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Abstract

Background: The beneficial role of gut microbiota and bacterial metabolites, including short-chain fatty acids
(SCFAs), is well recognized, although the available literature around their role in colorectal cancer (CRC) has been
inconsistent.

Methods: We performed a systematic review and meta-analysis to examine the associations of fecal SCFA concentra-
tions to the incidence and risk of CRC. Data extraction through Medline, Embase, and Web of Science was carried out
from database conception to June 29, 2022. Predefined inclusion/exclusion criteria led to the selection of 17 case-
control and six cross-sectional studies for quality assessment and analyses. Studies were categorized for CRC risk or
incidence, and RevMan 5.4 was used to perform the meta-analyses. Standardized mean differences (SMD) with 95%
confidence intervals (Cl) were calculated using a random-effects model. Studies lacking quantitation were included in
qualitative analyses.

Results: Combined analysis of acetic, propionic, and butyric acid revealed significantly lower concentrations of these
SCFAs in individuals with a high-risk of CRC (SMD = 2.02, 95% Cl 0.31 to 3.74, P = 0.02). Additionally, CRC incidence
was higher in individuals with lower levels of SCFAs (SMD = 0.45, 95% C1 0.19 to 0.72, P = 0.0009), compared to
healthy individuals. Qualitative analyses identified 70.4% of studies reporting significantly lower concentrations of
fecal acetic, propionic, butyric acid, or total SCFAs in those at higher risk of CRC, while 66.7% reported significantly
lower concentrations of fecal acetic and butyric acid in CRC patients compared to healthy controls.

Conclusions: Overall, lower fecal concentrations of the three major SCFAs are associated with higher risk of CRC and
incidence of CRC.
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increase 60% worldwide by 2030, leading to more than
1.1 million deaths and 2.2 million new cases [2]. Colo-
rectal cancer develops from precursor lesions collectively
known as colorectal adenomas (CRA), in the form of ade-
nomatous polyps or to a lesser extent (10-20%) serrated
polyps [3, 4]. It is a heterogeneous disease and environ-
mental factors have a potential impact on the develop-
ment of CRC, among which diet is a risk factor [4—6].
According to several meta-analyses, high consumption
of processed and unprocessed meat is related to high
CRC risk [7, 8], and high fiber intake is suggested as a
protective factor against CRC progression and incidence
[9-11].

The effect of diet on colonic health is partly mediated
through alteration of gut microbiota composition, diver-
sity, and metabolism [6, 12]. Gut microbiota constitutes
the largest community of commensal microorganisms in
the body, which mainly resides in the lower small intes-
tine and colon [6, 12, 13]. The gut microbiota-derived
metabolites are in constant crosstalk with colonocytes,
and short-chain fatty acids (SCFAs) make up a large
group of these metabolites [6, 12, 13].

Short-chain fatty acids are small molecules generated
via the fermentation of dietary fibers by gut microbiota.
Acetic, propionic, and butyric acid constitutes the major-
ity of colonic SCFA content [14, 15] and the beneficial
anti-inflammatory and anti-carcinogenic effects of die-
tary fibers on colonocytes are mediated through these
SCFA molecules [16, 17]. Among the three major SCFA
molecules, butyric acid is also considered as one of the
main energy sources for colonocytes [12, 14, 17]. There-
fore, alteration in SCFA levels could impact the colonic
health and predisposition of colonocytes to aberrant pro-
liferation and tumor formation [15, 16].

Several studies have assessed fecal SCFA concentra-
tion in patients with colorectal carcinoma or adenoma
[18-34]. However, due to variable results, the conclusive
evaluation of SCFA profiles from CRC patients versus
healthy subjects is lacking. In addition, other studies have
compared SCFA concentration within healthy individuals
from various countries and ethnic groups with the high-
est and lowest prevalence of CRC; although with incon-
sistent results [35-40].

Therefore, systematic analyses designed to better
understand the link between SCFA concentration in
CRC risk and incidence is highly desired. We divided
our analyses on the available evidence into two broad
categories: (1) CRC-risk and (2) incidence. We aimed to
systematically analyze the results of all primary observa-
tional human studies, which measured fecal SCFA levels
in “at-risk” individuals or in CRC patients. In the CRC
risk category, the focus was on at-risk individuals, which
was further sub-divided into two groups based on (la)
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studies that analyzed clinical data (presence of colorec-
tal adenomas) or (1b) those that assigned CRC risk based
on non-clinical evaluation of study participants (ethnic
background or location). The CRC incidence category
included studies that compared fecal SCFA levels in indi-
viduals with clinically diagnosed CRC and healthy indi-
viduals. Our results underline the potential association of
the three major SCFA molecules (acetic, propionic, and
butyric acid) with CRC risk and incidence.

