation were extracted from included studies. Results: Of 29 included human stud-
ies, 3 of 4 SCFA interventions and 11 of 25 prebiotic interventions resulted in a
significant decrease in >1 biomarker of systemic inflammation. Of 32 included animal
studies, 10 of 11 SCFA interventions and 18 of 21 prebiotic interventions resulted in a
significant reduction of > 1 biomarker of systemic inflammation. Meta-analysis revealed
that prebiotics in humans reduced levels of plasma high-sensitivity C-reactive protein
(standard mean difference [SMD], —0.83; 95%Cl: —1.56 to —0.11; I’: 86%; P = 0.02)
and plasma lipopolysaccharide (SMD, —1.20; 95%C: —1.89 to —0.51; I’ 87%; P =
0.0006), and reduced TNF—ao. levels in animals (SMD, —0.63; 95%Cl: —1.19 to —0.07;
P = 0.03). Heterogeneity among supplement types, duration, and dose across studies
was significant. Conclusion: Evidence from this review and meta-analysis supports
the use of SCFAs and prebiotics as novel aids in treatment of obese systemic inflam-
mation. Systematic Review Registration: PROSPERO registration no.

CRD42020748529.
INTRODUCTION adults were overweight, with 650 million of those peo-
ple classed as obese, equating to 13% of the world’s pop-
Obesity is a global pandemic: prevalence more than ulation." The loss of life expectancy for an obese person

doubled from 1980 to 2014.' In 2016, >1.9 billion is significant compared with that of a person of healthy
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weight: at only 25 years of age, remaining life expectancy
is expected to decrease by approximately 12 years.”

In obesity, translocation of lipopolysaccharide
(LPS) from colonic bacteria has been characterized as a
hallmark trigger of low-grade systemic inflammation.
LPS is a main component of outer-membrane gram-
negative bacteria, with increases in LPS linked to obe-
sity and high-fat diets as well as diets low in fiber and
high in sugars.>* A common feature of obesity is gut
dysbiosis, where imbalances in the composition and
function of intestinal microbes occur as a result of high-
fat diets.” In turn, as a result of adversely altered gut
composition, increased intestinal permeability occurs
due to fewer and disorganized tight-junction proteins,
ultimately elevating LPS levels.>® LPS drives the over-
production of pro-inflammatory cytokines and reactive
oxygen species, resulting in systemic inflammation.>’

Systemic inflammation also occurs in obesity due
to the expansion of adipocytes, which induces substan-
tial tissue remodeling and angiogenesis, requiring regu-
lated local pro-inflammatory responses.® Because of
rapid growth, local hypoxia occurs, resulting in cell
death, thereby triggering an accumulation of pro-
inflammatory mediators that spill over into the blood-
stream.” Additionally, prolonged lipogenesis renders
adipocytes unable to package excess lipids, resulting in
a spillover of free fatty acids into circulation, activating
a number of inflammatory responses.'® These dysfunc-
tional processes are responsible for chronic low-grade
systemic inflammation that is observed in obesity.
Systemic inflammation manifests as an elevation in lev-
els of proinflammatory mediators such as C-reactive
protein (CRP), interleukins (ILs; eg, IL-1f, IL-6), and
tumor necrosis factor o (TNF-x).” Systemic inflamma-
tion contributes to the development of various chronic
diseases such as type 2 diabetes (T2DM), liver disease,
arthritis, and some types of cancer, through multiple
organs and immune systems.®

Dietary fiber has health benefits due to both its
anti-inflammatory properties and its ability to positively
alter the composition of the gut microbiota in obe-
sity.""'*  One factor contributing to the anti-
inflammatory properties of dietary fiber is the produc-
tion of short-chain fatty acids (SCFAs). SCFAs are met-
abolically active end products of dietary fiber
fermentation by intestinal microbial fermentation."’
Indigestible fermentable fibers such as resistant starch,
oligosaccharides, and inulin are the primary prebiotic
substrates from which SCFAs are produced, with ace-
tate, butyrate, and propionate composing >95% of
SCFA content.'*"” Numerous factors can affect SCFA
production, such as the type of dietary fiber available
for fermentation as well as the bacteria present in the
available microbiome. Fiber types such as cellulose have

poor fermentation, whereas soluble fibers such as oligo-
saccharides and resistant starch are potent SCFA sub-
strates.'® They also promote the growth of beneficial
bacteria such as Lactobacillus and Bifidobacterium,
which are potent SCFA producers.'®!”

In vitro, SCFAs have been found to exhibit anti-
inflammatory effects by altering cytokine production
and chemotaxis in immune cells such as neutrophils,
monocytes, and macrophages.'® Furthermore, SCFAs
have been proposed to inhibit LPS-induced inflamma-
tion, a primary trigger of systemic inflammation in obe-
sity.'”” SCFAs’ anti-inflammatory effects have been
highlighted through a number of mechanisms. SCFAs
have been proposed to activate free fatty acid receptors
2 and 3 (FFARs), whereby activation initiates down-
stream signaling cascades that inhibit inflammation.*
FFAR2 is primarily expressed on immune cells such as
neutrophils and monocytes, as is FFAR3, albeit at lower
levels.”” FFAR3 is highly expressed on adipocytes in ad-
ipose tissue and therefore has been proposed to have
implications in obesity.”> SCFAs also have been sug-
gested to inhibit histone deacetylase (HDAC) activity:
inhibition of HDACs leads to a reduction in pro-
inflammatory gene transcription, ultimately decreasing
pro-inflammatory ~ cytokine production.”® Hence,
SCFAs produced via fermentation of prebiotics may be
useful for alleviating systemic inflammation in obesity.

A limited number of studies have examined the effects
of SCFA interventions in humans. Several studies have ex-
amined mechanisms for SCFA action in animal studies, be-
cause immune cells present in mice feature similar
receptors such as FFARs and HDACs found on human im-
mune cells.” Therefore, in this review, we evaluated the ef-
fect of SCFAs and prebiotics on inflaimmation in
overweight/obesity in both humans and animals.

