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Abstract: Cancer therapy is often associated with severe side effects such as drug induced weight
loss, also known as chemotherapy-induced cachexia. The aim of this study was to investigate
the effects of a multispecies probiotic (OMNi-BiOTiC® 10 AAD) in a chemotherapy mouse model.
A total of 24 male BALB/c mice were gavage-fed with the probiotic formulation or water, once
a day for 3 weeks. In the third week, the mice received intraperitoneal cyclophosphamide. At
euthanasia, the organs were dissected, and serum was sampled for cytokine analysis. Tight junction
components, myosin light chain kinase, mucins, and apoptosis markers were detected in the ileum
and colon using histological analyses and qRT-PCR. Lipolysis was analyzed by enzymatic activity
assay, Western blotting analyses, and qRT-PCR in WAT. The fecal microbiome was measured with
16S-rRNA gene sequencing from stool samples, and fecal volatile organic compounds analysis
was performed using gas chromatography/mass spectrometry. The probiotic-fed mice exhibited
significantly less body weight loss and adipose tissue wasting associated with a reduced CGI58
mediated lipolysis. They showed significantly fewer pro-inflammatory cytokines and lower gut
permeability compared to animals fed without the probiotic. The colons of the probiotic-fed animals
showed lower inflammation scores and less goblet cell loss. qRT-PCR revealed no differences in
regards to tight junction components, mucins, or apoptosis markers. No differences in microbiome
alpha diversity, but differences in beta diversity, were observed between the treatment groups.
Taxonomic analysis showed that the probiotic group had a lower relative abundance of Odoribacter and
Ruminococcus-UCG014 and a higher abundance of Desulfovibrio. VOC analysis yielded no significant
differences. The results of this study indicate that oral administration of the multispecies probiotic
OMNi-BiOTiC® 10 AAD could mitigate cyclophosphamide-induced chemotherapy side effects.

Keywords: chemotherapy; inflammation; microbiome; gut permeability; weight loss; volatile organic
compound; histomorphometry
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1. Introduction

Chemotherapy is an important cornerstone of the modern management of malig-
nant tumors. However, adverse effects of chemotherapy, such as intestinal mucositis or
chemotherapy induced diarrhea, have been reported in 50–80% of patients [1,2]. In addition
to significant effects on the patients’ quality of life, these side effects may warrant dose
reduction or even discontinuation of chemotherapeutical agents, resulting in increased
mortality [3,4]. Intestinal mucositis (IM) clinically presents with nausea, vomiting, bloating,
diarrhea or constipation, abdominal pain, or body weight loss [5,6]. A disturbance of the
integrity of the intestinal barrier due to epithelial cell loss, in combination with inflam-
mation of the bowel wall, seems to be the main reason for the development of IM [6–8].
The impaired epithelial lining may also be predisposed to bacterial translocation, with
subsequent severe systemic inflammation [9].

Examinations of the intestinal microbiome in chemotherapy models have revealed
a possible role of intestinal bacteria in both the development and severity of IM [10,11].
In general, chemotherapy causes a decrease in Lactobacillus, Bifidobacterium, and other
protective bacteria and an increase in potential pathogens [12]. An increase in Enterococcus,
Enterobacter, Escherichia, and Pseudomonas has been described in a murine chemotherapy
model [13]. The alterations of the microbiome observed in this study were associated with
increased intestinal permeability and the reduced expression of tight junction proteins [13].
These and other findings suggest that intestinal dysbiosis plays a significant role in IM,
thus triggering the search for possibilities to improve chemotherapy by supporting the
intestinal microbiome.

In this regard, several probiotics were shown to reduce chemo- and radiotherapy-
induced diarrhea and mucositis (reviewed in [14]). For instance, Lactobacillus and Lach-
nospiraceae were shown to decrease the side effects of cyclophosphamide (CTX). The restora-
tion of eubiotic conditions by lowering the pH and the direct inhibition of pathogens
by the secretion of antimicrobial substances have been discussed as possible probiotic
effects [15,16]. Furthermore, Lactobacilli and Bifidobacteria help to restore the intestinal
barrier by improving the expression of tight junctions and mucus secretion from goblet
cells [17–19].

In addition to improving chemotherapy side effects, certain probiotics promote cancer
cell apoptosis (predominantly Lactobacillus spp., as reviewed in [14]). Furthermore, gut
microbiota (as Lactobacillus spp. or Enterococcus hirae) may also directly enhance the ef-
fectiveness of chemotherapeutical agents [14]. Consequently, studies have demonstrated
that an intact microbiome is essential for effective chemotherapy [20]. On the cellular
level, tumor suppressor gene activation, cell cycle maintenance, and the inactivation of
proinflammatory cytokines and oncogenes have been reported as possible mechanisms
for the positive effects of probiotics [21,22]. Overall, the combined action of probiotics and
anti-cancer drugs showed increased anti-tumor efficiency (reviewed in [14]).

In this study, we aimed to examine the effect of a combination of nine probiotic strains
(in OMNi-BiOTiC® 10 AAD) on systemic inflammation, body weight loss, and adipose
tissue wasting, as well as the fecal microbiome and volatile organic compounds (VOCs)
during CTX chemotherapy in a murine model.