Methods

We used Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guideline
[41, 42] to systematically search and extract data from
primary human studies with SCFA measurement in CRC
risk or incidence.

Database search

The Medline, Embase, and Web of Science database
search was performed for articles involving human sub-
jects that are in English from database conception until
June 29, 2022. The details of the search keywords and
strategies utilized in Ovid and Web of Science are avail-
able in the Additional file 1: Supplementary methods.

Eligibility criteria

All the records, including abstracts, were imported to
EndNote X9 (Clarivate Analytics, Toronto, Canada).
Duplicate records were first removed. The records were
then filtered using EndNote’s built-in search tool for the
following criteria: (i) searching for concentration*, level*,
quanti*, measure*, assess*, evaluat®, estimat®, calculat?,
mmol, and pmol as the inclusion criteria to capture stud-
ies which reported the SCFA measurement based on
these terms, and (ii) searching for mouse, mice, murine,
rats, conference, ethyl acetate (EtOAc), and phorbol as
the exclusion criteria to exclude rodent studies, confer-
ence proceedings, and studies that have stated the use of
any unrelated chemicals (such as EtOAc and 12-O-Tet-
radecanoylphorbol-13-acetate) - the asterisk symbol (*)
applied was to include all the variations of the search
terms. The abstracts of the remaining records were
then screened to exclude reviews, methodology, human
studies not related to SCFAs in CRC or CRA, and non-
human studies (i.e., in vitro or other non-rodent animal
studies), to identify the human studies on SCFA meas-
urement in CRC or CRA. The full text of the remaining
(n = 57) records were then screened to include only the
observational studies which have measured fecal SCFA
concentration. A final set of 23 observational studies
qualified for further data extraction, quality assessment,
and statistical analyses.



Alvandi et al. BMC Medicine (2022) 20:323

Data extraction and quality assessments

The data and additional details available for analysis (such
as study subjects and SCFA levels) from the finalized pri-
mary studies were extracted and added to an Excel work-
sheet. The Newcastle-Ottawa Scale (NOS) [43] was used
as a standard tool for quality assessment of 17 case-con-
trol studies in the selection, comparability, and exposure
categories, to provide a score range between 0 and 9 (<
6, 7-8, and 9 indicate high, medium, and low risk of bias,
respectively) [42]. Evaluation of six cross-sectional stud-
ies was performed using the Joanna Briggs Institute (JBI)
Critical Appraisal Checklist tool [44], as recommended
[45].

Statistical analyses

Review Manager (RevMan) software version 5.4
(Cochrane, Copenhagen, Denmark) was used to analyze
the quantitative fecal SCFA concentration data, which
were available in 10 of the final 23 observational studies
(9 of 17 case-control, plus 1 of 6 cross-sectional studies).
The fecal concentration of acetic, propionic, or butyric
acid was considered as the subgroups. Before data entry,
SEM or 95% CI upper and lower bound values were
converted to SD. Due to variation in the reported SCFA
concentration units between different papers, standard-
ized mean difference (SMD) was selected as a measure
of effect size for each study. The statistical heterogeneity
among studies was calculated using y*> and I tests and a
P-value of 0.05 was considered significant [46]. To nor-
malize the use of different SCFA measurement meth-
ods, a random-effects model was applied to analyze the
pooled effect size and P-value for each SCFA molecule
in each subgroup. One overall effect size and P-value of
combined acetic, propionic, and butyric acid were also
calculated. In all analyses, the effect size was reported
with 95% confidence intervals, and the P-value < 0.05
was considered significant. Furthermore, the fixed-effect
model was also applied in the case of non-significant het-
erogeneity of I* < 50 [46]. All the data conversions, as well
as qualitative and quantitative analyses, were validated
by the second team member and confirmed by the senior
authors.

One study [34] reported values that could not be
converted to mean and SD for the meta-analysis and
was therefore only included in our qualitative analy-
sis. Another study [35] reported the numeric values of
butyric acid concentration and other SCFA molecules in
graphs and hence was included in both quantitative (for
butyric acid) and qualitative data (for acetic acid, propi-
onic acid and total SCFA). Therefore, in addition to stud-
ies in which the fecal SCFA concentration was presented
using graphs (with no reported actual values), 14 of 23
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studies were considered as qualitative studies (8 of 17
case-control, plus all 6 cross-sectional studies—including
Ocvirk et al. 2020). The outcome of analyses from these
qualitative studies was plotted as stacked bar charts,
using Microsoft Excel (ver. 2016; Microsoft Corporation,
Redmond, WA, USA).