METHODS

The electronic databases Cumulative Index to Nursing
and Allied Health Literature, Embase, Medline, and
Cochrane were searched for articles from 1947 to
August 2019, using keyword search terms and medical
subject headings. A search strategy included the follow-
ing key search terms: overweight, obese, obesity, body
weight, weight gain, adipose tissue, energy intake,
short-chain fatty acids, volatile fatty acids, butyrate, ace-
tate, propionate, soluble fiber, dietary fiber, inflamma-
tion, inflammatory mediators, interleukins, TNF-o, and
C-reactive protein.

Article inclusion and exclusion criteria

The Participants, Intervention, Comparators, Outcomes
and Study Design (PICOS) criteria are displayed in
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Table 1 PICOS criteria for inclusion of studies

Parameter Criteria

Population Overweight/obese humans or obese or high-fat-diet-treated animals

Intervention Short-chain fatty acids or prebiotics, delivered orally, via diet, or via enema

Comparison Control group (ie, maltodextrin or starch), unexposed group (no short-chain fatty acid or no prebiotic)

Outcome Markers of systemic inflammation (eg, interleukins such as IL-6 and IL-1p, C-reactive protein, tumor
necrosis factor-a, and lipopolysaccharide)

Study design Randomized controlled trial, quasi-experimental studies, cohort studies, case-control studies,

before and after studies, and cross sectional studies

Table 1. In this review, studies were included if they in-
vestigated the effect of SCFAs or prebiotics delivered
orally, intravenously, or via enema on any biomarker of
systemic inflammation in an obese or overweight context
in either humans or animals of any age or sex. In
humans, the target population was assessed as overweight
if body mass index (BMI) was 25-29.9 kg/m* and obese
if BMI was >30kg/m” In animals, the target population
were defined as obese animals or animals fed a high-fat
diet. Randomized controlled trials (RCTs), quasi-
experimental studies, cohort studies, case-control studies,
before-and-after (pre-post) studies, and cross-sectional
studies were included. Exclusion criteria for this review
were narrative or systematic reviews, case studies, confer-
ence abstracts, interventions that included synbiotics, or
studies that were not in English.

Critical appraisal and data extraction

Studies retrieved after database searches were indepen-
dently reviewed by 2 reviewers (S.E., C.T.) first on the
basis of title, followed by abstract and full text. A dis-
agreement on the inclusion of any study was settled by a
third independent reviewer (B.B.). During screening, rea-
sons for exclusion were noted. After full-text screening,
included studies underwent appraisal for methodological
quality by 2 reviewers (S.E., C.T.) using a standardized
critical appraisal checklist designed by the Academy of
Nutrition and Dietetics.”’ This checklist consists of 10
validity questions to assess methodological strength. Two
reviewers (S.E., C.T.) independently rated each study as
negative, neutral, or positive. Studies that did not meet
>6 validity questions were rated negative; those that did
not meet criteria of questions 2, 3, 6, or 7 but met most
other questions were rated neutral; and those that met
the criteria for questions 2, 3, 6, and 7 and most other
questions were rated positive. Last, the level of evidence
for each article was decided according to study design,
per the evidence hierarchy of the National Health and
Medical Research Council of Australia.”?

Data extraction

The following data were extracted from included stud-
ies: country, population, publication year, study design,
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sample size, details of intervention, duration of inter-
vention, and outcomes of interest: systemic inflamma-
tory biomarkers or measures of SCFAs.

Meta-analyses

For this review, meta-analysis was conducted using
RevMan, version 5.3 (Nordic Cochrane Centre).
Heterogeneity of studies was determined using the X2
test (significant heterogeneity determined at P <0.1)
and the I* factor (30%-60% = moderate, 50%-90% =
substantial, and 75%-100% = considerable heterogene-
ity).”> When substantial heterogeneity was found, sub-
group analysis was performed to address possible
contributing factors. Studies in this review were consid-
ered heterogeneous as a result of type and dosage of
SCFAs or prebiotic supplementation and study popula-
tion, such as disease status and country of origin; there-
fore, the random-effects meta-analysis model was used
in meta-analyses. The inverse-variance statistical
method was used, with standardized mean difference
(SMD) reflecting effect size and consequent 95%Cls cal-
culated. Interventions were included on the basis of
guidelines of the Cochrane Handbook for Systematic
Reviews of Interventions.”> Where studies reported mul-
tiple treatments or doses (ie, varying doses of a prebi-
otic), groups were combined into a single pair-wise
comparison.

Crossover studies were not included in meta-
analyses if there was inadequate detail to reject the pos-
sibility of carry-over effects, if data were not reported in
an appropriate form (ie, individual participant data or
within-patient differences) for paired analyses to be ap-
proximated, or if results from paired analyses were not
reported. Additionally, some studies and/or data from
studies could not be included in the meta-analysis be-
cause of to the statistical analysis (ie, analysis of covari-
ance models) used or the method of data reporting.

RESULTS

A total of 6323 articles were found, from which 1740
duplicates were removed (Figurel). Thus, 4583 titles
were examined and 1028 articles were retrieved for ab-
stract review. After abstract review, 704 articles were
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Figure 1 Flowchart of articles for inclusion in systematic review for the effects of short-chain fatty acids and prebiotics on systemic inflamma-

tion in overweight or obese humans and animals

excluded, leaving 324 articles to be retrieved for full-
text review. Data extraction and quality assessment
were undertaken for 61 articles that met review criteria.
Of these, 51 studies (84%) included in this review had
positive methodological quality. Methodological vigor
of these studies was strengthened by their use of ran-
dom allocations to intervention, incorporation of con-
trols or treatment sequence (crossover trials), blinding,
and comparability of study groups. Ten studies (16%)
were rated as having neutral quality, primarily as a re-
sult of inadequate detail pertaining to intervention pro-
tocol or design and/or methods of outcome measures.
Nil studies were rated as negative.

