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Abstract

Background Cancer cachexia is characterized by a negative energy balance, muscle and adipose tissue wasting, insulin
resistance, and systemic inflammation. Because of its strong negative impact on prognosis and its multifactorial nature
that is still not fully understood, cachexia remains an important challenge in the field of cancer treatment. Recent an-
imal studies indicate that the gut microbiota is involved in the pathogenesis and manifestation of cancer cachexia, but
human data are lacking. The present study investigates gut microbiota composition, short-chain fatty acids (SCFA), and
inflammatory parameters in human cancer cachexia.

Methods Faecal samples were prospectively collected in patients (N = 107) with pancreatic cancer, lung cancer,
breast cancer, or ovarian cancer. Household partners (N = 76) of the patients were included as healthy controls with
similar diet and environmental conditions. Patients were classified as cachectic if they lost >5% body weight in the last
6 months. Gut microbiota composition was analysed by sequencing of the 16S rRNA V4 gene region. Faecal SCFA levels
were quantified by gas chromatography. Faecal calprotectin was assessed with enzyme-linked immunosorbent assay.
Serum C-reactive protein and leucocyte counts were retrieved from medical records.

Results Cachexia prevalence was highest in pancreatic cancer (66.7%), followed by ovarian cancer (25%), lung can-
cer (20.8%), and breast cancer (17.3%). Microbial a-diversity was not significantly different between cachectic cancer
patients (N = 33), non-cachectic cancer patients (N = 74), or healthy controls (N = 76) (species richness P = 0.31;
Shannon effective index P = 0.46). Community structure (B-diversity) tended to differ between these groups
(P = 0.053), although overall differences were subtle and no clear clustering of samples was observed. Proteobacteria
(P < 0.001), an unknown genus from the Enterobacteriaceae family (P < 0.01), and Veillonella (P < 0.001) were more
abundant among cachectic cancer patients. Megamonas (P < 0.05) and Peptococcus (P < 0.001) also showed differen-
tial abundance. Faecal levels of all SCFA tended to be lower in cachectic cancer patients, but only acetate concentra-
tions were significantly reduced (P < 0.05). Faecal calprotectin levels were positively correlated with the abundance
of Peptococcus, unknown Enterobacteriaceae, and Veillonella. We also identified several correlations and interactions be-
tween clinical and microbial parameters.

Conclusions  This clinical study provided the first insights into the alterations of gut microbiota composition and SCFA
levels that occur in cachectic cancer patients and how they are related to inflammatory parameters. These results pave
the way for further research examining the role of the gut microbiota in cancer cachexia and its potential use as ther-
apeutic target.
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Introduction

Cancer-induced cachexia is one of the greatest challenges in
the field of cancer treatment. This metabolic syndrome, af-
fecting 50-80% of all cancer patients depending on the tu-
mour type, has severe negative consequences for physical
functioning, quality of life, and survival.»? Cancer cachexia
has a multifactorial background and is characterized by an
ongoing loss of skeletal muscle mass that cannot be fully re-
versed by conventional nutritional support. Its pathophysiol-
ogy is characterized by a negative protein and energy
balance driven by a combination of reduced food intake
and abnormal metabolism.>?

During the last decade, it has been shown that crosstalk
between commensal bacteria and the human host is essential
for the maintenance of homeostasis. More specifically, the gut
microbiota has been demonstrated to modulate energy
harvest from the diet, systemic inflammation, gut barrier
function, and insulin sensitivity, which are metabolic features
found to be altered in cancer cachexia.** In light of these find-
ings, it is not surprising that recent animal data indicate that
the gut microbiota might be involved in the pathogenesis of
cancer cachexia.®’ For example, Bindels et al. repeatedly
demonstrated that cachexia was associated with profound
changes in gut microbiota composition and diversity in mouse
models of leukaemia and colon cancer.>®° Importantly, differ-
ent approaches to modulate the intestinal microbiota have
been shown to affect experimental cancer cachexia. Lactoba-
cillus supplementation successfully reduced pro-inflammatory
cytokine levels and muscle atrophy in mice.>*° Similarly, a
synbiotic approach consisting of inulin-type fructans and Lac-
tobacillus reuteri was able to counteract microbial aberrations
associated with cancer cachexia and improved gut barrier in-
tegrity as well as immune function.® In addition, this synbiotic
intervention reduced muscle wasting and prolonged survival
in tumour-bearing mice.2 Other multi-nutrient interventions
including amongst others prebiotic oligosaccharides have also
been shown to diminish features of cancer cachexia in mice.**

Mechanistically, the gut microbiota has been shown to in-
fluence muscle metabolism by modulating amino acid avail-
ability and through the impact of microbial metabolites on
glucose metabolism and muscle glycogen availability.” Impor-
tant microbial metabolites exerting systemic effects are bile
acids, branched-chain fatty acids (BCFAs), and short-chain
fatty acids (SCFA), which are produced by macronutrient deg-
radation and released into the blood.’> The SCFA acetate,
propionate, butyrate, and valerate are generated by micro-
bial fermentation of dietary fibres and are closely linked to
metabolic health.'® Butyrate is particularly important for

the maintenance of the intestinal epithelium because it
serves as fuel for colonocytes and because it promotes ex-
pression of tight junction proteins that fortify the epithelial
barrier.'® Furthermore, SCFA have potent anti-inflammatory
and immune-modulatory effects by activating G protein-
coupled cell surface receptors and by inhibiting the action
of histone deacetylases.*

Despite the promising preclinical data mentioned earlier,
human studies addressing the potential relationship between
the gut microbiota and cancer cachexia are currently lacking.
We present the first clinical study that explores the gut micro-
biota, SCFA, and inflammatory parameters in cachectic cancer
patients.