2. Materials and Methods

Following approval of the veterinary board (2020-0.475.510), 24 male BALB/c mice
were obtained from the Center for Biomedical Research of the Medical University of
Vienna, Austria, as one batch of littermates for microbiome testing at an age of 7 weeks.
After delivery and an acclimatization period of 2 weeks, the mice were divided into
two equal groups (n = 12 each), with comparable body weight distribution. The mice
were housed in groups of three animals in individually ventilated cages under specific
pathogen free conditions, with a 12 h light-dark cycle and free access to chow and water
at all times. OMNi-BiOTiC® 10 AAD was kindly provided by the Institute AllergoSan
(Graz, Austria). OMNi-BiOTiC® 10 AAD is a commercially available multispecies probiotic
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formulation containing the strains Lactobacillus acidophilus W55 and W37, Lactobacillus
paracasei W20, Lactobacillus rhamnosus W71, Enterococcus faecium W54, Lactobacillus salivarius
W24, Lactobacillus plantarum W62, Bifidobacterium bifidum W23, and Bifidobacterium lactis
W51. After acclimatization, the mice received a daily gavage of either 12 × 108 CFU OMNi-
BiOTiC® 10 AAD dissolved in 400 µL sterile water (10 AAD group) or 400 µL of sterile
water only (AQUA group). Gavage was continued daily until euthanasia.

After 3 weeks, CTX chemotherapy was initiated in both groups. CTX was prepared as
a 10 mg/mL solution in physiologic saline and administered by intraperitoneal injection.
Dosages were as follows: 100 mg/kg body weight on days 1–3, a break for 1 day, followed
by 50 mg/kg on days 5 and 6. On day 7, stool samples were harvested to standard
Eppendorf vials and stored at −80 ◦C for subsequent microbiome analysis. The mice
were then gavage-fed with 500 mg/kg fluorescein-isothiocyanate dextrane 4kD (FITC-
Dextran 4SD, Sigma-Aldrich Handels GesmbH, Vienna, Austria) dissolved in PBS buffer at
a concentration of 50 mg/mL.

A second stool sample was obtained, weighed for normalization, and stored in stan-
dard glass vials (Gerstel GmbH, Muelheim an der Ruhr, Germany) at 6 ◦C. Room air
samples were collected at the same time points to correct for possible contamination. These
fecal and air samples were sent by overnight express to the partner lab in Rostock, Germany,
for subsequent volatile organic compound (VOC) analysis. Euthanasia was conducted
exactly 16 h after FITC administration. The mice were then put under inhalation anesthesia
using 5% Isoflurane® (Forane®, Baxter Healthcare GmbH, Vienna, Austria). Blood was
drawn to standard serum vials and allowed to clot for 30 min. Then, blood samples were
centrifuged at 4 ◦C with 10,000 rpm for 10 min. The supernatant serum was harvested
and aliquoted to standard Eppendorf vials. The mice were sacrificed by cranio-cervical
dislocation.

White adipose tissue (WAT) was sampled from the intestinal, inguinal, and perirenal
regions, as previously described [23]. The following organs were obtained for further
analysis: liver, spleen, kidney, triceps surae muscle, 3 cm of the ileum (beginning 1 cm
orally of the ileocecal valve), and 3 cm of the colon (beginning 1 cm distally of the ileocecal
valve). All specimens were labeled with the mouse number, blinding examiners for the
experimental groups.

Throughout the experiment, the body weight was recorded twice a week in the first
3 weeks and daily during CTX therapy. Food pellets were weighed at the same time points
and used to estimate the caloric intake per cage.

2.1. Inflammatory Response

A commercially available Procartaplex® magnetic bead assay (Procartaplex, Thermo
Fisher Life Tech Austria, Vienna, Austria) was configured to detect interleukins (IL) 1α, IL-
1β, IL-6, IL-10, IL-15, and IL-17; monocyte chemoattractant protein (MCP) 1; macrophage
inflammatory proteins (MIP) 1α, MIP-1β, and MIP-2; granulocyte colony stimulating
factor (G-CSF); granulocyte macrophage colony stimulating factor (GM-CSF); macrophage
colony stimulating factor (M-CSF); TNF-α, vascular endothelial growth factor (VEGF); and
transforming growth factors (TGF) β1 and β2 in the serum samples. Myeloperoxidase
(MPO, AB275109, Abcam, Cambridge, UK), lipoprotein binding protein (LBP, ABIN6974448,
antikoerper-online.de, Aachen, Germany), and neutrophil elastase (NE, AB252356, Abcam,
Cambridge, UK) were determined using commercially available ELISA kits. All tests were
performed as described in the manufacturer’s instructions.