Description of included human studies

Of the 61 studies included, 29 studies (48%) were of
humans. Of the 29 human studies, 27 (93%) were
RCTs (n = 10 crossover trials), 1 was an intervention
study, and 1 was a secondary analysis of an RCT.
Included studies were published from 2008 to 2019.
Ten studies (34%) were conducted in Europe,'>**"** 9

(31%) in North America,”*™*' 8 (28%) in Asia,** *° and
2 (7%) in South America.>®”' A total of 28 studies
(97%) were undertaken in adults; the remaining 1
study (3%) was carried out with children. All the stud-
ies included overweight or obese individuals and 12
studies (41%) included participants who had T2DM,
or were prediabetic, or had insulin resistance. Two
studies (7%) included participants with metabolic syn-
drome, 1 study (4%) included participants with both
metabolic syndrome and T2DM, 1 study (4%) in-
cluded participants with nonalcoholic fatty liver dis-
ease, 1 study (4%) included persons with nonalcoholic
steatohepatitis, and 1 study (4%) included bariatric
patients. The remaining studies included participants
who were overweight/obese and had no other comor-
bidities reported.

Of the experimental studies in humans; 4 (14%)
used SCFAs (ie, sodium acetate or sodium butyrate)
(Table 2),1>?*3>*2whereas 25 (86%) used a form of pre-
biotic fiber (ie, resistant starch, polysaccharide, or oligo-
saccharide) (Table 3).2>73234-4143-51 The jntervention

period ranged from 1 hour to 36 weeks.
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Experimental Control

Study or Subgroup Mean SD Total Mean

Std. Mean Difference

SD Total Weight % IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95%CI

Overweight/Obese Adults

Parnell 2017 (39) 3.37 1.3 20 3.2 0.8 17 158
Reimer 2013 (40) 113.4 35.4531 28 922 30.1616 28 187
Subtotal (95%Cl) 48 45 345

Heterogeneity: T2 =0.02; X2 =1.27,df =1 (P =0.26);/2=21%
Test for overall effect: Z = 1.79 (P = 0.07)

Obese Children

Nicoluci 2017 (38) 4.36 0.4 17 419 0.51 14 143
Subtotal (95%Cl) 17 14 143
Heterogeneity: Not applicable

Test for overall effect: Z = 1.00 (P=0.32)

T2DM

Canfora 2017 (26) 237 0.54 21 232 0.49 23 172
Dehgan 2014b (45) 15.2 4.9 27 18 3.8 25 1841
Kamalpour 2018 (48)  49.23  40.607 20 42.62 40.9424 17 158
Subtotal (95%Cl) 68 65 51.2

Heterogeneity: T2 =0.11; X2=4.32,df =2 (P =0.12);/2 =54%
Test for overall effect: Z=0.54 (P=0.59)

Total (95%Cl) 133 124 100.0
Heterogeneity: T2 =0.11; X2 = 10.87, df =5 (P =0.05); /2 =54%

Test for overall effect: Z = 0.66 (P = 0.51)

Test for subaroup differences: X? = 2.85,df =2 (P =0.24),/2 =29.7%

0.15[-0.50, 0.80] =
0.64 [0.10, 1.17] —

0.43 [-0.04, 0.90] <>
0.37[-0.35, 1.08] T
0.37[-0.35, 1.08] <
0.10[-0.50, 0.69] .

-0.63[-1.18,-0.07] —
0.16[-0.49, 0.81] ——

-0.14[-0.65, 0.37) <@
0.12[-0.25, 0.49]
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Favors [experimental] Favors [control]

Figure 2 Forest plot of randomized controlled trials examining the effect of prebiotic supplementation on circulating tumor necrosis
factor o (TNF-a), subgrouped by adults, children, and disease status. Pooled effect estimates (diamond) for TNF-o are shown.
Values are expressed as standardized mean differences with 95%Cls determined by a generic IV random-effects model.
Heterogeneity measured by Pata significance of P <0.10. df, degrees of freedom; IV, inverse variance; Std., standardized; T2DM, type 2

diabetes mellitus
Description of included animal studies

Of the 61 studies included in the review, 32 (52%) were
studies of animal models, published from 2005 to 2019.
Of these, 12 animal studies (38%) were conducted in
Eulrope,6’52’62 14 (44%) in Asia,>”° 3 (9%) in North
America,”””? 2 (6%) in South America,**®! and 1 (3%)
in Africa.** Animal models consisted of rats or mice that
were obese or fed a high-fat diet, wherein mice were fed
a high-fat diet for a period during or before treatment.
Eight studies (25%) used diabetic mice; 1 study (3%) ob-
served pregnant, obese mice; and 1 study (3%) used mice
with steatosis induced by a high-fat diet.

Of the included animal studies, 11 (34%) studied
the delivery of SCFAs and 21 (66%) supplemented ani-
mals with a form of prebiotic fiber. Intervention periods
ranged from 3 weeks to 25 weeks.

Effects of SCFA on systemic inflammation in humans

Characteristics of human experimental studies investigating
SCFAs are presented in Table2. van der Beek et al** exam-
ined the effect of sodium acetate infusions in distal
(100 mmy/1) and proximal (180 mmol/l) segments of the co-
lon on systemic inflammation. The 100 mmol/l distal admin-
istration led to a nonsignificant reduction in plasma TNF-o
levels (P= 0.067) vs placebo.”* The 180 mmol/l distal admin-
istration also led to a nonsignificant increase in plasma ace-
tate levels (P=0.069) vs placebo. Proximal infusions did not

have any significant affects.** Canfora et al'> investigated the
effect of SCFA mixtures high in butyrate, acetate, or propio-
nate, delivered via enema, and their effect on systemic in-
flammation. The high-acetate mixture significantly reduced
fasting plasma IL-1§ levels compared with the high-propio-
nate infusion; however, the change was not different than
that observed after administration of the placebo infusion."
No significant changes were observed in other systemic in-
flammatory markers (namely, TNF-o, IL-6, and IL-8)."
Freeland and Wolever” infused sodium acetate intrave-
nously and via enema, which results in a significant decrease
in plasma levels of TNF-o in both groups compared with the
control (saline). Roshanravan et al** administered 600 mg/d
sodium butyrate, 10 g/d inulin, or both orally for 45 days. A
significant decrease in plasma hs-CRP and TNF-o messenger
RNA gene expression was observed as a result of all interven-
tions, compared with the control.** A significant decrease in
inflammation was detected in 3 of the 4 included SCFA
studies (75%). Meta-analysis could not be performed with
data from these studies, due to small sample sizes and het-
erogeneity in study designs.