Methods

Study population

For this cross-sectional case—control study, patients with pan-
creatic cancer, lung cancer, breast cancer, or ovarian cancer
were recruited via the outpatient clinics of the Maastricht
University Medical Centre (MUMC+) between April 2016
and May 2019. Patients were included at the time of diagno-
sis, before start of systemic therapy or surgery. By enrolling
patients with different tumour types, we were able to study
cancers with a generally high prevalence of cachexia (pan-
creas/lung/ovarian) vs. those with a low prevalence (breast),
as well as gastrointestinal (pancreas) vs. non-gastrointestinal
(lung/breast/ovarian) cancers. In order to be eligible, patients
had to be older than 18 years and should have a recent can-
cer diagnosis based on radiology, pathology, or cytology. Ex-
clusion criteria were the use of systemic glucocorticoids
<4 weeks before inclusion or antibiotics <3 months before
inclusion as well as chemotherapy or radiotherapy before
sampling. Patients with an additional distinct cancer type, ex-
cept for basocellular carcinoma of the skin, were excluded.
Partners or relatives >18 years and sharing a household with
the patient were included as healthy controls. They were in-
cluded on the assumption to have similar diet style and life-
style habits, thereby partly controlling for environmental
effects on the gut microbiota. Exclusion criteria were the
same as for patients. In total, 107 cancer patients and 76
healthy controls were included. The study was approved by
the local medical ethics committee of the MUMC+ under
Number 15-4-022 and was conducted according to the Decla-
ration of Helsinki and its revisions. All participants and en-
rolled partners gave written informed consent.
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Collection of stool samples and clinical data

Stool samples were collected at one time point before treat-
ment. Subjects received a plastic container (SKL, Lochem, the
Netherlands) as well as a stool collection device (Tag Hemi
VOF, Zeijen, the Netherlands) to ensure hygienic sampling.
Prior to a hospital visit, samples were collected at home by
the participants and stored in the refrigerator. Upon arrival
in the hospital, samples were aliquoted in 2 mL screw cap
tubes and stored at —80°C until further analysis.

In addition, clinical information concerning sex, age, body
mass index (BMI), and weight loss in the past 6 months was
collected by means of a questionnaire. Patients were subse-
quently classified as cachectic (>5% weight loss in the last
6 months) or non-cachectic (<%5 weight loss in the last
6 months). BMI-adjusted weight loss was categorized using
the grading system described by Martin et al.*® In short, they
identified five distinct grades (0—4) of BMI-adjusted weight
loss, which were associated with significantly different sur-
vival (Grade 0: longest survival; Grade 4: shortest survival).
Additional laboratory parameters [C-reactive protein (CRP)
and leucocyte counts] were assessed in the context of routine
care and were retrieved from the patient’s medical records, if
available (CRP: N = 35, 19 cachectic and 16 non-cachectic;
leucocyte counts: N =51, 21 cachectic and 30 non-cachectic).

Faecal microbiota analysis

Metagenomic DNA from faecal samples was extracted by a
combination of repeated bead-beating and column-based
DNA purification using protocol Q of the International Human
Microbiome Standards consortium.® In short, 200 mg of fro-
zen faeces was homogenized with 1.0 mL ASL lysis buffer
(Qiagen, Venlo, the Netherlands) in 2 mL tubes containing
0.3 g of @ 0.1 mm sterile zirconia beads (BioSpec, Barlesville,
OK). Cell lysis was obtained by incubation at 95°C and re-
peated mechanical disruption using the Fastprep Homoge-
nizer (MP Biomedicals, Brussels, Belgium). Subsequently,
DNA isolation was performed using the QlAamp DNA Stool
kit according to the International Human Microbiome Stan-
dards protocol. DNA was eluted in a final volume of 200 pl,
and DNA concentration was measured using a spectropho-
tometer (DeNovix, Wilmington, DE). Generation of amplicon
libraries and sequencing was performed as previously
described.'” Briefly, the V4 hypervariable region of the 165
rRNA gene was PCR amplified from each DNA sample in dupli-
cate. Pooled amplicons from the duplicate reactions were pu-
rified using AMPure XP purification (Agencourt, MA, USA)
according to the manufacturer’s instructions and quantified
by Quant-iT PicoGreen dsDNA reagent kit (Thermo Fisher Sci-
entific, Landsmeer, the Netherlands). Amplicons were mixed
in equimolar concentrations to ensure equal representation

of each sample and sequenced on an lllumina MiSeq instru-
ment using the V3 reagent kit.