2.2. Gut Permeability Assay and Bowel Wall Integrity

For FITC analysis, the serum aliquots were protected from light and stored at 6 ◦C until
measurement. FITC-Dextrane serum levels were determined within 8 h after photometrical
harvesting (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany) at an extinction
rate of 485 and 535 nm. Standard curves were obtained, according to the manufacturer´s
protocol.
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For the examination of the bowel wall integrity, the total RNA from the frozen mouse
bowel segments (ileum and colon) was isolated using the Qiagen miRNeasy Micro Kit
(Qiagen, Hilden, Germany) by DNAse treatment (Qiagen, Hilden, Germany), according
to manufacturer’s instructions. The RNA yield was quantified using a NanoDrop 2000 c
spectrophotometer. For reverse transcription, 1 µg of total RNA was used in the High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. The cDNA product was used as a template
for quantitative RT-PCR reactions in a BioRad CFX 384 real-time PCR detection system
with the following assays: β-actin (Actb), hydroxymethylbilane (Hmbs), tight junction
protein 1 (Tjp1), occludin-1 (Ocln1), claudin 4 (Cldn4), claudin 2 (Cldn2), mucin 2 (MUC2),
mucin 3 (MUC3), myosin light chain kinase (MLCK), B-cell lymphoma 2 (Bcl2), Bcl-2-
associated X protein (Bax), Bcl-2 associated agonist of cell death (Bad), caspase 3 (Casp3),
lamin B1 (Lmnb), and Bcl-2 antagonist/killer 1 (Bak1). All primers were ordered from
Eurofins Genomics (Eurofins Genomics GmbH, Ebersberg, Germany). Detailed information
on primer sequences can be retrieved from the Supplementary Material (Supplementary
Table S1).

Briefly, in 10 µL reactions, 4 µL cDNA were used in triplicate in a PCR reaction
with 5 µL TaqMan Genexpression MasterMix (ThermoFisher Scientific, Waltham, MA,
USA), 0.5 µL assay, and 0.5 µL dH2O. The cycling conditions consisted of an initial UDG
incubation at 50 ◦C for 2 min, enzyme activation at 95 ◦C for 10 s, followed by 40 cycles of
denaturation at 95 ◦C for 15 s and annealing and extension at 60 ◦C for 1 min. B-actin and
Hmbs genes were used for normalization.

2.3. Lipolysis Markers

qRT-PCR analysis: The following genes were analyzed: adipocyte triglyceride lipase
(ATGL), hormone sensitive lipase (HSL), perilipin 1 (PLIN1), and comparative gene iden-
tification 58 (CGI58) (Supplementary Table S1). Hmbs and Actb served as controls for
normalization. All primers were ordered from Eurofins Genomics (Eurofins Genomics
GmbH, Ebersberg, Germany).

Western blotting analysis: The tissues were disrupted in ice-cold solution A (0.25 M
sucrose, 1 mM EDTA, pH 7.0) supplemented with 1% NP40, protease inhibitor (20 µg/mL
leupeptin, 2 µg/mL antipain, and 1 µg/mL pepstatin), and phosphatase inhibitor (phosstop,
Sigma Aldrich, St. Louis, MO, USA). The homogenates were centrifuged for 30 min at
4 ◦C and 16,000× g, the lipid layer was removed, and the protein concentration of the
infranatant was determined using Protein Assay Dye (Bio-Rad Laboratories, Hercules,
CA, USA). A total of 10 µg protein was subjected to SDS-PAGE. After SDS-PAGE, the
proteins were blotted onto a methanol-activated polyvinylidenfluorid (PVDF) membrane
(Carl Roth GmbH, Karlsruhe, Germany) for 100 min at 200 mA. Unspecific binding sites
were blocked using 5% milk powder or 5% BSA (Carl Roth GmbH, Karlsruhe, Germany) in
1× TST, followed by incubation with a primary and an HRP-conjugated secondary antibody
(vinculin: Sigma V9131 1:20,000 4 ◦C; pHSL(Ser563): cell signaling #4139 1:2000 at room
temperature (RT); tHSL: cell signaling #4107 1:7000 at RT. CGI58: abnova #H00051099-M01
at 4 ◦C; ATGL: cell signaling #2138 1:5000 at RT). HRP-conjugated antibodies were detected
by chemiluminescence using Clarity Western Enhanced chemiluminescence (ECL) substrate
(Bio-Rad Laboratories) and ChemiDoc Touch Imaging System (Bio-Rad Laboratories).
Signal intensities were determined by densitometric analyses using Image Lab software
(Bio-Rad Laboratories). Vinculin was used as housekeeping protein.

The triglyceride hydrolase activity assay was performed as described in the research
of [24], with some modifications: adipose tissue powder was homogenized in ice-cold
solution A (0.25 M sucrose, 1 mM DTT, 1 mM EDTA, pH 7), supplemented with protease
inhibitor (20 µg/mL leupeptin, 2 µg/mL antipain, and 1 µg/mL pepstatin), using Ultra-
Turrax Homogenizer. The homogenate was centrifuged for 30 min at 20,000× g and 4 ◦C.
The supernatant, without fat cakes, was collected and centrifuged as described above,
and infranatant was used for measuring TG hydrolase activity. The triglyceride substrate



Nutrients 2023, 15, 3655 5 of 19

contained 1.67 mM triolein (TO), 10 µCi/mL [3H]-TO as a tracer, and 188 µM PC/PI (3/1,
M/M). The lipids were fully evaporated and emulsified by sonication in 100 mM potassium
phosphate buffer (pH 7.0). Thereafter, fatty acid-free BSA was added to achieve a final
concentration of 5%. For the assay, 25 µL lysate (20 µg protein) and 25 µL substrate were
incubated for 1 h at 37 ◦C. The enzymatic reaction was terminated by the addition of 650 µL
STOP solution (methanol/chloroform/n-heptane; 10/9/7, v/v/v), followed by 200 µL
potassium-carbonate (pH 10.5). The mixture was vortexed twice for 10 s and centrifuged at
2000× g for 10 min, and 200 µL of the upper phase was used to determine the radioactivity
by liquid scintillation counting.

