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Goal: The aim of this study was to assess fecal microbiota and
metabolome in a population with symptomatic uncomplicated
diverticular disease (SUDD).
Background: Whether intestinal microbiota and metabolic proﬁling
may be altered in patients with SUDD is unknown.
Patients and Methods: Stool samples from 44 consecutive women
[15 patients with SUDD, 13 with asymptomatic diverticulosis (AD),
and 16 healthy controls (HCs)] were analyzed. Real-time polymerase chain reaction was used to quantify targeted microorganisms.
High-resolution proton nuclear magnetic resonance spectroscopy
associated with multivariate analysis with partial least-square
discriminant analysis (PLS-DA) was applied on the metabolite
data set.
Results: The overall bacterial quantity did not diﬀer among the 3
groups (P = 0.449), with no diﬀerence in Bacteroides/Prevotella,
Clostridium coccoides, Biﬁdobacterium, Lactobacillus, and Escherichia coli subgroups. The amount of Akkermansia muciniphila
species was signiﬁcantly diﬀerent between HC, AD, and SUDD
subjects (P = 0.017). PLS-DA analysis of nuclear magnetic resonance -based metabolomics associated with microbiological data
showed signiﬁcant discrimination between HCs and AD patients
(R2 = 0.733; Q2 = 0.383; P < 0.05, LV = 2). PLS analysis showed
lower N-acetyl compound and isovalerate levels in AD, associated
with higher levels of A. municiphila, as compared with the HC
group. PLS-DA applied on AD and SUDD samples showed a good
discrimination between these 2 groups (R2 = 0.69; Q2 = 0.35;
LV = 2). SUDD patients were characterized by low levels of valerate, butyrate, and choline and by high levels of N-acetyl derivatives and U1.
Conclusions: SUDD and AD do not show colonic bacterial overgrowth, but a signiﬁcant diﬀerence in the levels of fecal A. muciniphila was observed. Moreover, increasing expression of some
metabolites as expression of diﬀerent AD and SUDD metabolic
activity was found.

(J Clin Gastroenterol 2016;50:S9–S12)

S

ymptomatic uncomplicated diverticular disease (SUDD)
is a common condition that aﬀects one ﬁfth of patients
harboring colonic diverticula.1 Although its pathogenesis is
not completely understood, it is generally thought that
colonic bacterial overgrowth and microbial imbalance are 2
milestones in the occurrence of symptoms.2 However,
whether intestinal microbiota is really altered in those
patients is unknown.
Metabolic proﬁling is a powerful exploratory tool for
understanding the interactions between nutrients, the
intestinal metabolism, and the microbiota composition in
health and disease and to gain more insight into metabolic
pathways. Currently, metabolomics technologies are being
increasingly used for discovery of gastrointestinal disease
signatures and have been applied for the screening of different pathologic conditions that are linked to a metabolic
imbalance.3 These host-microbiota metabolic interactions
complicate the interpretation of metabolite proﬁles, and the
outcome of metabolome analyses clearly depends on the
biomatrix chosen. The contribution of the microbial
metabolism is more likely reﬂected in the fecal metabolome
than in urinary or serum of breath proﬁles.
We therefore assessed fecal microbiota and fecal
metabolome in SUDD patients, comparing it with those of
healthy controls (HCs) and people with asymptomatic
diverticulosis (AD).

PATIENTS AND METHODS
Setting and Participants
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From September 2012 to June 2014, 44 consecutive
female patients fulﬁlling the following characteristics were
enrolled: middle aged; having given birth by vaginal delivery, with exclusive breastfeeding; living in the same geographical area; having the same body mass index; no intake
of antibiotics in the 3 months before enrollment; incidence
of ongoing or past acute complicated and uncomplicated
diverticulitis; and absence of bacterial and/or parasitic
intestinal diseases (by stool cultures) and of lactose malabsorption (by lactose H2 breath test).
We enrolled 15 SUDD patients, 13 AD patients, and
16 HCs. SUDD was deﬁned as the presence of symptoms in
www.jcge.com |
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patients with diverticulosis, with presence of abdominal
pain recorded in the lower left quadrant for >24 hours and
absence of any complications (stenosis, abscesses,
ﬁstulas).4,5

Fecal Samples Collection
Stool samples were collected at least 4 weeks after
colonoscopy. They were collected early morning at home,
in sterile plastic tubes, transported on ice to the laboratory
within 2 hours, and stored at  801C until analysis.

Fecal Microbiota Assessment
Bacterial DNA from fecal samples was extracted using
the QIAamp DNA Stool Kit (Qiagen, Hilden, Germany),
as previously reported.6 Real-time polymerase chain reaction (PCR) was used to quantify total bacteria, Biﬁdobacterium and Lactobacillus genera, Clostridium coccoides
and Bacteroides-Prevotella groups, Escherichia coli subgroup, and Akkermansia muciniphila, using the primers and
conditions reported.6–11 PCR ampliﬁcation and detection
were performed on optical-grade 96-well plates with SensiMix SYBR PCR Master Mix (Bioline) using the Applied
Biosystems 7500 Real-Time PCR instrument. Standard
curves were created using serial 10-fold dilutions of bacterial DNA extracted from Lactobacillus brevis, Bacteroides
fragilis, Biﬁdobacterium breve, E. coli, C. coccoides, and A.
muciniphila. All samples were analyzed in duplicate in 2
independent real-time PCR assays.