Results

Study selection and quality assessment

The workflow on the identification and stepwise selection
of the observational studies is presented in Fig. 1. Initially,
a total of 2133 English language records obtained from
searching through the three databases (Medline, Embase,
and Web of Science) were imported to EndNote along
with their abstracts. After removing duplicate records,
the titles and abstracts of the remaining 1466 records
were filtered and screened for eligibility as detailed in the
Methods section. In total, 1409 records were excluded,
of which most were in vitro studies. From the remain-
ing 57 human studies, 34 studies were excluded. Of these
28 were interventional studies, three were observational
studies on serum SCFA [47-49], two studies had indis-
tinct grouping (one case-control study with the presence
of individuals with adenomatous polyps in the healthy
control group [50] and one cross-sectional study with no
clear definition of CRC high- and low-risk group [51]),
and one retracted observational study [52].

Finally, 17 case-control and 6 cross-sectional studies
were selected for data extraction and analysis. Table 1
summarizes the characteristics of these observational
studies. The results of quality assessment using NOS
and JBI tools on case-control and cross-sectional stud-
ies are provided in Additional file 1: Tables S1 and S2,
respectively.

Stratifications based on CRC risk or incidence

Studies listed in Table 1 are presented based on the type
of data provided (qualitative or quantitative) and CRC
risk and/or incidence. Among the 17 case-control stud-
ies (not highlighted in Table 1), 8 studies comparing CRC
cases and healthy control subjects were allocated to the
CRC incidence category, 5 studies comparing individuals
with CRA and healthy controls assigned to the CRC risk
category, and the remaining 4 studies were included in
both incidence and risk categories since they compared
CRC patients, CRA individuals, and healthy subjects.
All 6 cross-sectional studies (highlighted gray in Table 1)
comparing populations with high- versus low-risk of
CRC were allocated to the risk category. Therefore, the
CRC incidence and risk category included 12 and 15
studies, respectively (Table 1). For each study, the details
of the measured SCFA and CRC risk and/or incidence
grouping are provided in Additional file 1: Table S3.
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* Not containing the inclusion criteria keywords (concentration*, level*, quanti*,
measure*, assess*, evaluat*, estimat*, calculat®*, mmol, and pmol - searched in the
Endnote library) (n = 398)

* Containing the exclusion criteria keywords (mouse, mice, murine, rats, ethyl acetate,
EtOAc, phorbol, and conference - searched in the Endnote library) (n = 419)

* Records excluded by abstract screening (n = 592)
* invitro studies (n = 485)
* Human studies not related to SCFAs in CRC or CRA (n =73)
* Studies on non-rodent animal models (n = 8)
* Methodological studies (n = 3)

Records excluded by full-text screening (n = 34)

* Observational studies on serum SCFA (n = 3)
* Observational studies with indistinct grouping (n = 2)
* The presence of individuals with adenomatous polyps in the control group in
one case-control study

* CRC high- and low-risk groups were not defined in one cross-sectional study

o0
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S * Reviews (n=23)
Human studies on SCFA measurement in
CRC or CRA (n=57)
* Interventional studies (n = 28)
* Retracted article (n = 1)
§ Selected observational studies on faecal SCFA
2 measurement (n = 23, including 17 case-control and
£ 6 cross-sectional studies)

Fig. 1 The PRISMA flowchart shows the selection process of the systematic review. The abstracts of all the studies were imported into Endnote
from the indicated databases. SCFA, short-chain fatty acid; CRC, colorectal cancer; CRA, colorectal adenoma

Some studies reported total SCFA concentration in addi-
tion to the individual (acetate, propionate, and butyrate)
SCFAs.

The primary studies analyzed in this systematic review
were performed in various countries and ethnic groups.
Age was matched in some of the studies [18, 24, 28,
38-40], although the male-to-female ratio was not simi-
lar between the study groups in most studies (Table 1).
The SCFA concentrations were measured using differ-
ent techniques, such as gas chromatography, liquid chro-
matography, gas-liquid chromatography and 'H nuclear
magnetic resonance spectroscopy.