2.4. Bowel Wall Inflammation

For the visual determination of bowel wall inflammation, the ileum and colon sections
underwent standard histological processing and hematoxylin and eosin staining. The
morphology and inflammation in the bowel wall of the ileum were classified using the
Marsh–Oberhuber Score [25]. Colonic inflammation and histomorphology were scored
according to the methods of Erben et al. [26].

2.5. Fecal Microbiome Analysis

For total DNA isolation, fecal samples were isolated with the Magna Pure LC DNA
III Isolation Kit (Bacteria, Fungi) (Roche, Mannheim, Germany), according to published
protocols [27]. Briefly, one stool pellet was mixed with 500 µL PBS and 250 µL bacterial
lysis buffer. The samples were homogenized and bead beaten in Magna Lyser Green bead
Tubes (Roche, Mannheim, Germany) in a Magna Lyser instrument (Roche, Mannheim, Ger-
many) twice at 6500 rpm for 30 s. This process was followed by enzymatic lysis with 25 µL
lysozyme (100 ng/mL, 37 ◦C for 30 min) and 43.4 µL proteinase K (20 mg/mL, 65 ◦C for 1 h);
the samples were heat inactivated at 95 ◦C for 10 min, and the total DNA was purified in a
MagnaPure LC instrument, according to the manufacturer´s instructions. The total DNA
was eluted in 100 µL elution buffer and stored at −20 ◦C until analysis. For 16S PCR, 2 µL
of total DNA was used as a template in a 25 µL PCR reaction using the FastStart™ High
Fidelity PCR-System (Sigma, Darmstadt, Germany), according to the manufacturer’s in-
structions, and the target specific primers were 515F (5′-GTGYCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACNVGGGTWTCTAAT-3′) for 30 cycles, in triplicate. The triplicates
were pooled, normalized, indexed and purified according to published protocols [27].
The final pool was sequenced on an Illumina MiSeq desktop sequencer at 9 pM and v 3
600 cycles chemistry. FASTQ raw files were used for data analysis.

A total of 2,479,083 MiSeq paired-end FASTQ reads were used for further analysis.
The DADA2 pipeline for modeling and correcting Illumina-sequenced amplicon errors
for quality-filtering [28] was used, with standard settings for denoising, dereplicating,
merging, and check for chimeras, as implemented in the QIIME2 2018.4 microbiome
bioinformatics platform [29]. QIIME2 was integrated in an own non-public instance of
Galaxy (MedBionode https://galaxy.medunigraz.at) [30]. Taxonomic assignment of the
DADA2 representative sequences was obtained using the QIIME2 sklearn-based classifier
for the SILVA rRNA database release 132 at 99% identity [31]. Galaxy based tools were
used to calculate alpha (Inversed Simpson, Chao1 and Shannon) and beta (weighted and
unweighted UniFrac) diversity markers. Relative abundances at the different levels were
retrieved and used for group comparison. ANCOM, LEfSE, and Random Forest were used
to locate discriminating biomarkers.

2.6. Fecal Volatile Organic Compounds

All fecal samples were analyzed within 48 h. VOC samples were drawn from
the headspace of the fecal samples, as previously reported [32–34]. VOCs were pre-
concentrated with a commercially available solid phase micro extraction (SPME) fiber
(carboxen/polymethylsiloxane, Supelco, Bellefonte, PA, USA), which was thermally des-
orbed and analyzed by gas chromatography/mass spectrometry (GC/MS). An Agilent

https://galaxy.medunigraz.at
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7890 A gas chromatograph (GC) coupled to an Agilent 5975 C inert XL mass selective
detector (MSD) was used to separate and identify the VOCs desorbed from the SPME
device. The detected marker substances were tentatively identified from a mass spectral
library (National Institute of Standards and Technology 2005; NIST 2005, Gatesburg, PA,
USA), as well as using retention time matching. The results were corrected for the stool
weight. Room air was sampled in parallel to the fecal samples. In case the mean of the room
air samples exceeded 30% of the mean of the headspace samples, a possible contamination
was recorded, and the substance was excluded from further analysis. The responses of a
selected m/q ratio at a defined retention time for each substance were recorded, integrated,
and used for group comparison.