Fecal Metabolome Assessment
Fecal samples (analysis conducted on mmol/g) were
analyzed in HC individuals, SUDD patients, and AD
patients by means of 1High-resolution Nuclear Magnetic
Resonance (1H NMR) spectroscopy. Twenty-ﬁve fecal
metabolites, of which 3 were not assigned, were assessed.
All the 1H NMR spectra were acquired at 298 K using a
Bruker AVANCE 400 spectrometer (Bruker BioSpin
GmbH, Karlsruhe, Germany) equipped with a magnet
operating at 9.4 T and at 400.13 MHz for 1H frequency, by
applying a standard solvent presaturation sequence. Signal
assignments were achieved by standard 2-dimensional (2D)
1
H Homonuclear Total Correlation Spectroscopy, 1H 13C
Heteronuclear Single Quantum Correlation, and Heteronuclear Multiple Bond Correlation on selected samples and
conﬁrmed by comparison with home data sets and
HMDB.12,13 One-dimensional NMR spectra were processed
and quantiﬁed using the ACD Lab 1D-NMR Manager
version 12.0 software (Advanced Chemistry Development
Inc., Toronto, ON, Canada), whereas 2D-NMR spectra
were processed by using Bruker TopSpin version 3.1. The
NMR spectra were manually phased, baseline corrected,
and referenced to the chemical shift of the trimethylsilypropionate methyl resonance at d = 0.00. The quantiﬁcation
of metabolites was performed by comparing the speciﬁc
signal integrals to the trimethylsilypropionate integral.

Statistical Methods
Statistical analyses were performed using SAS version
9.4 and JMP 12 (SAS Institute, Cary, NC). Normally
continuous variables were presented as mean ± SD and
non-normally distributed variables as median (interquartile
range). Normality was tested with the Shapiro-Wilk test.
The diﬀerences between the 3 groups (HC, AD, and
SUDD) were analyzed using analysis of variance for normally distributed variables and by the Kruskal-Wallis test
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for skewed variables. Homoscedasticity was tested with the
Levene and Brown-Forsythe test. For post hoc analysis
Dunnett (HC vs. AD and HC vs. SUDD) and Tukey
(AD vs. SUDD) tests were performed. Pearson (normal
distribution) and Spearman (non-normal distribution) correlations were used to assess the correlations between
variables. When data were not normally distributed, logarithmic transformation was performed. A P-value <0.05
was considered signiﬁcant. Multivariate analysis on fecal
metabolome was carried out using Unscrambler X 10.3
software (CAMO, Oslo, Norway). Data were mean-centered
and scaled before analysis. Principal component analysis was
performed to verify the presence of outlier data, followed by
partial least squares-discriminant analysis (PLS-DA) to
check the existence of a model explaining the diﬀerences
between pairs of classes based on the metabolic proﬁles of
their subjects. For this reason the uncertainty test, based on
cross-validation, jack-kniﬁng, and stability plots, was
applied to test the signiﬁcance of the models.

Ethics Approval
The protocol was approved by the Ethics Committee.
This study is registered with www.ClinicalTrials.gov,
number NCT01831323.

RESULTS
Characteristics of the Studied Populations
The median age of the HCs, AD patients, and SUDD
patients was 59.5 (range, 55 to 69) years, 62.0 (range, 56 to
68) years, and 64.5 (range, 52 to 70) years, respectively
(P = NS). The median body mass index of the HCs, AD
patients, and SUDD patients was 25.5 (range, 23.0 to 29.0),
26.5 (range, 24.3 to 32.0), and 26.5 (range, 21.6 to 33.7),
respectively. Symptoms other than left lower-quadrant
pain > 24 hours in SUDD patients were as follows: constipation in 6 patients (35.29%), diarrhea in 9 patients
(52.94%), bloating in 2 patients (11.76%), and mucus with
feces in 2 patients (11.76%). All of them showed overexpression of fecal calprotectin: it was between 15 and 60 mg
in 10 patients (64.70%) and Z60 mg in 5 patients (35.30%).

Analysis of the Fecal Microbiota
The total number of bacteria in the fecal samples was
similar between the HCs, AD patients, and SUDD patients,
and no signiﬁcant diﬀerences were observed (P = 0.449).
Thus, a colonic bacterial overgrowth was absent in SUDD
patients. Average normalized abundance for each bacterial
group of HCs, AD patients, and SUDD patients is presented
in Figure 1. There was no diﬀerence in fecal abundance
of dominant groups, deﬁned as those found to represent
1-10% (between 2.0 and 1.0 log no. of bacteria) or more
of the fecal bacterial population (Bacteroides/Prevotella,
C. coccoides, and Biﬁdobacterium). Also the levels of less
abundant microorganisms such as Lactobacillus and E. coli
subgroups were not signiﬁcantly diﬀerent in participants of
the 3 study groups.
Interestingly, the amount of A. muciniphila species was
signiﬁcantly diﬀerent between HCs, AD patients, and
SUDD patients (P = 0.017). Their counts in the HC
microbiota ( 4.57 ± 1.05) were signiﬁcantly lower when
compared with those of the AD group (3.41 ± 1.13,
P = 0.019) and SUDD patients (3.56 ± 1.27, P = 0.044).
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Fecal Microbiota and Metabolome in SUDD