Effects of prebiotics on systemic inflammation in
human studies

Characteristics of the 25 included prebiotic studies
(41%) conducted with humans are described in Table 3.
Of these studies, 11 (44%) reported a significant change
in >1 pro-inflammatory (eg, TNF-a, IL-6, IL-1f5, CRP)
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Experimental Control

Study or Subgroup Mean SD Total Mean

Std. Mean Difference
SD Total Weight% IV, Random, 95%CI

Std. Mean Difference
IV, Random, 95%CI

Overweight/Obese Adults

Parnell 2017 (39) 1.09 0.5 20 0.97 0.5 17 174
Reimer 2013 (40) 40.2 27.5158 28 74.7 98.4219 28 245
Subtotal (95%Cl) 48 45 419

Heterogeneity: T2 = 0.16; X? =2.72, df =1 (P =0.10); /2 = 63%
Test for overall effect: Z = 0.41 (P = 0.68)

Obese Children

Nicoluci 2017 (38) 0.66 015 17 0.64 0.14 14 149
Subtotal (95%Cl) 17 14 149
Heterogeneity: Not applicable

Test for overall effect: Z =0.37 (P =0.71)

T2DM

Canfora 2017 (26) 0.85 0.48 21 0.99 0.48 23 203
Dehgan 2014b (45) 4.9 3.3 27 6.2 1.6 25 23.0
Subtotal (95%Cl) 48 48 43.2

Heterogeneity: T2 = 0.00; X2 = 0.24,df =1 (P =0.63); /2 =0%
Test for overall effect: Z =1.91 (P = 0.06)

Total (95%Cl) 113 107
Heterogeneity: T2 = 0.02; X2 =4.64,df =4 (P =0.33);/2=14%

Test for overall effect: Z = 1.52 (P = 0.13)

Test for subgroup differences: X2 = 1.70,df =2 (P =0.43),/2=0%
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Figure 3 Forest plot of randomized controlled trials examining the effect of prebiotic supplementation on circulating interleukin-6
(IL-6), subgrouped by adults, children, and disease status. Pooled effect estimates (diamond) for IL-6 are shown. Values are
expressed as standardized mean differences with 95%Cls determined by a generic IV random-effects model. Heterogeneity mea-
sured by I at a significance of P <0.10. df, degrees of freedom; IV, inverse variance; Std., standardized; T2DM, type 2 diabetes mellitus

Experimental Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight% IV, Random, 95%ClI IV, Random, 95%ClI
Overweight/Obese Adults

King 2007 (35) 6.2 1.8 17 7.2 1.8 17  19.2 -0.54[-1.23,0.14] i

Morel 2015 b) (29) 7.05 2.342 63 10 3.6661 21 208 -1.07 [-1.59, -0.55] B

Subtotal (95%Cl) 80 38 400  -0.86[-1.37,-0.35] i
Heterogeneity: T2= 0.04; X?=1.46, df =1(P=0.23);/2=31 %

Test for overall effect: Z=3.29 (P=0.001)

T2DM

Dall'Alba 2013 (50) 3 128 23 245 1.27 21 201 0.43[-0.17,1.03] e
Dehgan 2014b (45) 553 4.6 27 119 6.5 25 20.1 -=1.16[-1.75,-0.57] .

Karimi 2015 (49) 4.95 26 28 12.75 5.4 28 19.8 -1.81[-2.44,-1.19] e

Subtotal (95%Cl) 78 74 60.0 -0.85[-2.15, 0.46] s
Heterogeneity: T?= 1.23; X?= 27.68, df = 2 (P< 0.00001 ); /?=93%

Test for overall effect: Z=1.27 (P=0.20)

Total (95%Cl) 158 112 100 -0.83[-1.56,-0.11] B
Heterogeneity: T2= 0.59; X2=29.18, df = 4 (P< 0.00001 ); />= 86% -2 _=1 t t

Test for overall effect: Z=2.25 (P=0.02)
Test for subaroup differences: X?=0.00, df = 1 (P=0.99), /2= 0%

Favors [experimental] Favors [control]

Figure 4 Forest plot of randomized controlled trials examining the effect of prebiotic supplementation on circulating high-sensitiv-
ity C-reactive protein (hs-CRP), subgrouped by adults, children, and disease status. Pooled effect estimates (diamond) for hs-CRP
are shown. Values are expressed as standardized mean differences with 95%Cls determined by a generic IV random-effects model.
Heterogeneity measured by /> at a significance of P <0.10. df, degrees of freedom; IV, inverse variance; Std., standardized; T2DM, type 2

diabetes mellitus

or anti-inflammatory (eg, IL-4, IL-10) biomarker of sys-
temic inflammation. A total of 13 studies (52%)
reported no significant change in systemic inflamma-
tory markers, whereas in 1 study (4%) with a high solu-
ble-fiber meal, authors reported a postprandial increase
in plasma IL-6 levels.*'

Of prebiotic interventions in overweight and obese
humans, 14 interventions (56%) included a oligosaccha-
ride prebiotic (ie, fructo-oligosaccharide, galacto-
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, . : 26-29,31,32,34,38,39,44-
oligosaccharide, or oligofructose).

1731 Six (43%) of these studies resulted in a significant
change in >1 pro-inflammatory or anti-inflammatory
biomarker of systemic inflammation.”>*>**"* No sig-
nificant change was reported in the remaining 8 studies
(57%).26728313%383951 Of the remaining studies, 6
(26%) investigated ~ polysaccharide interven-
tions,>>%40414830 and 5 (22%) looked at resistant-
starch interventions,*>>%*74>4?