2.7. Statistical Analysis

The data were managed with Microsoft Excel 2019® (Microsoft Corporation, Redmond,
WA, USA) spreadsheets. Statistical analysis was conducted with SPSS 26.0® (IBM Corpora-
tion, Armonk, NY, USA). Due to the small sample size, normal distribution could not be
assumed. Hence, a non-parametric Mann–Whitney U test was used for group comparison,
and a Spearman test was used for correlation analysis. A result of p < 0.05 was considered
statistically significant.

A graphical workup was obtained with Prism 9® (GraphPad, San Diego, CA, USA). R
studio® (version 1.4.1106) was used for correlation analysis with a Spearman–Rho test and
the corrplot package (version 0.92) [35]. Additionally, correlation paths were visualized
with corrr (version 0.4.3) [36], tidyverse (version) [37], and farver (version 2.1.0) [38]
packages.

3. Results

In the control and the 10 AAD treated group, three animals died during CTX therapy,
leaving nine animals in each group for final analysis. While the initial body weight
distribution was not significantly different between the groups, the animals in the 10 AAD
group lost significantly less weight during chemotherapy (Figure 1a,b). The daily calorie
intake during the CTX therapy, however, did not differ significantly between the groups
(Figure 1c). While other organs did not differ in their weight, 10 AAD animals exhibited
significantly more WAT than those of the control group (Figure 2a–d).
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Figure 1. Nine-week-old mice received a daily gavage of either 10 AAD (AAD) or water (Aqua) for
4 weeks. (a) At delivery, mice were weighed (body weight delivery) and treated with CTX for one
week. (b) Body weights at euthanasia. (c) Daily calorie intake during CTX therapy was determined
by weighing the amount of food in the hoppers to estimate the mean daily calorie intake of the two
groups. Data are shown as median ± interquartile range (n = 9 per group).
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Table 1. Serum cytokine levels of the two groups. 

Param. Unit Aqua 10 AAD  
  Median 25–75 Perc. Median 25–75 Perc. p-Value 

INF-γ pg/mL 13.1 3.0–60.3 3.0 3.0–11.2 0.160 

Figure 2. Tissue weights of total (a), perirenal (b), gonadal (c), and inguinal (d) WAT of 10 AAD or
water (Aqua) treated animals after 1 week of CTX treatment. Western blotting analysis of ATGL (e);
HSL, pHSL (Ser563) (f); and CGI-58 (g) in WAT Triglyceride hydrolase (TGH); activity of WAT (h);
Western blot (i). Data are shown as median ± interquartile range (n = 9 per group (a–d); n = 6 per
group (e–i)).

3.1. Inflammatory Response

The 10 AAD group exhibited significantly lower serum levels of most pro-inflammatory
cytokines (IL-1α, IL-1β, IL-6, IL-15, MIP-1β, MIP-2, TNF-α, G-CSF, GM-CSF, M-CSF, MPO,
and VEGF), while the anti-inflammatory cytokine TGF-β1 was significantly higher in
the 10 AAD group (Table 1). The WAT mass significantly correlated with selected pro-
inflammatory cytokines (Figure 3f).
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Figure 3. After 3 weeks of 10 AAD/Aqua treatment, the mice were treated with CTX for another
week. Thereafter, the mice were sacrificed. FITC permeability (a); histological slides of ileum samples
of the Aqua (b) and 10 AAD (c) group (H&E staining, 400× magnification). Histomorphometry
markers for inflammation (d,e,g,h) in the colon. Correlation analysis (f) (only significant correlations
are displayed). Correlation paths (i) and colon histology (H&E staining, 400×magnification) of Aqua
(j) and 10 AAD (k). Data are shown as median ± interquartile range (n = 9 per group).
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Table 1. Serum cytokine levels of the two groups.

Param. Unit Aqua 10 AAD
Median 25–75 Perc. Median 25–75 Perc. p-Value

INF-γ pg/mL 13.1 3.0–60.3 3.0 3.0–11.2 0.160
IL-1α pg/mL 18.1 6.3–813.8 1.0 1.0–8.0 0.022
IL-1β pg/mL 7.2 0.4–765.9 0.4 0.4–1.7 0.021
IL-6 pg/mL 862.1 263.8–121,076 27.5 27.5–307.9 0.011

IL-10 pg/mL 7.9 1.9–236.3 0.1 0.1–1.6 0.018
IL-15 pg/mL 8.1 2.6–30.9 0.3 0.3–2.7 0.018
IL-17 pg/mL 17.0 1.6–38.6 1.6 1.6–4.7 0.056

MIP-1α pg/mL 2.2 0.1–167.5 0.1 0.1–0.1 0.076
MIP-1β pg/mL 1.4 0.9–119.1 0.7 0.6–3.8 0.042
MIP-2 pg/mL 99.2 32.9–19,710 26.0 26.0–50.7 0.024
MCP-1 pg/mL 552.6 49.6–21,255 51.8 28.3–1161 0.385
TNF-α pg/mL 59.9 10.9–276.5 1.7 1.7–20.8 0.024
G-CSF pg/mL 3121 1421–4864 510 51.1–1636 0.021

GM-CSF pg/mL 5.1 3.4–48.7 3.4 3.4–3.4 0.029
M-CSF pg/mL 1.4 0.4–3.8 0.3 0.2–0.4 0.046
MPO ng/mL 118.4 60.6–283.9 48.9 29.6–68.7 0.040
NE ng/mL 30.9 6.9–30.9 4.3 2.2–11.6 0.061
LBP ng/mL 271.1 74.3–2764 125.2 56.5–344.4 0.291

VEGF ng/mL 16.2 2.2–32.5 0.6 0.1–4.1 0.047
TGF-β1 pg/mL 26,143 17,586–31,665 34,677 29,160–44,524 0.019
TGF-β2 pg/mL 986.4 696.2–1232 1141 911.6–1330 0.436

Bold: statistically significant values.