Data analyses

The meta-analysis of the quantitative data extracted from
the 10 selected studies [18-22, 26, 28, 30, 33, 35] are
presented in Fig. 2. In the risk category (Fig. 2A. B), two
studies [19, 20] were excluded from the meta-analysis
due to the lack of sufficient details of the methods used
for SCFA measurement from stool samples. In CRC risk
meta-analysis, the effect size of each of the three SCFAs
was not statistically significant; however, their combined
effect size was significantly higher in low risk compared
to high-risk CRC (SMD = 2.02, 95% CI 0.31 to 3.74, P =
0.02, Fig. 2A). The effect size of total SCFA concentration
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Table 1. Characteristics of the selected studies. Cross-sectional studies are highlighted in gray, and case-control studies are
nothighlighted
Age (y) Presented as Mean+SD,
Median(IQR), Mean[min-max],
Median|min-max], or [min- SCFA Measurement Analysis
Study Country Study Population® (No. of Subjects) max] Sex Male/Female Technique® (Unit) Measured SCFA° ___Category®
Szeetal. 2019 USA/Canada CRC (120) vs CRA (198) vs HC (172) [29-89] Median=60 HPLC (mmol/kg) €2,C3,C4 “ﬂ'ﬁfﬁ:ﬁc
700 v HE THNMR (fold o oo )
Linctal. 2019 China CRC (70) vs HC (70) difference CRC vs HC) €2,C3,C4 Incidence
o | tinetal.2016 China CRC (68) vs HC (32) 5621 vs 57223 36/32vs 15/17 IHNMR €2,C3,C4 Incidence
g | Weiretal. 2013 USA CRC (11) vs HC (10) 63.7£17.7 vs 40.714.6 8/2vs2/8 GC-MS €2,C3,C4 Incidence
5
- _ 68.9+12.1 vs 66.6£9.2 vs . Incidence
Z | Obigashietal 2013 Japan CRC (93) vs control adenoma (22) vs non-adenoma (27) sy 49/44 vs 11/11 vs 16/11 HPLC (umol/g) [ ey
% | Monlcon ctal. 2009 Spain CRC (21) vs HC (1) 63.2£12.6 vs 58.1£11.9 7/14vs 219 IHNMR €2,C3,C4 Incidence
=
£ Polyps and/or colon cancer [no diverticula (18) vs including [62.5513.9 vs 63.8513.0] vs GC Gumolimiiday
3 . diverticula (33)] vs diverticula [no polyps (39) vs including polyps [62.913.0 vs 63.6£12.7] vs i -
5 | Weaverctal 1988 Usa and/or colon cancer (54)] vs colon cancer (including diverticuia) 677475 vs 41.6519.3 vs weight °f1°")°'““ €2,C3,C4, total Incidence
B (11) vs IBD (8) vs normal (35) 54+12.5 sample
E | Ocvirk etal. 2020 USA/South Africa Alaska native (32) vs Rural African (21) 514503 vs 53.3£52.7 8024 vs 9/12 GC (umol/g) €2, 03, total Risk
s
g
3 | Katsidzira ctal. 2019 USA/Zimbabwe Urban (10) vs Rural (10) Zimbabweans 61.658.1 v 65.3510.0 55 vs 5/ GC (pmol/g) €2,03,C4 Risk
g
3 Affican American (5) vs others (15) (American-Indian (5), Hispanic 61.8[50-72] vs (59.4{50-75],
£ | Hesteretal 2015 USA & ey SET () V4 vs 213,203, 1/4 GC (mg/ml) €2, C3,C4, total Risk
E
© | ouetal. 2013 USA/South Africa Affican Americans (12) vs native Africans (12) 58:8.7 vs 5746.6 319 vs 4/8 GC (umol/g) €2,C3,C4 Risk
) fri ican (12) vs C ican (10) vs native
Oucetal. 2012 USA/South Africa e (%) [50-60] GC (pmol/g) €2,03,C4 Risk
O’Keefe et al. 2009 USA/South Africa Caucaslanisticas ("2;::::‘:(”?:;‘*"‘5"“"5 (CDhshative [50-65] GC (mmol) C2,C3, C4, total Risk
Nannini et al. 2021¢ Italy CRC (32) vs AP (16) vs HC (38) T236-85] vs 5‘2;‘]"79] Vs 47127- 22/10 vs 9/7 vs 28/10 1H NMR (arbitrary unit) C2,C3,C4 l‘a‘;‘d":“:;”
. . . lon chromatography / P
Chen et al. 2021% China Colorectal adenomatous polyps (30) vs HC (30) 53.23+10.14 vs 50.33£10.87 2010 vs 13/17 Utoms (%“JL’)' €2,03,C4 Risk
£ | Toriictal 2019 Japan CRC (15) vs HC (38) 73.134.49[66-82] vs [28-82] 8/7vs 1721 HPLC-FL (nmol/g) €2,C3,04 Incidence
E
z Niccolai et al. 2019 Italy CRC (19) vs AP (9) vs CD (16) vs HC (16) 80(13.5) vs (’szx) Vs 35.521) vs 17/2vs 514 vs 6/12 v GC-MS (umol/g) €2, C3, C4, total Incidence
o 6(9) and risk
&
2 | Yusufetal2018 Indonesia CRC (14) vs non-CRC (14) 53.8+13.3 vs 50£17.6 10/4 vs 9/5 GC-MS (pg/ml) €2,C3,C4 Incidence
£
£
£ | Songetal 2018 South Korea CRC (26) vs HC (28) 59,7122 vs 51.146.0 16/10 vs 22/6 GC-MS (pg/mg) €2,C3,04 Incidence
s
E | Bridgesctal. 2018" USA Presence of AP (13) vs absence of AP (26)° [50-75] GC-MS (mg/ml) €2,C3,C4, total Risk
-é- Chen et al. 2013 China Advanced-colorectal admom{;:g??g);j)w“lmm obvious abnormality =01 174/170 vs 172/172 GC-MS (uglL) €2,C3,C4 Risk
£ v v
£ | Bouron-Ruaulteral France Adenoma (50 (large (18) and small (32) adenoma) vs adenoma-iee 57355841 vs 52,5877 (144 and 21/11) vs GOMS (umollg) €2, C3, G4 total Risk
5 | 2005 (44) 21/23
Kashtan ct al. 1992 Canada Polyp (45) vs non-polyp (49) 613210.1 vs 51.2£12.6 31/14 vs 2623 HPLC (mmol/L) C4, total Risk
Ocvirk et al. 2020 USA/South Africa Alaska native (32) vs Rural African (21) 514503 vs 53.3£52.7 8024 vs 9/12 GC (umol/g) c4 Risk