Control
SD Total

Experimental

Study or Subgroup Mean SD Total Mean

Std. Mean Difference
Weight% IV, Random, 95%CI

Std. Mean Difference
IV, Random, 95%CI

Overweight/Obese Adults

Morel 2015 a) (29) 0.0867 0.0397 63 0.16 0.0156 21 169
Morel 2015 b) (29) 0.111 0.0241 63 0.18 0.0344 21 16.6
Parnell 2017 (39) 1.3 0.9 20 24 29 17 164
Subtotal (95%Cl) 146 59 49.9
Heterogeneity: T2 = 0.93; X2 = 20.36, df =2 (P<0.0001 ); /2 = 90%

Test for overall effect: Z= 2.91 (P= 0.004)

Obese Children

Nicoluci 2017 (38) 14 0.8246 17 1.8 14967 14 16.0
Subtotal (95%Cl) 17 14  16.0

Heterogeneity: Not applicable
Test for overall effect: Z= 0.91 (P = 0.36)

T2DM

Dehgan 2014b (45) 20.3 6.4 27 256 6.2 25 170
Karimi 2015 (49) 19.2 7.9 28 256 5.8 28 1741
Subtotal (95%Cl) 55 53 34.2

Heterogeneity: T2 = 0.00; X2 = 0.04,df = 1 (P=0.84); /2= 0%
Test for overall effect: Z= 4.31 (P<0.0001)

Total (95%Cl) 218 126 100.0
Heterogeneity: T2 = 0.64; X? = 37.74, df = 5 (P< 0.00001); /2 = 87%

Test for overall effect: Z= 3.42 (P = 0.0006)

Test for subaroup differences: X? = 4.15,df =2 (P=0.13),/2 = 51.8%
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Figure 5 Forest plot of randomized controlled trials examining the effect of prebiotic supplementation on circulating lipopolysac-
charide (LPS), subgrouped by adults, children, and disease status. Pooled effect estimates (diamond) for LPS are shown. Values are
expressed as standardized mean differences with 95%Cls determined by a generic IV random-effects model. Heterogeneity mea-
sured by I at a significance of P<0.10. IV, inverse variance; df, degrees of freedom; Std,, standardized; T2DM, type 2 diabetes mellitus

Two of the 6 studies (33%) investigating polysac-
charide supplementation resulted in a significant de-
crease in >1 marker of systemic inflaimmation
compared with baseline or a control.*>*® The remaining
4 studies (67%) reported no anti-inflammatory effects
after polysaccharide supplementation.”® In the 5 studies
(17%) in which resistant-starch interventions were ex-
amined, 3 (60%) reported a significant decrease in >1
marker of systemic inflammation.*’ Johnston et al*
and Maki et al’” did not report any significant changes
in insulin-resistant participants after resistant-starch
supplementation.

SCFAs as an outcome of a prebiotic intervention
were measured in 5 studies, 2 of which reported an in-
crease in plasma levels of an SCFA after intervention.
Supplementation of high-amylose maize starch signifi-
cantly increased plasma acetate levels in women com-
pared with the control group, and, compared with
inulin and cellulose, an inulin-propionate ester signifi-
cantly increased fecal propionate in overweight/obese
participants.”””” In 1 study, a decrease in plasma levels
of SCFAs after a resistant-starch intervention was
reported, 1 study reported a decrease in fecal SCFAs af-
ter a polysaccharide intervention, and 1 study observed
no effect of oligosaccharides on fecal or plasma
SCFAg 25:26:40

Meta-analysis was undertaken to observe the effect
of prebiotic interventions on TNF-o (n=6), IL-6
(n=5), hs-CRP (n=5), and LPS (n=6). Prebiotics
overall did not have a significant effect on TNF-o

10

(SMD, 0.12; 95%CI: —0.25 to 0.49; I* = 54%; P = 0.51)
(Figure 2).%%2%7494348 Pprebiotic interventions did not
significantly change plasma IL-6 levels overall or in any
subgroup (SMD, —0.22; 95%CI: —0.51 to 0.06; I =
14%; P = 0.13) (Figure 3).26:38-4045 pegults from the
meta-analysis showed that prebiotic supplementation
significantly decreased hs-CRP levels compared with
those of control subjects, and heterogeneity was also
significant between studies (SMD, —0.83; 95%CI: —1.56
to —0.11; I* = 86%; P = 0.02) (Figure4).>*>>*>>0
Last, results of the meta-analysis also indicated that pre-
biotic supplementation significantly reduced LPS levels
in humans compared with a control and, similarly, het-
erogeneity was significant between studies (SMD,
—1.20; 95%CIL: —1.89 to —0.51; I* = 87%; P = 0.0006)
(Figure 5). 2938394549

Geographic location and the effects of SCFAs and
prebiotics on systemic inflammation

Of human studies included in this review, a total of 10
(34%) were conducted in Europe, 9 (31%) in North
America, 8 (28%) in Asia, and 2 studies (7%) were con-
ducted in South America.

When subgrouped by continent, 4 studies (40%)
conducted in Europe, 2 studies (22%) from in North
America, and 8 studies (100%) conducted in Asia
reported a significant decrease in > 1 inflammatory bio-
marker. No studies (0%) from South America reported
a significant decrease in > 1 inflammatory biomarker,
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight% IV, Random, 95%CI IV, Random, 95%CI
Obese
Cani 2009 (6) 60 19.7642 10 190 173.9253 10 19.8 -1.01[~1.95, -0.06] —
Neyrinck 2008 (58) 58  3.5355 8 1125  7.0711 8 175 -0.92[-1.97,0.13] -1
Neyrinck 2012 (59) 63 33.9411 8 67 39598 8 189 -0.10[-1.08, 0.88] .
Singh 2016 (74) 421 208.7103 10 1,095 6292933 10 185 -1.38[-2.37,-0.38] —
Subtotal (95%Cl) 36 36 7438 -0.85[-1.38, -0.32] ’
Heterogeneity: T2 = 0.04; X2 = 3.43,df =3 (P =0.33);/2=12%
Test for overall effect: Z =3.14 (P = 0.002)
Diabetic
De Cossio 2017 (54) 1.75 1.5341 14 1.7 1.4967 14 252 0.03[-0.71,0.77] e =
Subtotal (95%Cl) 14 14 252 0.03[-0.71,0.77] <@
Heterogeneity: Not applicable
Test for overall effect: Z = 0.08 (P = 0.93)
Total (95% Cl) 50 50 100.0 -0.63[-1.19, -0.07] L 2
Heterogeneity: T2=0.18; X2 =7.18,df =4 (P =0.13); /2 = 44% _’4 _’2 s é A

Test for overall effect: Z =2.20 (P = 0.03)
Test for subaroup differences: X2 = 3.60, df =1 (P =0.06)./2 =72.2%
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Figure 6 Forest plot of randomized controlled trials examining the effect of prebiotic supplementation on circulating tumor necrosis
factor o (TNF-a) in obese animals. Pooled effect estimates (diamond) for TNF-o. are shown. Values are expressed as standardized
mean differences with 95%Cls determined by a generic IV random-effects model. Heterogeneity measured by F* at a significance
of P<0.10. df, degrees of freedom; IV, inverse variance; Std., standardized

and 1 study from North America reported a significant
increase in > 1 inflammatory biomarker.