3.2. Lipolysis Markers

Adipose tissue loss is often associated with an increased degradation of lipid stores by
lipases. Despite significantly more WAT (Figure 2) in the 10 AAD animals compared to in
the control mice, there were no differences in the expression of genes encoding for Atgl,
Hsl, Cgi58, and Plin1. Due to a limited amount of WAT per animal, six samples per group
remained for protein analysis. The protein levels of ATGL and HSL, the two main lipases of
WAT, were not significantly different between the groups (Figure 2e,f). However, 10 AAD
animals exhibited a trend towards the reduced phosphorylation of Ser563, indicating the
decreased hydrolytic activity of HSL (Figure 2f). Additionally, the WAT of 10 AAD animals
showed significantly less CGI-58 protein expression, indicating lower ATGL-activation
(Figure 2g). These expression data were indicative of reduced triglyceride hydrolase activity
in the WAT of 10 AAD animals, compared to the data for the controls (Figure 2h).

3.3. Gut Permeability Assay, Bowel Wall Integrity, and Inflammation

After CTX treatment, mice in the 10 AAD group exhibited a significantly decreased
permeability for FITC (Figure 3a), but not for LPB (Table 1) when compared to the control
group. While there was no significant difference in the morphology of the ileum (villus
and crypt height, Marsh–Oberhuber Score), we encountered significant alterations of the
colonic architecture in the Aqua group (higher number of inflammation sites, increased
goblet cell loss, increased bowel wall inflammation (as measured in the histomorphometry
score; Figure 3d,e,h), and higher intestinal hyperplasia (Figure 3g). Correlation analysis
revealed that the serum levels of pro-inflammatory cytokines and the total WAT of the
animals significantly correlated with each other (Figure 3f).

3.4. Fecal Microbiome Analysis

Analysis of the fecal bacterial microbiome revealed no statistically significant differ-
ences for the alpha diversity markers Chao1, or the inversed Simpson and Shannon indexes
(Figure 4a–c). The unweighted UniFrac measurement showed a significantly smaller dis-
tance within the Aqua compared to within the 10 AAD mice, as well as between the groups
(Figure 4d), which was not observed in the weighted UniFrac analysis (Figure 4e). At
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the phylum level, Actinobacteria and Tenericutes were significantly higher in the 10 AAD
compared to the Aqua groups (Figure 4h). At the family level, we observed significantly
lower Mollicutes RF39, Clostridiales vadinBB60 group and Marinifilaceae in the 10 AAD group
(Figure 4i). Neither Adonis nor LEfSE analysis yielded significant differences at the species
level. However, a direct comparison of the relative abundances at the species level revealed
significantly lower levels of Odoribacter, Ruminococcaceae_UCG-014, with significantly higher
levels of Desulfovibrio in the 10 AAD group. Desulfovibrio negatively correlated with bowel
wall hyperplasia, while Odoribacter had a significant positive correlation with G-CSF, M-CSF,
and TNF-α (Figure 5).
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3.5. Fecal Volatile Organic Compound Profile

A total of 26 different VOCs could be identified in the headspace of fecal samples;
eight of these (Propene, Propanal, 2-Methylbutane, Sevoflurane, Isoflurane, Benzene, n-
Propylacetate, and Toluene) could be attributed to room air contamination. The remaining
VOCs showed no significant group differences.

4. Discussion

In this study, we demonstrate a beneficial effect of the probiotic OMNi-BiOTiC®

10 AAD in a murine model of CTX chemotherapy. Mice treated with the probiotic exhibited
reduced systemic inflammation, as well as ameliorated body weight and adipose tissue
loss compared to animals in the control group.

OMNi-BiOTiC® 10 AAD (distributed by Institut AllergoSan, Graz, Austria, and pro-
duced by Winclove Probiotics B.V., Amsterdam, The Netherlands) is a commercially avail-
able probiotic food supplement composed of nine different probiotic strains: Lactobacillus
acidophilus W55 and W37, Lactobacillus paracasei W20, Lactobacillus rhamnosus W71, Enterococ-
cus faecium W54, Lactobacillus salivarius W24, Lactobacillus plantarum W62, Bifidobacterium
bifidum W23, and Bifidobacterium lactis W51. All these strains belong to species with re-
ported beneficial effects (reviewed in [39]), i.e., preventing constipation, travelers’ diarrhea,
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antibiotic-associated diarrhea, the prevention and treatment of necrotizing enterocolitis,
the reduction of radiation-induced diarrhea, and the reduction of the risk of food aller-
gies [40–45]. Hitherto, the main focus of OMNi-BiOTiC® 10 AAD lay in the therapy and
prevention of antibiotic-associated diarrhea (AAD) [46–48]. Compared to single strain
probiotics, synergistic combinations of probiotic bacteria may be beneficial. In this regard,
a previous study clearly demonstrated advantages of the multi-species probiotic VSL#3—
with a composition (S. thermophilus, E. faecium, B. breve, B. infantis, B. longum, L. acidophilus,
L. plantarum, L. casei and L. delbrueckii) close to that of OMNi-BiOTiC® 10 AAD—compared
to single and multi-strain probiotics [49].