2 CRC colorectal cancer, AP adenomatous polyposis, CD celiac disease, CRA colorectal adenoma, HC healthy controls, IBD inflammatory bowel disease. °GC-MS
gaschromatography-mass spectrometry, HPLC high-performance liquid chromatography, FL fluorescence, TH NMR TH nuclear magnetic resonance spectroscopy,
UPLC-MSultra-performance liquid chromatography-tandem mass spectrometry, GLC gas-liquid chromatography. “C2 acetic acid, C3 propionic acid, C4 butyric acid.
dRefer tothe text for the definition of CRC risk and incidence category. ®Values in this paper were measured on enema samples, not feces. Therefore, they used in
qualitativeanalysis. fMore details are provided in the article. SRemoved from quantitative analysis as the reported SCFA values could not be converted to mean and
SD. "Removedfrom meta-analysis due to insufficient data on SCFA measurement method. 'SCFAs were measured in only a subset of these subjects (n = 25 large/small

adenoma andn = 23 adenoma-free). ICombined values of males and females

was not statistically significant in the low- vs high-risk
group (Fig. 2B).

In the CRC incidence analysis (Fig. 2C), the fecal con-
centrations of acetic acid (SMD = 0.61, 95% CI 0.09 to
1.13, P = 0.02) and butyric acid (SMD = 0.45, 95% CI
0.02 to 0.88, P = 0.04) were significantly higher in the
healthy control compared to CRC cases. In addition, the
combined effect size of acetic, propionic, and butyric acid
remained significant between CRC cases and healthy
controls (SMD = 0.45, 95% CI 0.19 to 0.72, P = 0.0009,
Fig. 2C).

Furthermore, the I* heterogeneity index was in the
“moderate” range (30 to 60%) [46] for the meta-analysis
of total SCFA concentration in CRC risk (Fig. 2B) and
butyric acid in CRC incidence (Fig. 2C) category. There-
fore, we performed another meta-analysis using the
fixed-effect model on the same data instead of the ran-
dom-effect model presented in Table 2. This resulted in

a more pronounced difference in butyric acid concentra-
tion between CRC cases and healthy controls (SMD =
0.42, 95% CI 0.1 to 0.74, P = 0.009). The results of the
fixed-effect model meta-analyses are presented in Addi-
tional file 1: Fig. S1 and S2, respectively, and the find-
ings of all quantitative meta-analyses are summarized in
Table 2.

Qualitative analysis was carried out on the studies
which reported lower, higher or no changes to the con-
centration of SCFAs between high-risk CRC (for risk
category) or CRC case (for incidence) and low-risk
or control, respectively [23-25, 27, 29, 31, 32, 34—40]
(Additional file 1: Fig. S3). In the risk category, more
studies (70.4%) reported significantly lower concentra-
tions of fecal acetic, propionic, and butyric acid as well
as total SCFA in individuals at high risk of CRC. In
the incidence category, more studies (66.7%) reported
significantly lower concentrations of fecal acetic and
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CRC low-risk group CRC high-risk group Std. Mean Difference Std. Mean Difference
A Study or Subgroup Mean SD Total Mean SD Total Weight IV, , 95% Cl Year IV, Random, 95% CI
4.5.1 Faecal Acetic acid concentration
Miccolai etal. 2019 309 144 16 19 17.2 9 9.0% 0.75[0.10,1.59] 2019 —
Chenetal 2013 1.4 011 344 0.84 0.05 344 9.2% 6.55[6.17,6.92] 2013 -
Boutron-Ruault et al. 2005 497 183 23 3974 1613 25 91% 0.57 [-0.01,1.15] 2005 ~
Subtotal (95% Cl) 383 378 27.2% 2.63[-1.82,7.08] | e AR

Heterogeneity: Tau®= 15.36; Chi*= 363.19, df= 2 (P < 0.00001), F=99%
Test for overall effect Z=1.16 (P =0.25)