Effects of SCFAs on systemic inflammation in animal
models

Of the 61 studies included in this review, 11 (18%) ex-
amined the effects of an SCFA intervention on systemic
inflammatory markers in overweight/obese mice
(Table 4).7>%376%80°82 Of these 11 studies, 10 (91%)
reported a significant decrease in a marker of systemic
inflammation (ie, cytokine production or gene expres-
sion of TNF-a, IL-6, or IL-1p).°>°* 68982 Beh et al®
supplemented diet-induced obese mice with synthetic
acetic acid or a vinegar source of acetic acid and
reported no change in inflammatory markers. In 8 of
these 11 animal studies (73%), sodium butyrate was
used in interventions that spanned 6-16 weeks, and all
reported a significant decrease in >1 marker of sys-
temic inflammation as a result.”>%>~%%°

Two studies (18%) reported analysis of SCFAs in
feces as an outcome of an SCFA intervention. Lu et al®’
observed a significant increase in fecal butyrate and
propionate levels as a result of sodium butyrate and so-
dium propionate supplementation, respectively, com-
pared with the control group. Zhai et al*’ reported a
significant increase in fecal propionate and butyrate lev-
els after a sodium butyrate intervention.

Meta-analysis was unable to be completed for the
effect of SCFAs on systemic inflammation in animals,
due to the heterogeneity in study design and reported
outcomes.

Nutrition Reviews® Vol. 00(0):1-19

Effects of prebiotics on systemic inflammation in
animal studies

In this review, 21 articles (34%) reported on investiga-
tion of prebiotic effects on systemic inflammation in
obese mice (Table 5).%%37270-7 Of these 21 studies, 18
(86%) reported a significant change in >1 pro-
inflammatory (eg, TNF-«, IL-6, IL-18, CRP) or anti-
inflammatory (eg, IL-4, IL-10) biomarker of systemic
inflammation. Of the remaining studies, 2 (10%)
reported an increase in pro-inflammatory markers, and
1 study (5%) reported no significant changes.

In 10 studies (48%), supplementation of oligosac-
charides was explored in animals; in 9 of the 10 (90%),
a significant decrease was reported in >1 marker of sys-
temic inflammation.>>*°*6>707>-737% A study by de
Cossio et al’* reported a significant increase in levels of
the anti-inflammatory IL-10 and pro-inflammatory IL-
6 after oligofructose supplementation for 8weeks in
obese T2DM mice.

Polysaccharides were investigated in 3 of the in-
cluded animal studies (14%).”"*>7® All 3 studies found
significant decreases in inflammatory responses after
polysaccharide supplementation, compared with con-
trol animals that were fed only a high-fat diet.”"”*7®
Two of the included animal studies investigated the
effects of resistant starch as a prebiotic intervention.
Polakof et al® observed significant decreases in liver
mRNA, TNFrsfla, NFxBia, and IL-18r1 as a result of a
diet supplemented with 40% resistant starch, whereas
Barouei et al’’ reported no changes in inflammatory
markers after a 6-week resistant-starch intervention.

In 6 studies (37%), supplementation with other sol-
uble fibers were explored in animals. In 5 of the 6

1
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“Methodological quality of study decided using the American Dietetic Association critical appraisal checklist.

Table 5 Continued

Reference; country

Singh et al’*; India 2016

Singh et al”>; India 2017

Tingting et al’®; China 2016

Zou et al’%; United States
2018

Abbreviations: BW, bod

messen

(83%), a significant decrease was reported in >1 marker
of systemic inflammation, compared with control
groups, and 1 study reported no significant changes.”>
58,61,76

Two of these included studies assessed SCFAs as an
outcome of a prebiotic intervention. Jakobsdottir et al’’
explored serum SCFA levels after prebiotic supplemen-
tation in obese mice. They reported that all interven-
tions increased serum acetate and propionate,
compared with a fiber-free control diet, whereas guar
gum and mixture interventions significantly increased
SCFA levels compared with pectin and fiber-free diets.
Additionally, Murakami et al’* found in their study that
epilactose supplementation in mice fed a high-fat diet
significantly increased caecum acetate, n-butyrate, and
propionate levels, compared with those of a high-fat-
only group.

Meta-analysis was performed on the effects of a
prebiotic interventions on the systemic inflammatory
marker TNF-a (n=6). Analysis of results
(Figure 6)>°*°***™* from 5 studies studying TNF-« as
an outcome revealed a significant decrease in TNF-o as
a result of a prebiotic intervention (SMD, —0.63;
95%CIL: —1.19 to —0.07; I* = 44%; P = 0.03). Meta-
analysis could not be performed on other markers of in-
flammation, due to heterogeneity in study design and
reported outcomes.

DISCUSSION

In this review, we evaluated evidence for the effect of
SCFAs and prebiotics on systemic inflammation in
overweight or obese humans or animals. In 14 of 29 hu-
man studies (48%), a significant decrease was reported
in levels of >1 marker of systemic inflammation. Of in-
cluded animal studies, 28 (88%) reported a significant
beneficial change of >1 marker of systemic inflamma-
tion (ie, decrease in pro-inflammatory or increase in
anti-inflammatory marker). The meta-analysis indi-
cated that prebiotic intervention in overweight/obese
humans was associated with a significant decrease in
circulating levels of hs-CRP and LPS, and that TNF-a
levels were significantly lowered in animals as a result
of a prebiotic intervention.