Analysis of faecal short-chain fatty acid and
branched-chain fatty acid concentrations

Faecal levels of SCFA (acetate, propionate, butyrate, and
valerate) and BCFA (isobutyrate and isovalerate) were
assessed in a subgroup of 165 participants of whom suffi-
cient faecal material was available. This subgroup consisted
of 94 cancer patients (30 cachectic and 64 non-cachectic)
and 71 healthy controls. Within the group of cancer pa-
tients, there were 40 patients with breast cancer, 30 with
lung cancer, 21 with pancreatic cancer, and 3 with ovarian
cancer.

Faecal levels of SCFA and BCFA were quantified by direct-
injection gas chromatography using a Shimadzu GC2025 gas
chromatograph (Shimadzu Corporation, Kyoto, Japan)
equipped with a flame ionization detector.®*° Samples were
prepared based on an established protocol®® (see the
Methods section in the Supporting Information for a detailed
description). SCFA and BCFA levels were corrected for dry
weight. For this purpose, 500 mg of frozen faeces was dried
in a vacuum dryer (Eppendorff, Nijmegen, the Netherlands)
for five hours.

Assessment of faecal calprotectin

Faecal calprotectin levels were assessed in a subgroup of 168
individuals of whom sufficient faecal material was available,
amongst which 30 were cachectic cancer patients, 68
non-cachectic cancer patients, and 70 healthy controls. We
excluded one non-cachectic lung cancer patient from further
analysis, because the calprotectin value (829.0 ug/g) was
more than 10-fold higher compared with the rest of the pop-
ulation, without any clinical explanation.

A total of 100 mg faeces was weighed into a 15 mL tube,
and 4.9 mL extraction buffer (0.1 M Tris, 0.15 M NaCl, 1.0 M
urea, 10 mM CaCl,-2H,0, 0.1 M citric acid, and 0.5% bovine
serum albumin, pH 8.0) was added.?’ After 90 min of
mixing, 1 mL of suspension was centrifuged at 10 000 g
for 5 min at 4°C, and 700 pl supernatant was transferred
into a fresh tube and stored at —80°C. Calprotectin concen-
trations were measured using a commercially available hu-
man faecal calprotectin enzyme-linked immunosorbent
assay (lower detection limit 2.56 ug/g) (Hycult Biotech,
Uden, the Netherlands). Faecal calprotectin concentrations
are expressed in micrograms of calprotectin per gram of
faeces.
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Statistical analysis of gut microbiota data

Please consult the Methods section in the Supporting Infor-
mation for a more detailed description of the data analysis.

Preprocessing

Data demultiplexing, quality and length filtering, merging of
paired reads, and clustering into Operational Taxonomic
Units (OTUs) at 97% sequence identity were performed using
the Integrated Microbial Next Generation Sequencing plat-
form (http://www.imngs.org).?> All downstream analyses
were conducted in the R statistical computing environment
(Version 4.0.2).%

Microbial richness, diversity, and community structure
Selection of an appropriate method and subsequent normal-
ization of OTU count tables were performed as previously
described,?* using variant stabilization by the R package
DESeq2.?® Calculation of a-diversity (observed species rich-
ness and Shannon effective index) and B-diversity (general-
ized UniFrac) indices was performed using the Rhea
pipeline.?®

Bacterial abundances

To examine potential differences in the relative abundance
of bacterial genera between cachectic cancer patients,
non-cachectic cancer patients, and controls, all OTUs were
combined that were taxonomically assigned to the same gen-
era or phyla; 111 different genera were detected in the
dataset. After filtering for a prevalence threshold of at least
10 counts in at least one sample and a presence threshold
(one count) in at least 10 samples, 94 genera were obtained.
Count tables were normalized using variant stabilization by
DESeq2.%® We used size factor correction to account for dif-
ferences in sequencing depth between the samples. DESeq2
was also applied to test for differential abundance of genera
and phyla. First, all groups were analysed at once in a likeli-
hood ratio test. Further pairwise comparisons were per-
formed using a Wald test to identify genera or phyla that
showed changes in abundance across the specific groups.
Results are reported as log, fold changes and associated ad-
justed P-values of the likelihood ratio test (Benjamini—
Hochberg correction for the number of taxa and in addition
the number of groups for the Wald test). Dendrograms were
obtained by hierarchical clustering using Ward’s method
where 1-Pearson’s correlation was used as the distance mea-
sure. Composition plots were obtained by transforming the
normalized phyla abundances to relative data and next plot-
ting the mean relative abundances per groups using the R
package ggplot2 (geom_bar). Correlation analysis was per-
formed using the R package PerformanceAnalytics.?” Differ-
ential co-occurrence networks were estimated using the R
package MDINE for 1000 Monte Carlo iterations.?®

Statistical analysis of clinical data, short-chain
fatty acid levels, and inflammatory parameters

Statistical analysis was performed using R Version 4.0.0.%
Depending on whether variables were normally distributed
or not, means (istandard deviation) or medians [tinter-
quartile range (IQR)] are reported, and two-sided Mann—
Whitney U test, one-way analysis of variance, or the
Kruskal-Wallis test was applied to assess differences be-
tween groups. If the Kruskal-Wallis test revealed significant
differences, Dunn’s multiple comparison test was used for
post hoc analysis and P-values were adjusted with the
Benjamini—Hochberg method.?® To investigate correlations
between different variables, Kendall’s tau was used. For
assessing potential differences in the distribution of cachec-
tic vs. non-cachectic patients over disease stages, a Xz test
was performed. P-values <0.05 were considered statistically
significant.