4.5.3 Faecal Propionic acid concentration

Niccolai etal. 2019 76 43 16 78 71 9 90%  -0.04[0.85,078 2019 -+
Chen etal. 2013 081 006 344 05 003 344 92% 653[6.15,6.91] 2013 -
Boutron-Ruaultetal 2005 186 93 23 1473 614 25 91% 0.49[-0.09,1.06] 2005 —
Subtotal (95% CI) 383 378 27.3% 2.33[.2.33,7.00] e —

Heterogeneity: Tau®= 16.86; Chi*= 409.47, df= 2 (P < 0.00001); F=100%
Test for overall effect: Z=0.98 (P = 0.33)

4.5.5 Faecal Butyric acid concentration

Ocvirk etal. 2020 472 335 21 225 175 32 9.1% 0.97[0.39,1.56] 2020 -
Miccolai etal. 2019 71 59 16 9 124 9 9.0% -0.21 [1.03,0.61] 2019 - @)
Chenetal 2013 072 0.07 344 0.45 0.03 344 9.2% 5.01[4.70,5.31] 2013 - ol
Boutron-Ruault et al. 2005 17.3 73 23 1237 486 25 91% 0.79[0.20,1.38] 2005 - (@)
Kashtan etal. 1992 16 14 49 6 134 45 9.1% 0.72[0.30,1.14] 1992 - -
Subtotal (95% Cl) 453 455 45.5% 1.47 [-0.80, 3.73] e 7y
Heterogeneity: Tau®= 6.60; Chi*= 428.77, df= 4 (P < 0.00001); F=99% ~
Test for overall effect Z=1.27 (P =0.20)
Total (95% CI) 1219 1211 100.0% 2.02[0.31,3.74] -
Heterogeneity: Tau® = 8.33; Chi*= 1308.47, df= 10 (P < 0.00001); F= 99% -1‘0 5 5 5 140
Testfor overall efiect Z=2.31 (P=0.02) Favours [High-risk CRC] Favours [Low-risk CRC]
Test for subaroup differences: Chi*=0.27, df= 2 (P = 0.88), F= 0%
CRC low-risk group CRC high-risk group Std. Mean Difference Std. Mean Difference

B Study or Subgroup Mean SD Total Mean SD  Total Weight IV, , 95% Cl_Year IV, Random, 95% CI
Niccolai etal. 2019 477 229 16 398 39.3 9 201% 0.26 [-0.56, 1.08] 2019
Boutron-Ruault et al. 2005 949 345 23 7406 2417 25 322% 0.69[0.11,1.28] 2005 ——
Kashtan etal. 1992 73 42 49 Fal 53.7 45 47.7% 0.04 [-0.36, 0.45] 1992
Total (95% Cl1) 88 79 100.0% 0.29[-0.13,0.72]
Heterogeneity: Tau®= 0.05; Chi*= 3.23, df= 2 (P = 0.20); F= 38% -‘:l 52 ) é i
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Fig. 2 Forest plots representing the meta-analyses of the fecal concentrations of A acetic, propionic, and butyric acid in CRC risk category; B total
SCFA in CRC risk category; and C acetic, propionic, and butyric acid in CRC incidence category. Note that in B, the total SCFA indicates the collection
of all the SCFA molecules—not only acetic, propionic, and butyric acid

butyric acid in CRC patients compared to healthy highest in the incidence category. Overall, our quali-
controls. However, the number of studies reporting tative analysis (Additional file 1: Fig. S3) corroborates
no significant difference in the propionic acid was the  with the meta-analysis results (Fig. 2).
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Table 2 Summary of the outcomes of each meta-analysis. Significant P values of the effect size are in bold

Measured SCFA Number of Heterogeneity Statistical Model Effect size (SMD [95% Cl], P value)
Studies (P %, P value)

CRC risk Acetic acid 3 99, < 0.00001 Random effect 2.63[—1.821t07.08],0.25
Propionic acid 3 99, < 0.00001 Random effect 233 [—2.331t07.00],0.33
Butyric acid 5 99, < 0.00001 Random effect 147 [—0.80t03.73],0.2
Combined® 11 99, < 0.00001 Random effect 2.02[0.31to 3.74],0.02
Total SCFA 3 38,0.2 Random effect 0.29[—0.13t00.72],0.17
Total SCFA 3 38,02 Fixed effect 0.25[—0.05 to0 0.56],0.11

CRC incidence Acetic acid 4 60, 0.06 Random effect 1[0.09to 1.13],0.02
Propionic acid 4 62,0.05 Random effect 032[—0.211t00.84],0.24
Butyric acid 4 43,0.15 Random effect 0.45[0.02 to 0.88], 0.04
Combined?® 12 51,0.02 Random effect 0.45[0.19 to0 0.72], 0.0009
Butyric acid 4 43,0.15 Fixed effect 042 [0.1 t0 0.74], 0.009