SCFAs can be directly administered via several
methods. In humans, SCFAs may be given orally (in
tablet form), intravenously, via infusion, or by enema.
In 3 of the 4 studies using an SCFA intervention in
obese humans, a decrease in a marker of systemic in-
flammation was reported. An oral tablet of butyrate was
used in 1 study, which reported a significant decrease in
hs-CRP level, whereas a crossover intervention showed
reductions in plasma TNF-o levels after intravenous
and enema acetate interventions.”** Canfora et al'’
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administered SCFAs via enema, and plasma IL-1 levels
were significantly reduced after acetate administration,
compared with propionate. These SCFA interventions
suggest there is a role for SCFAs in alleviating inflam-
mation in obesity. However, these studies have done lit-
tle to explore the mechanisms behind the anti-
inflammatory effects behind SCFAs. Mechanisms of ac-
tion such as activation of FFARs and inhibition of
HDACs have been explored in animals; however, little
work has been undertaken in humans to explore these
mechanisms. Work in humans should particularly look
to investigate the role of SCFAs on these mechanisms.
With heterogeneity between types and delivery of SCFA
administration in these interventions, more studies ex-
amining these factors are warranted to determine
SCFAs as a novel aid in reducing obese systemic
inflammation.

SCFAs can also be produced from prebiotic sub-
strates, particularly from soluble fibers via fermentation
by gut microbiota.*” In obesity, SCFAs have been pro-
posed to reduce systemic inflammation in obesity by di-
rectly increasing the lipid-buffering capacity of adipose
tissue, reducing spillover of free fatty acids into circula-
tion, and, ultimately, reducing production of pro-
inflammatory cytokines. Prebiotic interventions in
humans resulted in a significant decrease in > 1 marker
of systemic inflammation in 11 of 25 studies; mixed
results were observed across all types of prebiotics, sug-
gesting that no specific type of prebiotic was favorable
compared with another. Variables such as prebiotic
dose and/or study duration in these studies may have
also influenced the heterogeneity of results. The meta-
analysis revealed that a significant decrease in hs-CRP
levels occurred in overweight/obese humans as a result
of prebiotic interventions. Similarly, in their meta-anal-
ysis, McLoughlin et al** examined the effect of prebiotic
supplementation on CRP in the general population,
reporting a significant decrease (SMD, —0.60; 95%CI:
—0.98 to —0.23; I> = 64%; P = 0.002), where consider-
able heterogeneity was also observed. In contrast, a sys-
tematic review of prebiotic interventions by Kellow et
al” showed 3 of 4 studies reported a significant decrease
in CRP levels in overweight and obese adults with
T2DM when compared with controls. However, when
pooled analysis (n=181) was performed, CRP levels
were not significantly reduced (SMD, —0.85; 95 %CI:
—2.11, 0.42; P = 0.19). Differences in meta-analysis
results perhaps lie in methodology, such that our review
and the review of Mcloughlin et al** excluded crossover
studies from meta-analysis, whereas the review of
Kellow et al” did not. Disparity between studies, relating
to supplement types and dosage, intervention duration,
biomarker measurement, and study population may
have also factored into differences between results.

Nutrition Reviews® Vol. 00(0):1-19

Analysis performed by McLoughlin et al* indicated
that prebiotics did not significantly change levels of
TNF-0 and IL-6 in the general population. Similarly,
our meta-analysis showed that, overall, TNF-« and IL-6
were not significantly changed as a result of prebiotic
intervention in an obese population. Our review high-
lights current evidence, specifically for the impact of
prebiotics on systemic inflammation in obesity.
Although evidence appears supportive for the use of
prebiotics as a novel aid against systemic inflammation,
more work elucidating the optimal dose and best form
of prebiotic in reducing systemic inflammation in obe-
sity is warranted.

It is believed that SCFA production from prebiotics
can promote gastrointestinal barrier integrity, thereby
preventing access of pathogenic intestinal bacteria and
LPS into circulation.® Meta-analysis revealed that pre-
biotic supplementation significantly reduced LPS levels
in humans. Levels of LPS are often higher in obesity,
particularly in obese individuals with T2DM. A system-
atic review by Gomes et al*® indicated that individuals
with T2DM had 66.4% higher levels of plasma LPS than
persons without diabetes. SCFAs have been proposed to
inhibit LPS-induced inflammation, directly or indi-
rectly, via activation of FFAR2 and FFAR3.*”** LPS is a
hallmark trigger of systemic inflammation in obesity;
therefore, decreasing levels of LPS in obesity is crucial
in decreasing systemic inflammation. The minimum
dose of prebiotic found to significantly reduce plasma
LPS levels was 6g of a-galacto-oligosaccharide.”
Although several studies have provided evidence for
prebiotics’ ability to decrease LPS levels in obesity,
more studies exploring the best form of prebiotic and
the optimal dose of prebiotic required to attenuate LPS
in the obese context are needed.

A number of determinants such as mode of birth
delivery, genetics, diet, medical history, and social his-
tory can influence gut microbiota composition.*’
Moreover, recent studies have shown that significant
variations exist in gut microbiota composition in
healthy individuals from different countries and of dif-
ferent races.”™”' Subgroup analysis within this review
showed that in all studies (n = 8) conducted in Asia, a
significant reduction in >1 biomarker of systemic in-
flammation in overweight and obese individuals was
reported. Results of studies from other continents were
not as conclusive, with only 40% of studies conducted
in Europe, 22% of studies in North American, and 0%
of studies in South America reporting significant reduc-
tion of >1 biomarker of systemic inflammation. These
results may suggest that SCFA and prebiotic interven-
tions are more effective in Asian populations than in
populations from other continents. However, it is im-
portant to note that 7 of 8 human studies conducted in
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Asia included in this review were from Iran; therefore,
this sample population may not be truly reflective of
populations from other Asian countries. Furthermore,
significant differences between types and dose of SCFA
or prebiotic treatments may also reflect differences seen
among populations from different geographic locations.
Currently, there is a paucity of research examining the
difference in effects of SCFAs and prebiotics in individ-
uals from different races and geographic locations.
Studies should consider differences present in gut
microbiota composition between individuals from dif-
fering geographic locations because these differences
may affect the effectiveness of SCFA and prebiotic
interventions. Understanding these differences may be
important in determining whether specific SCFA and
prebiotic treatments are needed to achieve reductions
in systemic inflammation among differing populations