Results

Baseline characteristics of the study population
and prevalence of cancer cachexia

In total, 107 cancer patients and 76 healthy controls
participated in the study. Twenty-seven patients were
diagnosed with pancreatic cancer, 52 patients with breast
cancer, 24 patients with lung cancer, and 4 patients with
ovarian cancer. The majority of patients with breast
cancer (96%) or lung cancer (46%) had local disease,
whereas the majority of pancreatic cancer patients had
lymph nodes involved (59%) or metastatic disease (14%)
(Table S2a).

Thirty-three patients (30.8%) had >5% weight loss in the
past 6 months and were classified as cachectic. The preva-
lence of cancer cachexia varied per cancer type, with the
highest prevalence in pancreatic cancer (66.7%), followed
by ovarian cancer (25%), lung cancer (20.8%), and breast can-
cer (17.3%). In cachectic as well as non-cachectic cancer pa-
tients, most patients had local disease (48% in cachectic
and 74% in non-cachectic patients). Lymph node involvement
and metastatic disease were more common in the cachectic
group, although the distribution of cachectic and
non-cachectic patients over the different disease stages did
not differ significantly (Table S2b).

While age (P = 0.287) and BMI (P = 0.055) were not signif-
icantly different, weight loss during the past 6 months
differed markedly between groups (P < 0.001) and was
highest in cachectic cancer patients (8.0 * 3.0% vs.
0.0 + 1.7% for non-cachectic patients, Table 1).

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 2007-2021
DOI: 10.1002/jcsm.12804


http://www.imngs.org

Gut microbiota and short-chain fatty acid alterations

2011

Table 1 Clinical characteristics of the study population

Cachectic Non-cachectic Healthy controls
(N = 33) (N = 74) (N =76)
Age (yearsg, mean = SD 65.3 (=12.1) 61.9 (+10.4) 62.9 (£9.4)
BMI (kg/m?), median = IQR 24.3 (+4.8) 25.5 (+5.1) 26.5 (+4.1)
Weight loss (%), median = IQR 8.0 (+3.0) 0.0 (%1.7) 0.0 (+0.0)
Female N = 20 (60.6%) N =61 (82.4%) N = 22 (28.9%)
Cancer type
Pancreatic cancer N = 18 (54.5%) N =9 (12.2%)
Breast cancer N =9 (27.3%) N = 43 (58.1%)
Lung cancer N =5 (15.2%) N = 19 (25.7%)
Ovarian cancer N =1 (3.0%) N =3 (4.1%)

BMI, body mass index; IQR, inter-quartile range; SD, standard deviation.
Variables with a normal distribution are presented as mean =+ SD. Variables that were not normally distributed are presented as

median = IQR.

Similar microbial diversity and community
structure in cachectic and non-cachectic patients

First, we determined o-diversity, reflecting the within-sample
taxonomic diversity. The observed species richness as well
as the Shannon effective index, both measures of microbial
a-diversity, were not significantly different in cachectic cancer
patients vs. non-cachectic cancer patients or healthy controls
(Figure 1).

Next, (dis)similarities in microbial community structure
(B-diversity) using generalized UniFrac distances were
assessed. Whereas permutational multivariate analysis of
variance revealed borderline significant differences in
microbial community structure (P = 0.053), the non-metric
multidimensional scaling plot demonstrated that these differ-
ences were subtle and no clear clustering of samples was
apparent (Figure 1C). Dendrograms also showed no distinct
clustering patterns based on cachexia status or BMI and
revealed high inter-individual variability in all study groups
(Figure S1).

Distinct gut microbiota composition in cachectic
cancer patients

Firmicutes were the most abundant bacterial phylum in all
groups, followed by Bacteroidetes, Actinobacteria, and
Proteobacteria (Figure 2A). Bacteria belonging to the phylum
of Proteobacteria were significantly more abundant in cachec-
tic cancer patients (median log, abundance = 9.5, IQR = 3.0)
when compared with non-cachectic patients (median log,
abundance = 9.0, IQR = 1.2) and healthy controls (median
log, abundance = 8.8, IQR = 1.2) (P < 0.001) (Figure 2B).

On the genus level, the abundances of Megamonas,
Peptococcus, Veillonella, and an unknown genus from the En-
terobacteriaceae family were found to be significantly differ-
ent in cachectic cancer patients (Figure 3). For Megamonas
and Peptococcus, all medians were zero. While these genera
were present in only few samples within the cachectic group,

they were more often detected in the non-cachectic and con-
trol groups (Megamonas: P < 0.05; Peptococcus: P < 0.001).
With a median log, abundance of 5.4 (IQR = 10.0), unknown
Enterobacteriaceae were much more abundant in cachectic
cancer patients compared with non-cachectic cancer patients
(median = 0.69, IQR = 2.1) and healthy controls (me-
dian = 0.73, IQR = 1.8) (P < 0.01). Similarly, log, abundance
of Veillonella was highest in cachectic cancer patients (me-
dian = 3.2, IQR = 3.5) and significantly lower in
non-cachectic cancer patients (median = 2.3, IQR = 2.7) and
healthy controls (median = 1.7, IQR = 3.4) (P < 0.001). No sig-
nificant differences were found between non-cachectic can-
cer patients and healthy controls.