2 Combined effect size of acetic, propionic, and butyric acid. Note that the total SCFA indicates the collection of all the SCFA molecules—not only acetic, propionic,

and butyric acid

Discussion

For more than three decades, in vitro, animal, and
human studies have identified numerous potentially
beneficial anti-inflammatory and anti-carcinogenic
roles of SCFA molecules in gut health and colonic dis-
eases [6, 14—17, 53]. In addition, several meta-analyses
(Additional file 1: Table S4) have assessed the role of
colonic microbiota [54], non-digestible carbohydrates
[55] and dietary fiber in colorectal carcinoma [11, 56]
or adenoma [9, 10] as well as the alteration of SCFAs in
irritable bowel syndrome (IBS) [57], or inflammatory
bowel disease (IBD) [58].

This systematic review and meta-analysis were con-
ducted on 23 studies to better determine the potential
association between fecal SCFA concentration and CRC
risk and incidence. The combined mean difference of ace-
tic, propionic, and butyric acid in the CRC risk category
analysis revealed a significantly lower concentration of
these SCFAs in individuals at risk of developing CRC
compared to healthy subjects, indicating a potential asso-
ciation between these three major SCFA molecules and
CRC development. This finding was further confirmed
in the CRC incidence category analysis where the fecal
SCFA levels in CRC patients were significantly lower
compared to those in healthy subjects.

Our findings in CRC risk and incidence were consist-
ent with the observations reported in other meta-anal-
yses, which focused on the association between dietary
fiber intake and the risk of colorectal adenoma [9, 10],
and carcinoma [11]. These systematic reviews suggested
a protective effect of dietary fiber intake against CRA and
CRC [9-11]. Since SCFAs are produced by gut-micro-
biota via the fermentation of dietary fibers [14—17], our
meta-analysis of SCFA concentrations in CRC further

confirms earlier observations and underlines the impor-
tance of dietary fibers/SCFAs in the risk and progression
of CRC.

Another meta-analysis, which assessed the effect of
non-digestible carbohydrate [resistance starch (RS)] or
inulin supplementation on the risk of colorectal neopla-
sia, did not find significant increase in fecal total SCFA
or butyric acid concentration and excretion before and
after the intervention [55]. Many studies which investi-
gated the effect of RS on healthy subjects or individuals
with sporadic CRC or adenoma had a period of < 4-week
of intervention. A few studies reported 7- and 8-week
intervention on adenoma or healthy individuals and the
remaining studies were conducted on individuals with
inherited CRC syndromes after > 2-year intervention
[55]. The duration of intervention was longest (> 2 years)
for studies involving hereditary CRC cases with reported
germ-line mutations, which may have outweighed the
effect of RS supplementation, while interventions involv-
ing sporadic cases or healthy subjects had much shorter
periods of RS intervention (< 8 weeks) [55]. In our meta-
analysis, we also did not observe a significant difference
in total fecal SCFAs in the CRC risk category. This could
be due to other SCFA molecules such as valeric, iso-
butyric, and iso-valeric acid being included in total SCFA
measurements; the latter two are the branched SCFAs
mainly produced via fermentation of branched amino
acids in the colon and not from non-digestible carbohy-
drates [59, 60].

Another systematic review on the food-microorgan-
ism-SCFA axis, without any meta-analysis, concluded
that most evidence demonstrated higher SCFA levels in
individuals at risk of CRC compared to healthy individu-
als [61], which contrasts with findings in our systematic
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review which showed lower fecal SCFA concentration in
at-risk individuals (Fig. 2). In comparison to our system-
atic review, their search strategy restricted their analysis
to only 8 of the final 23 studies that we analyzed [19, 27,
31, 32, 37-40]. Therefore, their conclusion was based on
a smaller subset of the primary studies available and was
also not supported by a meta-analysis.

Both the quantitative and qualitative analyses of CRC
risk identified comparable findings of significantly lower
concentration of acetic and butyric acid in the high- ver-
sus low-risk CRC group. For the CRC incidence cat-
egory, the quantitative meta-analysis of butyric acid
was consistent with observations identified in most of
the articles from the qualitative analysis, supporting the
evidence of lower concentration of three SCFAs in CRC
cases compared to healthy controls. The meta-analysis
of propionic acid was not significantly different between
cases and controls. Similarly, most of the studies (5 of 7)
reported no significant difference in fecal propionic acid
concentration between CRC and healthy control in the
qualitative analysis. The meta-analysis on IBS revealed
a significantly higher concentration of fecal propionic
acid in these patients in comparison to healthy controls
[57]. Therefore, further studies comparing SCFA profiles
among multiple gut diseases could shed more light on
the importance of these molecules in the development of
varied medical conditions.