Overall, the majority of animal studies (88%) in-
cluded in this review reported a decrease in >1 marker
of systemic inflammation in response to an SCFA inter-
vention. To our knowledge, this is the first systematic
review evaluating the effect of SCFAs or prebiotic inter-
ventions in animal studies. Interestingly, sodium buty-
rate was used in 8 animal studies (73%), and all
8 reported a significant decrease in inflammation post-
intervention. Butyrate is considered the most potent
HDAC inhibitor, with inhibition shown to suppress
TNF-o production and suppress NF-xB activity as well
as promote the production of anti-inflammatory cyto-
kines.”>”> Meta-analysis could not be undertaken for
SCFA supplementation in animal studies, due to the
heterogeneity in outcome measures as well as interven-
tion types carried out. The animal studies that investi-
gated the impact of prebiotics on systemic
inflammation in obese mice also showed an overall ben-
eficial effect, with 86% of studies reporting a reduction
in >1 marker of systemic inflammation. Meta-analysis
revealed that prebiotics significantly reduced TNF-o in
obese mice. Hence, this review highlights a large num-
ber of studies that support an anti-inflammatory role of
SCFA in animals. Because few SCFA studies have been
undertaken in humans, these studies should inform fu-
ture directions for clinical SCFA interventions. It is im-
portant to highlight, however, that animal models often
use large doses of fiber, which cannot be replicated in
human interventions, potentially explaining differences
observed between animals and human studies.”

In this review, 8 studies in humans and 4 studies in
animals measured SCFAs as an outcome of SCFA or
prebiotic intervention. Conflicting results were ob-
served between human studies reporting SCFA meas-
urements. Of the 3 studies that examined plasma
SCFAs after SCFA interventions in humans, only 1
reported a significant increase in plasma levels of
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SCFAs."? Of 5 studies examining SCFAs as an outcome
following prebiotic interventions, 1 study reported no
significant changes in plasma or fecal SCFA levels; 1
study reported an increase in fecal SCFA levels but no
changes in plasma SCFAs; 1 study reported a decrease
in plasma SCFA levels; 1 study reported an increase in
plasma levels of SCFAs; and 1 study reported a decrease
in fecal levels of SCFAs.”>"**”*? Of the 4 animal stud-
ies, 2 studies reported assessment of SCFA after prebi-
otic intervention, 1 study measured SCFAs in plasma,
and 1 study measured SCFAs in the caecum and 2 stud-
ies measured SCFA in feces post-SCFA intervention.
All 4 animal studies reported a significant increase in
SCFA levels.””¢76%7

The complexity of exposures is impossible to repli-
cate in animal models and it is likely that inherent dif-
ferences explain why consistent SCFA increases were
seen in animal models, compared with those in
humans.®” Because of heterogeneity of the available re-
search, more studies need to be undertaken in humans,
analyzing SCFA levels to clarify the best types of prebi-
otic and SCFA supplementation to increase SCFA pro-
duction, as well as determining the amount and type of
prebiotics or SCFAs required to induce an anti-
inflammatory response. Importantly, researchers should
consider analyzing SCFAs in plasma, because plasma
SCFA levels may be more reflective of SCFA produc-
tion: approximately 95% of SCFAs are absorbed by
colonocytes within the gastrointestinal tract.”> SCFA
absorption by colonocytes is rapid and efficient; thus,
only 5%-10% of SCFA may be excreted within feces.
Therefore, analyzing SCFA levels in feces alone may not
be an accurate measure of SCFA production.®’

It is important to highlight the limitations of the re-
search that formed the basis of this systematic review.
First, heterogeneity between studies with respect to
dose and type of SCFA and prebiotic intervention,
study duration, and systemic inflammatory outcomes
restricted the number of studies available for meta-
analysis. Furthermore, as a result of this limitation, the
magnitude of changes to cytokines due to interventions
could not be deduced. Second, several studies did not
consider background dietary intake during the inter-
vention period, which may have confounded the results,
either due to consumption of dietary soluble fiber or
consumption of other nutrients (ie, vitamins and anti-
oxidants) that can alter systemic inflammation. Only 18
of the included human studies (62%) assessed dietary
intake or used a standardized diet, which is an impor-
tant consideration in future research. Fourth, another
limitation was the exclusion of studies not in English,
potentially introducing selection bias that may have af-
fected the results. Fifth, although the anti-inflammatory
effects of prebiotics can be largely attributable to SCFA
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production, other actions of prebiotics are likely to be
important for reducing systemic inflammation in obesity.
Prebiotic-stimulated synthesis of beneficial bacteria by
gut microbiota such as Lactobacillus and the bifidobacte-
ria may indirectly affect inflammation via the mainte-
nance and repair of epithelial barriers, which may reduce
the affect of pro-inflammatory triggers such as LPS.”
Altered gut bacteria may also influence the differentia-
tion and action of immune cells and their production of
cytokines.”® This highlights the importance of measuring
SCFA levels, particularly in plasma where SCFA action
occurs, to determine the relative contribution of SCFA to
the anti-inflammatory effects of fiber.

Despite these limitations, this appears to be is the
first study in which SCFAs and prebiotics were evalu-
ated in obese humans and animals, providing a compre-
hensive overview of current evidence for SCFAs and
their anti-inflammatory potential. Most (92%) of hu-
man studies included in this review were classified as
level II evidence according to the National Health and
Medical Research Council hierarchy of evidence, which
strengthens the conclusions we have drawn.

CONCLUSION

In summary, this systematic review highlights the anti-
inflammatory potential of SCFAs and prebiotics in attenu-
ating systemic inflammation in overweight/obesity in ani-
mals and humans. Overall, the evidence for an effect of
SCFAs and prebiotics on systemic inflammation is support-
ive. Because of heterogeneity among studies, the optimal
dose, type, and duration of intervention was unable to be
determined and these details should be addressed in future
work. Furthermore, studies reporting SCFA levels as an
outcome of SCFA or prebiotic interventions are required to
help determine the optimal delivery method for SCFA, as
well as to quantify what increases of SCFA levels are re-
quired for clinically significant anti-inflammatory effects.
Exploring these questions would be paramount in confirm-
ing SCFAs and prebiotics as a novel approach for the treat-
ment of systemic inflammation in overweight and obesity
and to reduce the risk of chronic disease.
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