Because >5% weight loss might have different clinical rel-
evance in underweight, normal weight, or overweight individ-
uals, we also analysed differential genera abundance in
different categories of BMI-adjusted weight loss, yielding sim-
ilar results (Figure S2).

Additionally, we analysed differential abundances in pan-
creatic cancer and lung cancer separately, because cancer ca-
chexia was most prevalent in these two cancer types. These
analyses revealed that Enterococcus, Lactobacillus, unknown
Enterobacteriaceae, and Veillonella showed differential abun-
dance between cachectic cancer patients, non-cachectic can-
cer patients, and healthy controls (Figure S3).

Lower faecal acetate levels in cachectic cancer
patients

Total faecal SCFA concentrations tended to be lower in
cachectic cancer patients (median = 38.6 mM/g, IQR =
27.0 mM/g) compared with non-cachectic cancer patients
(median = 48.8 mM/g, IQR = 56.1 mM/g) and healthy controls
(median = 52.1 mM/g, IQR = 51.4 mM/g) (P = 0.08, Figure 4).
The same pattern, with a tendency towards lower levels in
the cachectic group, could also be observed when analysing
the different SCFA separately (Figure 4). Acetate concentra-
tions were significantly lower in cachectic cancer patients
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Figure 1 Microbial richness and diversity in cachectic cancer patients (yellow, N = 33), non-cachectic cancer patients (blue, N = 74), and healthy control
subjects (green, N = 76). (A) Observed species richness and (B) Shannon effective index; both indices of a-diversity were similar between the groups.
(C) The non-metric multidimensional scaling plot showed no clear clustering of samples from cachectic cancer patients, non-cachectic cancer patients,
or healthy controls.

(P < 0.05). Post hoc analysis with Benjamini-Hochberg cor- between cachectic cancer patients and healthy controls
rection revealed a significant difference between cachectic (P = 0.059) or non-cachectic cancer patients and healthy con-
and non-cachectic cancer patients (P = 0 < 0.05), but not trols (P = 0.62). Faecal concentrations of propionate,
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Figure 2 Microbiota composition on phylum level. (A) Relative abundances of all phyla present in the study population. (B) Log, abundance of
Proteobacteria. Statistically significant differences according to the Wald test (« = 0.05) are marked with asterisks. Proteobacteria were significantly
elevated in cachectic cancer patients compared with non-cachectic cancer patients and healthy controls.

butyrate, and valerate were consistently, but not significantly
lower in cachectic vs. non-cachectic cancer patients or
healthy controls (Figure 4).

We also compared the groups of cachectic cancer patients,
non-cachectic cancer patients, and healthy controls in
pancreatic cancer and lung cancer separately, because cancer
cachexia was most prevalent in these cancer types. Interest-
ingly, acetate concentrations were only significantly lower
within the group of pancreatic cancer patients, while there
were no differences in patients with lung cancer. In addition,
total faecal SCFA and butyrate concentrations tended to be
reduced in cachectic pancreatic cancer patients (Figure S4).

Faecal levels of the BCFA isobutyrate (P = 0.608) and
isovalerate (P = 0.543) were similar in cachectic and
non-cachectic cancer patients and healthy controls (Figure S5).

Similar faecal calprotectin levels in cachectic and
non-cachectic cancer patients

Faecal levels of calprotectin, a marker of intestinal inflamma-
tion, were not significantly elevated in cachectic cancer pa-
tients (median = 51.6 pg/g, IQR = 121.2), compared with
non-cachectic cancer patients (median = 32.1 pug/g,

IQR = 37.5) and healthy controls (median =
IQR =52.1) (P = 0.2, Figure 5).

CRP levels (P = 0.32, N = 35) and leucocyte counts
(P =0.66, N = 51) were also not significantly different be-
tween cachectic and non-cachectic cancer patients (CRP:
median = 7.0 mg/L, IQR = 14.5 in cachectic cancer patients
vs. median = 5.0 mg/L, IQR = 9.5 in non-cachectic cancer pa-
tients; leucocyte counts: median = 7.7 x 10%/L, IQR = 3.4 in ca-
chectic cancer patients vs. median = 7.9 x 10%/L, IQR = 3.4 in
non-cachectic cancer patients).

While there was a strong positive correlation between CRP
and leucocyte counts (7 = 0.52, P < 0.001), there were no as-
sociations between faecal calprotectin and CRP (z = 0.14,
P = 0.3) or faecal calprotectin and leucocyte counts, respec-
tively (r = 0.05, P = 0.6). SCFA levels were also not associated
with any of these inflammatory parameters (Table S1).