To our knowledge, this systematic review is the first to
provide a comprehensive search and data collection on
observational studies linking SCFA molecules with the
CRC risk and incidence. A limitation of our analysis is
the heterogeneity of the studies evaluated in this system-
atic review, which is very difficult to control for. One such
factor was the age group assessed for CRC incidence
and risk. The mean age of the group in the studies was
greater than 50 years and fecal SCFA concentration was
not measured in younger populations to provide a com-
parison with low-risk, young age individuals. Although
CRC is most often diagnosed in individuals > 50 years,
the incidence for early-onset CRC (EOCRC) in adults
aged 20—49 years has increased over the past decade in
the USA, Australia, and Europe [62-65]. It would be of
interest in the future to study different age group popu-
lations for CRC risk and incidence. Family history [66],
diet, and lifestyle [67] are known factors contributing to
CRC incidence. Only a few studies assessed in this sys-
tematic review provided information on the dietary dif-
ference between groups [19, 21, 35, 36, 40]. There was
also no information about the type of polyps (conven-
tional vs serrated) in individuals with CRA.

One common limitation is related to the nature of
observational studies. Case-control studies are inherently
prone to recall bias and appropriate matching of case and
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control groups [68]. Similarly, the results of the cross-
sectional studies could be affected by bidirectional rela-
tionship [69] and confounding factors. We have assessed
the effect of these inherent limitations on our analysis by
undertaking appropriate quality checks such as the “com-
parability” category of NOS quality assessment (Addi-
tional file 1: Table S1) and the JBI tool (Additional file 1:
Table S2) for all the studies included in our systematic
review and meta-analysis.

Another limitation is the diversity in sample handling/
storage workflows and the methodologies used to meas-
ure fecal SCFA across the studies (Table 1). We did not
have enough studies to perform separate meta-analyses
to understand the effect of each of these variables on the
SCFA concentrations. While these factors could influ-
ence our interpretation, the levels of SCFAs were lower
in high-risk as well as incident CRC cases, irrespective
of the method used to measure SCFAs. Since these are
well-known and established techniques for measuring
SCFA concentrations, it appears that the standardized
sample handling workflows and analytical methods had
little impact on differences across study groups, so long
as optimized procedures for SCFA assessment were fol-
lowed. This systematic review did not include non-Eng-
lish records. To our knowledge, no longitudinal studies
have reported fecal SCFA measurements at different time
points during CRC progression, nonetheless, the 23 stud-
ies assessed in this systematic review and meta-analysis
provide a comparison between CRC risk/incidence and
respective controls from various countries and ethnic
groups.

In addition to the SCFAs assessed in this systematic
review, other metabolites such as bile acids were also
measured in six of the selected studies [20, 30, 32, 35,
36, 39]. Among the bile acids investigated, a significantly
higher fecal concentration of deoxycholic acid in the CRC
high- versus low-risk group was reported in three studies
[35, 36, 39]. Dietary fiber and fat promote the production
of SCFA and bile acid molecules in the gut, respectively,
and the latter is associated with gastrointestinal carcino-
genesis [70-72]. Measurement of fecal SCFAs and other
gut metabolites (such as bile acids) in longitudinal studies
comparing individuals with colorectal adenoma/risk and
healthy subjects could strengthen their association with
CRC progression.

This study supports further exploration into fecal con-
centration of SCFAs: acetic, propionic, and butyric acids,
as biomarkers for CRC risk. Among the current CRC
screening methods, colonoscopy is the gold standard
[73]; however, being invasive, it presents some procedural
risk [74]. The guaiac fecal occult blood test (gFOBT) and
fecal immunochemical test (FIT) are other, in practice,
non-invasive stool-based methods for CRC screening,
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which however require improvement, in particular for
detection of CRA or early-stage colonic carcinogenesis
[74-76]. Fecal SCFA could be considered as a potential
non-invasive biomarker to be measured in combination
with or as an alternative to the commonly used non-
invasive and current CRC screening methods [74, 77], to
improve specificity and sensitivity of current screening,
as well as for potential early detection of CRA.

Conclusions

Gut microbiota dysbiosis and changes in their metab-
olites have been the focus of epidemiological studies
aimed at uncovering associations with colonic inflam-
mation and carcinogenesis. In line with the protective
role of fecal SCFAs against the development of gut
diseases [15, 16], and the protective effect of dietary
fibers against CRC risk and/or incidence [9-11], we
determined that the combined fecal concentration of
the three major SCFA molecules was significantly lower
not only in CRC patients compared to healthy con-
trols, but also in high-risk CRC individuals. Gut SCFA
concentrations are inversely associated with CRC-risk
as well as CRC-incidence and could be biomarkers for
predicting CRC-progression, as well as a drug target (in
future intervention studies) aimed to retard or prevent
CRC progression.

Registration
The study is registered in PROSPERO database (registra-
tion code: CRD42021256123).
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