Although the mechanism of chemotherapy-induced diarrhea and IM is different from
that of AAD, VSL#3 has also been examined in these pathologies, showing a decrease in
diarrhea induced by irinotecan therapy [50]. Furthermore, VSL#3 treatment was associated
with reduced body weight loss, increased crypt proliferation, and an inhibition of epithelial
cell apoptosis in the small and large intestine in rats [50]. These findings fueled our hy-
pothesis that OMNi-BiOTiC® 10 AAD may also exhibit a beneficial effect on chemotherapy
induced IM.

Intestinal mucositis is one of the most severe adverse effects of anti-tumor chemother-
apy, often warranting dose reduction or discontinuation of therapy. During chemotherapy
IM develops in different steps involving complex signaling pathways [6]. First, there is a
direct DNA injury, the formation of reactive oxygen species, and a release of endogenous
molecular pattern molecules from damaged cells in the basal layer of the intestinal epithe-
lial cells, submucosa, and endothelium. This is followed by a release of pro-inflammatory
cytokines and apoptosis. In the subsequent course, there is an amplification phase, increas-
ing inflammation and apoptosis, which is followed by ulceration with ablation of the villi,
disruption of epithelial cell adhesion, discontinuation of the intestinal barrier, and bacterial
translocation.

The mucositis itself, but also the increased levels of pro-inflammatory cytokines, may
be responsible for the body weight loss observed in many cases of IM. Body weight loss
can be caused by reduced energy uptake, increased energy consumption, or a combination
of both. Pain and nausea associated with mucositis, as well as the inflammation itself,
may cause anorexia. In this regard, IL-1 exhibits inhibitory effects on the neuropeptide Y
mediated appetite regulation [51]. Additionally, pro-inflammatory cytokines (especially
IL-1, IL-6, and TNF-α) were shown to be important factors in the development of cachexia,
a hypercatabolic state associated with muscle and adipose tissue wasting [51]. Here, we
demonstrate reduced chemotherapy-induced body weight loss in animals treated with
the multi-species probiotic OMNi-BiOTiC® 10 AAD. This finding confirms those found
in many other reports regarding mice [50,52,53] and rats [50,54–56]. As the mean calorie
consumption was not different between the groups, anorexia does not contribute to body
weight loss in this study. Probiotic administered mice exhibited higher WAT weights
compared to control animals after CTX treatment, while the weights of other organs were
not different, indicating that reduced body weight mainly results from adipose tissue loss
in CTX animals.

Reduced WAT weight over a short period of time is mainly caused by increased
degradation of stored lipids. Lipolysis is executed by the two main lipases ATGL and HSL
(reviewed in [57,58]). For the activation of ATGL, protein kinase A (PKA) phosphorylates
PLIN1, leading to a release of CGI58, with the subsequent activation of ATGL [58]. HSL
activity is mainly regulated by the PKA-mediated phosphorylation of HSL itself, as well as
of PLIN1. Proinflammatory cytokines such as TNF-α and IL-6 were shown to stimulate
lipolysis [59–61], linking inflammation and adipose tissue wasting. The in line serum
levels of pro-inflammatory cytokines and total WAT of animals significantly correlated
with each other. At the mRNA level, we could not find significant differences in the
expressions of Atgl, Hsl, Plin1, and Cgi58. Similarly, the protein levels of HSL and ATGL
did not differ between the groups. The OMNi-BiOTiC® 10 AAD-treated animals, however,
showed a trend towards reduced HSL activation, as expressed by the pHSL/tHSL ratio.
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Furthermore, we encountered a significantly reduced expression of the ATGL-activator
CGI58 as a possible mechanism for reduced lipolysis in the 10 AAD animals. Additionally,
a trend towards reduced triglyceride hydrolase activity was detected in the WAT of the
10 AAD treated animals, indicating that reduced HSL and CGI58 activated ATGL activity,
contributing to the preservation of fat mass in 10 AAD/CTX-treated animals.