Correlations and co-occurrences between bacterial
taxa, short-chain fatty acid, calprotectin, and
clinical parameters

Next, we performed correlation analysis using the parame-
ters that were found to be significantly different in cachectic
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Figure 3 Genera with altered abundance in cachectic vs. non-cachectic cancer patients and/or healthy controls. The log, abundance of genera, which
differed significantly between the groups, is depicted. Statistically significant differences according to the Wald test (& = 0.05) are marked with

asterisks.

vs. non-cachectic cancer patients according to the previous
analyses (Figure 6). We also included faecal calprotectin be-
cause we were interested in associations between faecal
calprotectin and abundance of specific bacterial taxa. BMI
was included because it was almost significant (P = 0.055).

We found that faecal acetate concentrations were posi-
tively correlated with BMI and negatively correlated with
weight loss. In addition, faecal acetate was negatively associ-
ated with the abundance of Peptococcus and unknown
Enterobacteriaceae (Figure 6). Faecal calprotectin levels were
positively correlated with the abundance of Peptococcus, un-
known Enterobacteriaceae, and Veillonella. Furthermore, we
identified strong positive correlations between weight loss
and unknown Enterobacteriaceae and Veillonella, respec-
tively. Besides, there was a positive correlation between the
abundance of unknown Enterobacteriaceae and Veillonella
(Figure 6).

Estimated co-occurrences confirmed the interaction be-
tween unknown Enterobacteriaceae and Veillonella, but
showed that the direction of the interaction depended on
the group. Within the group of cachectic cancer patients,
there was a negative association, potentially indicating com-
petition between these bacteria. While there was a positive
interaction in the group of non-cachectic cancer patients,
there was no interaction in healthy controls (Figure 7).

Discussion

This study is the first to provide insights into gut microbiota
composition, SCFA levels, and their relationship with inflam-
matory parameters in the context of human cancer cachexia.
We found that overall microbial diversity (a-diversity) and

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 2007-2021
DOI: 10.1002/jcsm.12804



Gut microbiota and short-chain fatty acid alterations

2015

Total SCFA, p=0.08

Acetate, p=0.046

Butyrate, p=0.196

Sa ° 120 3 ) 60 )
[ o ° -
200 °
£ 9 10079 —— - 50 ° ¢
2 150 4 o - ¥+ 80 : : 40 ° 0
> ! i ; '
< 1004 ° : 5 7 5 : ’ w0 o o+ &
L - - 1 20 — ' !
oM o —HE
3 o = . S =] i 0 4 = [
8] 0 —t —= —— . —= —_— 0 —_ —_ —_
o T T T T T T T T T
L ) 5 8 o ] L ) 5
8 8 Z 8 3 = 8 8 £
S S 8 S S 8 S S 8
38 3 3 3 8 3
c c c
o o o
c c c
Propionate, p=0.196 Valerate, p=0.091
)
s 50 = o o) o
S 8 o S 8
: 40 . - [o] -
® ! g 47 : 3
3 30 : — ° ' e
8 0l T — —
z V== , B - '
O . —_ o — — i
LqL’ 0 - T T T 0 - T T T
2 £ s g g g
3 g g i £ g
® & ® &
o (;) o L‘>
c c
o o
[ — [ —

Figure 4 Faecal levels of total short-chain fatty acids (SCFA) and acetate, butyrate, propionate, and valerate separately. Acetate levels were found to
be reduced in cachectic cancer patients (N = 30) compared with non-cachectic cancer patients (N = 64) and healthy controls (N = 71). P-values from

Kruskal-Wallis test are shown.

community structure (B-diversity) were not altered in pa-
tients with cancer cachexia. However, Proteobacteria, an
unknown genus from the Enterobacteriaceae family, and
Veillonella were found to be more abundant among
cachectic cancer patients, and these genera were strongly
positively correlated with weight loss. Conversely, the genera
Megamonas and Peptococcus showed higher abundance in
non-cachectic patients. In addition, faecal acetate levels
were lower in cachectic cancer patients. Whereas faecal
calprotectin, a marker of intestinal inflammation, correlated
strongly with the abundance of specific gut bacteria, it was
not significantly elevated in cachectic cancer patients.

Based on preclinical data showing reduced microbial
diversity and altered community structure in cachectic
mice,®3° we expected that a-diversity and B-diversity would
be reduced in cachectic cancer patients. Furthermore, a
species-rich and diverse microbial community is generally
considered to be more healthy and decreased microbial di-
versity has been linked to several disease states.>* However,
we found no differences in overall microbial diversity and

Fecal calprotectin, p=0.2
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Figure 5 Faecal levels of calprotectin were not different in cachectic can-
cer patients (N = 30) compared with non-cachectic cancer patients
(N = 68) or healthy controls (N = 70).
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Figure 6 Correlation analyses of the significant variables from differential analyses of bacterial taxa and total short-chain fatty acids as well as relevant
clinical parameters in pairwise comparisons. Factors under investigation are depicted in the diagonal line. The relationships of abundances of four bac-
terial taxa, acetic acid, calprotectin, body mass index (BMI), and weight loss were estimated using Kendall’s tau correlation coefficient (z). In the upper
panels, significant correlations are indicated with asterisks (*P < 0.05, “p < 0.01, and p < 0.001). In the lower panels, scatter plots of pairwise
correlations are shown. Yellow dots represent cachectic cancer patients, blue dots depict non-cachectic cancer patients, and green dots indicate

healthy controls.