FIGURE 1. Quantification of fecal microbiota in healthy controls (HCs), asymptomatic diverticulosis (AD) patients, and symptomatic
uncomplicated diverticular disease (SUDD) patients. The qPCR results were plotted as boxes and whiskers graph. The boxes (containing
50% of all values) show the median (horizontal line across the middle of the box) and interquartile range. The amount of each bacterial
group was normalized for each subject and calculated as the log number of targeted bacteria minus the log number of total bacteria.

Analysis of the Fecal Metaboloma
Twenty-two fecal metabolites were identiﬁed and
quantiﬁed: short-chain fatty acids (SCFA) (butyrate, valerate, acetate, and isovalerate), organic acids (3-hydroxy-phenylpropionate, 3-phenylacetate, formate, and fumarate),
alcohols (ethanol and methanol), amino acids (alanine, glutamate, valine, glycine, and methionine), trimethylamine
derivatives (choline, methylamine, and trimethylamine), glucose and N-acetyl-glucosamine (also including other glycans),
niacinamide, uracil, and ﬁnally 3 not assigned resonances at
2.11, 6.38, and 6.87 ppm (indicated as U1, U2, and U3). The
principal component analysis was applied on mean-centered
and autoscaled data from NMR spectra of HC, AD, and
SUDD patients as an explorative technique. As shown
in Figure 2A, the principal component scores plot did not
show a clustering of the participants belonging to diﬀerent
groups. Further supervised analysis, such as PLS-DA, did
not show any signiﬁcant statistical model for HC and SUDD
comparison. Interestingly, a good separation between HC
and AD participants was shown by PLS-DA applied on the
respective metabolomic and microbiological data set
(R2 = 0.733; Q2 = 0.383; latent variable = 2). Although the
cross-validation of the model is not high enough, the model
showed that the variable changes for the separation of the 2
classes were represented by a signiﬁcant increase in A.
municiphila abundance (P = 0.003) associated with a signiﬁcant decrease in N-acetyl-compounds (such as N-acetylglucosamine; P = 0.002), isovalerate (P = 0.033), and U1
levels (P = 0.019) in AD patients. These results were also
conﬁrmed by the univariate analysis (1-way analysis of variance and Dunnett test, or Kruskal-Wallis associated with
Tukey test for the whole data set). The Dunnet test for
Copyright
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comparison between HC and AD showed signiﬁcant decrease
in N-acetyl-glucosamine in AD patients (0.27 ± 0.11 and
0.15 ± 0.05 mmol/fresh weight, respectively; P = 0.012).
When PLS-DA was applied on AD and SUDD samples, the model showed a good discrimination between these
2 groups (R2 = 0.69; Q2 = 0.35; latent variable = 2). The
SUDD patients were characterized by low levels of valerate
(P = 0.009), butyrate (P = 0.047), and choline (P = 0.009)
and by high levels of N-acetyl -glucosamine (P < 0.001) and
U1 (P = 0.003). In post hoc analysis SUDD patients showed
signiﬁcant increase in N-acetyl-glucosamine (P = 0.0015) and
U1 (P = 0.017), compared with AD patients.
We observed signiﬁcant relationships between the
amount of A. muciniphila and several SCFA. A. muciniphila
abundance was correlated with Valerate (r = 0.33,
P = 0.037) and Formate (r = 0.37, P = 0.02) levels when
all groups were examined together. Both in AD and SUDD
groups, A. muciniphila was positively correlated with Isovalerate (r = 0.63, P = 0.037 and r = 0.57, P = 0.04,
respectively), whereas in the AD group A. muciniphila was
also associated with Valerate (r = 0.66, P = 0.028) and
Formate (r = 0.63, P = 0.037).

DISCUSSION
Despite the small sample size of the study population,
our results revealed for the ﬁrst time changes in the fecal
microbiota and metabolome composition in individuals
with diverticula in comparison with HCs. The relative
abundance of A. muciniphila was signiﬁcantly higher in
fecal samples of both AD and SUDD in comparison with
HC. From the present study we cannot conclude whether
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that these metabolite changes are covariations not
depending on the speciﬁc metabolic activity of Akkermansia
spp. The decrease in N-acetyl-carbohydrates could be the
result of a complex change in the microbiota ecosystem
associated with the presence of diverticula. The signiﬁcant
diﬀerence in some metabolites in SUDD patients as compared with AD also indicates the presence of diﬀerent
metabolic activities that need further investigation.
In conclusion, the study shows signiﬁcant fecal metabolome and microbiota diﬀerences between AD patients and
healthy individuals, as well as between AD and SUDD
patients. However, it needs to be determined whether changes
in the gut microbiome and metabolome indeed are a cause or
just a consequence of diverticular disease.
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