In accordance with other studies [16,53,54,56,62,63], gavage feeding of OMNi-BiOTiC®

10 AAD led to a significant reduction in pro-inflammatory cytokine serum levels. As
increased levels of pro-inflammatory cytokines play an essential role in the development of
IM [6], a reduction in their serum levels by OMNi-BiOTiC® 10 AAD (and other probiotics)
is an essential argument for supportive treatment during chemotherapy. Probiotics may
directly influence the immune system. VSL#3, for instance, was shown to decrease the ex-
pression of toll-like receptor 4, nuclear factor kappa B, and inducible nitric oxide synthetase
in ulcerative colitis [19,64]. In patients with pouchitis, VSL#3 administration changed
the cytokine profile, as well as the expression of nitric oxide synthase and matrix metal-
loproteinase [65]. However, systemic inflammation may also be triggered by increased
intestinal permeability for pro-inflammatory pathogenic microbe-associated molecular
patterns (MAMPs) like lipopolysaccharide, flagellin, or peptidoglycane [66,67]. Cellular
loss due to apoptosis, necrosis, or alterations of the inter-epithelial barriers triggered by
pro-inflammatory cytokines may cause increased permeation of MAMPs [68]. Probiotics
were reported to impact the restoration and stabilization of the intestinal barrier by modu-
lating the expression and distribution of tight junction proteins, increasing the production
of the protective mucus layer and the production of short-chain fatty acids (SCFAs) as an
energy source for intestinal epithelial cells [6,17,19,69–71]. We demonstrated a significant
reduction in the intestinal permeability for FITC dextran in animals of the 10 AAD group.
We found decreased villus height in the ileum and increased inflammation in the ileum and
colon. While there were no significant differences in the ileum, the colon samples showed
significantly reduced inflammation and goblet cell loss in the 10 AAD group. Expression
analyses of genes associated with intestinal permeability (claudins 2 and 4, occluding 1,
tight junction protein 1, myosin light chain kinase, mucin 2, and mucin 3), however, yielded
no significant group differences in the ileum or the colon. In contrast to the work of Chang
et al. [72], who immunohistologically demonstrated a decrease in apoptotic intestinal cells
in a murine FOLFOX model treated with L. casei variety rhamnosus (Lcr35), we could not
find significant differences in the expression of apoptosis marker genes in the ileum or the
colon. While differences in bowel wall inflammation and FITC permeability are possible
explanations for the reduced systemic inflammation in the 10 AAD group, the underlying
mechanism for this difference remains unclear at present.

In previous studies, we and others demonstrated a significant reduction of Lactobacillus
and Bifidobacterium in the fecal samples of chemotherapy models [12,23]. These deficits
described in the literature prompted us to choose OMNi-BiOTiC® 10 AAD (containing
different Lactobacillus and Bifidobacterium strains) as a multispecies probiotic in this study.
Despite the amelioration of WAT and body weight loss, as well as decreased inflammation
due to OMNi-BiOTiC® 10 AAD supplementation, microbiome analysis revealed no major
differences. There were no differences in alpha diversity, and beta diversity analysis showed
significant differences in unweighted, but not in weighted UniFrac analysis. Neither AN-
COM, nor LEfSE or Random Forest analysis, yielded significant biomarkers for either group.
Some significant differences observed in a direct comparison at the phylum, family, and
species level are, however, of minor importance. A Spearman correlation analysis linked
Desulfovibrio to colonic hyperplasia scores, Ruminococcae-UCG-14 to M-CSF, and VEGF and
Odoribacter to interepithelial leucocyte counts. Although Odoribacter is commonly reported
as a beneficial strain [73–75], increased levels of Odoribacter have been reported in mice with
acute colitis, which could be reduced by the administration of VSL#3 [76]. Ruminococcus
has been reported to be associated with negative health outcomes [77]. Increased levels of
Ruminococcus have been observed in patients with irritable bowel syndrome and flare-ups
of inflammatory bowel disease [78,79]. Furthermore, Ruminococcus and Bacteroidea were
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dominant regarding low gene count in obese patients, and they were associated with
inflammation and insulin resistance [80]. Similar to Odoribacter, Ruminococcus levels were
also reduced by the administration of pre- and probiotics, in some studies [81,82]. Since the
tests for distinctive biomarkers were negative and only direct comparison at the species
level yielded significant differences, the biological effect of the microbial differences we
encountered is debatable.

Volatile organic compounds in the headspace of fecal samples are generated during
metabolic processes within the intestine and are influenced by the intestinal epithelium, the
microbial composition, and diet [83]. In this investigation, we did not find any significant
differences in the fecal VOC analysis. This may be due to the lack of major microbial
differences between the groups encountered in our microbiome analysis.

Study Limitations

Regarding lipolysis markers, only six samples per group were available. A higher
number of specimens would have been desirable, but lipolysis reduced the amount of
available WAT. Although the determination of cecal and/or fecal SCFAs would have been
interesting, unfortunately, it was not possible to analyze these biomarkers at the time of the
study. Finally, our model was based on cyclophosphamide chemotherapy. It might well be
possible that other chemotherapeutical agents or dosage protocols would lead to different
results. The different agents and the different animal models used in the literature also
make direct comparisons of the results difficult.

5. Conclusions

Oral administration of OMNi-BiOTiC® 10 AAD could mitigate cyclophosphamide-
induced side effects, such as body weight loss and adipose tissue wasting, as well as bowel
wall and systemic inflammation in a murine model. A possible beneficial effect regarding
human chemotherapy requires elucidation in future studies.
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