no community pattern that could be linked to the cachectic
phenotype in our study population. Nevertheless, differential
abundances of certain bacterial taxa were observed in ca-
chectic cancer patients compared with non-cachectic cancer
patients and healthy controls, which corroborate previously

reported animal data. Specifically, in line with results from
Potgens et al., who described an expansion of Proteobacteria
at the expense of Firmicutes in cachectic C26 mice,* the
abundance of Proteobacteria was found to be increased in
cachectic cancer patients in the current study. In addition,
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Figure 7 Estimated co-occurrence of Megamonas, Peptococcus, Veillonella, and an unknown genus from the Enterobacteriaceae family in cachectic
cancer patients vs. non-cachectic cancer patients (A) and cachectic cancer patients vs. healthy controls (B). Green lines represent a positive association,
while orange marks a negative association between these genera. An edge is displayed if the 90% credibility interval does not contain zero.

previous studies repeatedly described an increased abun-
dance of Enterobacteriaceae, also belonging to the phylum
of Proteobacteria, in cachectic mice.>®3? We confirm that
these cachexia-associated increased levels of Enterobacteria-
ceae are also characteristic of human cancer cachexia.

The facultative anaerobic Enterobacteriaceae are consid-
ered to be well adapted to survive in environments with high
levels of oxidative stress and have been shown to be associ-
ated with inflammation.>*3* Interestingly, a shift towards

more aerotolerant taxa such as Enterobacteriaceae has also
been found in other diseases sharing metabolic and inflam-
matory features with cancer cachexia, including Crohn’s
disease®® and anorexia.>® Another interesting finding of our
study was the co-abundance of unknown Enterobacteriaceae
and Veillonella, which were both increased in cachectic can-
cer patients. These genera were also significantly correlated
with weight loss, confirming their relevance in the context
of cancer cachexia. However, it remains to be investigated
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why the direction of the relationship was different in cachec-
tic vs. non-cachectic cancer patients. It might be speculated
that the increased abundance of unknown Enterobacteria-
ceae and Veillonella in cachectic cancer patients leads to
competition between those bacteria.

Megamonas and Peptococcus, both belonging to the
Firmicutes phylum, were only present in a few samples within
the cachectic group. This might correspond to the earlier de-
scribed decreased levels of Firmicutes in cachectic mice,*?
but the total prevalence of these genera in the current study
population was too low to draw definite conclusions.

According to our knowledge, this is the first clinical study
investigating faecal SCFA concentrations in cachectic cancer
patients. SCFA are interesting metabolites in the context of
cancer cachexia because they exert anti-inflammatory effects
by interacting with the immune system and by improving gut
barrier integrity.?*3® Of note, gut barrier integrity has also
been shown to be debilitated in cachectic mice.® In addition,
it was recently shown that acetate and butyrate were re-
duced in the caecal content of cachectic mice.?® In line with
this, we observed an overall trend towards lower SCFA con-
centrations in cachectic cancer patients, although this was
only significant for acetate. Acetate is considered to fulfil cru-
cial physiological roles and has been linked to body weight
regulation, energy expenditure, lipid metabolism, and insulin
sensitivity.>” Because it has been demonstrated that acetate
affects muscle and adipose tissue metabolism,?” it might be
speculated that altered acetate levels could influence
cachexia-associated metabolic disturbances in these target
tissues.

We found no associations between faecal SCFA and
inflammatory parameters (faecal calprotectin, CRP, and leu-
cocyte counts), which would be expected based on the anti-
inflammatory potential of SCFA. Similarly, we hypothesized
that levels of faecal calprotectin would be increased in ca-
chectic cancer patients, because it has been shown to reflect
inflammation in the gastrointestinal tract and is useful as bio-
marker for inflammatory bowel disease and other inflamma-
tory conditions.®® It was also unexpected that we could not
detect differences in CRP levels and leucocyte counts be-
tween cachectic and non-cachectic cancer patients. However,
because these inflammatory markers could only be deter-
mined in 35 and 51 patients, respectively, and because CRP
was elevated (>5 mg/L) in most of them, the relevance of
these values in the current study might be limited. Of note,
faecal calprotectin strongly correlated with unknown Entero-
bacteriaceae and Veillonella and to a lesser extent with
Peptococcus abundance. The association with unknown
Enterobacteriaceae and Veillonella supports the earlier de-
scribed hypothesis that these bacteria are well adapted to
live in a pro-inflammatory environment.

There are several limitations inherent to this study. First,
the prevalence of cancer cachexia varied depending on the
cancer type. Consequently, the group of cachectic cancer

patients mainly consisted of pancreatic cancer patients, while
the majority of the non-cachectic group had breast cancer.
Therefore, differences between cachectic and non-cachectic
cancer patients might be related to the cancer type, next to
the presence of cachexia. However, we could partly confirm
our results when analysing the different cancer types sepa-
rately, despite the limitations of small group sizes in these
analyses. Nevertheless, future studies should use larger and
more homogeneous patient cohorts in order to study
crosstalk and mechanistic interactions between gut microbi-
ota and metabolic target tissues in human cancer cachexia
in more detail. For instance, it would be beneficial to evaluate
differences between cachectic and non-cachectic cancer
patients within one cancer type to rule out the confounding
effect of the tumour type.

Besides the cancer type, also the stage of the disease
might have influenced microbiota composition. Because
lymph node involvement and metastatic disease were more
common among cachectic cancer patients, we cannot rule
out that the observed microbial disturbances in cachectic
cancer patients might also be associated with more advanced
stages. In view of the fact that cancer cachexia is considered
to be a feature of especially advanced disease stages, it
would be highly relevant to compare cachectic and
non-cachectic cancer patients with metastatic disease in fu-
ture studies. In the metastatic setting, also the role of
therapy-induced cachexia will be important to investigate,
because a recent metabolomics study indicated distinct met-
abolic derangements of cancer-induced cachexia and
chemotherapy-induced cachexia.3® Because chemotherapy is
known to also affect gut bacteria, the gut microbiota might
play a prominent role in this type of cachexia.*°

In addition, the definition of cancer cachexia was
solely based on self-reported weight loss, which might be un-
reliable and does not take other hallmarks of cancer cachexia
(e.g. inflammation and muscle wasting) into account.*’ In
addition, it should be recognized that this cachexia definition
does not differentiate between loss of skeletal muscle and fat
mass and may therefore underestimate lean body mass loss in
overweight patients and in those who gained weight because
of a tumour, oedema, or accumulation of ascites.*?> Conse-
quently, future studies should use more objective, quantita-
tive methods to assess cachexia status, for instance,
computed tomography-based body composition analysis,
and should also assess systemic inflammation in these
patients. Another possibility to control for obesity as factor
masking relevant weight loss is the classification of
patients into different categories of BMI-adjusted weight loss
(Figure $2).*°

In summary, we have shown that cachexia is associated
with specific alterations in gut microbiota composition and
faecal SCFA concentrations in cancer patients. These insights
represent a pivotal first step and underscore the need to
evaluate whether the gut microbiota can be used as
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therapeutic target in cancer cachexia. In view of the limited
effectiveness of the current treatment approaches and the
considerable impact of cancer cachexia on the patient’s prog-
nosis and quality of life, such innovative anti-cachexia strate-
gies are urgently required.
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Table S1. Correlations between SCFA and inflammatory
parameters.

Table S2a. Disease stages per cancer type. Information on tu-
mor stages was retrieved from medical records (if available*)
and classified as local disease, lymph node involvement, or
metastatic disease.

Table S2bh. Disease stages in cachectic and non-cachectic can-
cer patients. Information on tumor stages was retrieved from
medical records (if available*) and classified as local disease,
lymph node involvement or metastatic disease.

Figure S1. Dendrograms show no clustering of samples based
on cachexia status (upper panel) or BMI (lower panel). We
observed high inter-individual heterogeneity.

Figure S2. Genera abundance across different grades of
BMI-adjusted weight loss. This categorization into grade 0 —
grade 4 was suggested in Martin et al. (2015). Diagnostic
criteria for the classification of cancer-associated weight loss.
Journal Clinical Oncology, 2015. 33(1): p. 90-9. Each grade
was associated with significantly different survival, whereby
a gradient of decreasing survival was observed with increas-
ing weight loss and decreasing BMI (grade 0 = longest sur-
vival; grade 4 = shortest survival).

Figure S3. Log2 abundance of genera which were differen-
tially abundant between cachectic cancer patients,
non-cachectic cancer patients, and healthy controls, analyzed
for pancreatic cancer and lung cancer patients separately. A:
The likelihood ratio test (LRT) indicated significant differential
abundance of Enterococcus (p < 0.001), Lactobacillus
(p < 0.01), unknown Enterobacteriaceae (p < 0.001) and
Veillonella (p < 0.001) between cachectic and non-cachectic
pancreatic cancer patients and healthy controls. Differences
which were significantly different according to the Wald test
(o0 = 0.05) are marked with asterisks. B: LRT indicated that
only Lactobacillus (p < 0.001) showed differential abundance
in cachectic and non-cachectic lung cancer patients and
healthy controls. Differences which were significantly differ-
ent according to the Wald test (a = 0.05) are marked with
asterisks.

Figure S4. SCFA levels in patients with pancreatic cancer or
lung cancer. A: Acetate levels were significantly lower in ca-
chectic pancreatic cancer patients (N = 16) compared to
non-cachectic pancreatic cancer patients (N = 5). Total SCFA
and butyrate concentrations tended to be reduced in cachec-
tic patients. B: Levels of all SCFA were similar in cachectic
(N = 5) and non-cachectic lung cancer patients (N = 25).
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Figure S5. Fecal

levels of the BCFA iso-butyrate and
iso-valerate in cachectic cancer patients (N = 30), non-cachec-

tic cancer patients (N = 64), as well as in healthy controls
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