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A B S T R A C T   

Paclitaxel (PTX) is one of the most broadly used chemotherapeutic agents for the treatment of several tumor 
types including ovarian, breast, and non-small cell lung cancer. However, its use is limited by debilitating side 
effects, involving both gastrointestinal and behavioral dysfunctions. Due to growing evidence showing a link 
between impaired gut function and chemotherapy-associated behavioral changes, the aim of this study was to 
identify a novel therapeutic approach to manage PTX-induced gut and brain comorbidities. 

Mice were pre-treated with sodium butyrate (BuNa) for 30 days before receiving PTX. After 14 days, mice 
underwent to behavioral analysis and biochemical investigations of gut barrier integrity and microbiota 
composition. Paired evaluations of gut functions revealed that the treatment with BuNa restored PTX-induced 
altered gut barrier integrity, microbiota composition and food intake suggesting a gut-to-brain communica-
tion. The treatment with BuNa also ameliorated depressive- and anxiety-like behaviors induced by PTX in mice, 
and these effects were associated with neuroprotective and anti-inflammatory outcomes. These results propose 
that diet supplementation with this safe postbiotic might be considered when managing PTX-induced central side 
effects during cancer therapy.   

1. Introduction 

Patients receiving chemotherapy often experience mood disorders, i. 
e. approx. 58 % of oncological patients have depression, while 11% 
experience anxiety attacks [1–3]. These disorders can worsen and lead 
to longer periods of hospitalization interfering with the success of the 
therapy [1–5]. Chemotherapy-induced mood disorders and cognitive 
impairment fall under what is colloquially known as "chemo-brain" or 
"chemo-fog" and are characterized by several deficits including memory, 
learning, attention, concentration, executive functions, and 
visuo-spatial skills [6–9]. A widely supported theory hypothesizes that 

chemotherapy produces peripheral inflammation that reaching the 
brain causes neuroinflammation and brain dysfuntions [4–10]. 

Although there are several chemotherapeutic agents for different 
types of cancer, only few of them have been studied for their behavioral 
side effects and possible biological mechanisms involved. Among these, 
paclitaxel (PTX) is a microtubule-stabilizing agent used to treat pri-
marily solid tumors such as breast, ovarian, and non-small cell lung 
cancer [11]. Although PTX is lipophilic, it penetrates the blood-brain 
barrier (BBB) poorly and is rapidly removed from the central nervous 
system (CNS) [12]; however, despite its low BBB penetration, cognitive 
and mood symptoms during PTX treatment have been documented 
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[13–15] and can lasting for 6 months after its suspension [16]. Inter-
estingly, within the CNS PTX concentrates mainly in the hippocampus 
and partially in neocortex [17]. The hippocampus is a brain area 
involved in learning and memory consolidation, but also in neurogenesis 
[18], whose destruction may be implicated in cognitive impairment and 
mood disorders [19,20]. Among neurogenesis factors, brain-derived 
neurotrophic factor (BDNF) is important for neuronal survival and 
repair [21–23] and its levels increase when there is a neuroprotective 
effect, such as augmented neurogenesis mediated by antidepressant 
medications. Importantly, BDNF also plays a protective role in 
PTX-induced peripheral neuropathy (CIPN) [24,25]. Neurogenesis is 
normally attenuated by acute or chronic inflammation present in 
PTX-treated patients. Clinical studies have reported increased circu-
lating levels of interleukin (IL)-6, IL-8 and IFN-γ in patients treated with 
PTX [26,27]. These cytokines may cross the BBB and trigger neuro-
inflammation [28] by mediated by tumor necrosis factor-α (TNF-α), 
IL-1β and IL-6 [29–31]. However, how PTX-induced peripheral inflam-
mation impinges hippocampal function is still unclear [29–32]. In 
addition to cognitive and mood disorder, PTX is also known to induce 
chemotherapy-induced peripheral neuropathy (CIPN) as well as 
gastrointestinal symptoms [33–37], two other manifestations often 
related to depression and anxiety [38]. The gastrointestinal symptoms 
have its main origin from chemotherapy-induced intestinal microbial 
dysbiosis, characterized by an imbalanced proportion between benefi-
cial and pathogenic bacteria, possibly explaining PTX’s central effects 
through a gut-brain axis [39–44]. 

Although this link has not been shown in patients undergoing 
treatment with chemotherapy, it is nevertheless true that chemotherapy 
including PTX alters the fecal bacterial communities [45,46], and 
therefore this relationship is plausible. Confirming this, the study by 
Loman et al. [47], reveals the relationship among behavior, central and 
peripheral immune activation, and microbiota in PTX-treated mice. 

There is a critical need to better investigate the relationship between 
PTX-induced depressive and gastrointestinal symptoms and the role of 
gut microbiota in modulating host response following PTX treatment, in 
order to identify new strategies to counteract its detrimental effects on 
both gut and brain functions. 

Short-chain fatty acids (SCFAs), i.e. acetate, propionate and buty-
rate, are produced by the microbial fermentation of dietary fibers in the 
intestine and represent 86 % of total SCFAs [48]. They show multiple 
beneficial effects on human health. Indeed, diet supplements of SCFAs 
restores eubiosis, attenuates inflammation, maintains barrier function, 
promotes antitumor effects, and mucosal repair mechanisms altered by 
cancer treatments [49,50]. Among SCFAs, butyrate exerts several 
beneficial effects with different mechanisms of action, including a 
potent regulation of gene expression [51]. Butyrate maintains gut ho-
meostasis by improving inflammation [52,53], oxidative status [54] and 
epithelial barrier defense [55]. In the CNS, butyrate crosses the BBB and 
has antidepressant and anti-inflammatory effects when administered 
intraperitoneally [56]. 

Previous studies have shown that following chemotherapy, patients 
have low levels of SCFA-producing bacteria in their gut microbiota and 
decreased SCFAs concentration in fecal samples, conditions often 
accompanied by impaired barrier function [37–49]. Thus, the aim of this 
study was to investigate the effects of preventive administration of so-
dium butyrate (BuNa) in mice treated with one cycle of PTX on gut 
function and microbiota composition and, importantly correlate them 
with the assessment of anxiety- and depressive-like behaviors as well as 
central neuroinflammation. 

2. Materials and methods 

2.1. Animals 

CD1 male mice (25–30 g Charles Rivers-Italy) were housed in a 
temperature-controlled (22 ± 1 ◦C) environment in a 12 h light/dark 

cycle with ad libitum food and water, in the animal care facility at the 
Department of Pharmacy of the University of Naples Federico II, Italy. 
All behavioral tests were performed between 09:00 and 14:00 h. Animal 
care and manipulations were carried out in conformity with Interna-
tional and National law and policies (EU Directive 2010/63/EU for 
animal experiments, ARRIVE guidelines, and the Basel declaration 
including the 3R concept). The procedures reported here were approved 
by the Institutional Committee on the Ethics of Animal Experiments 
(CVS) of the University of Naples Federico II (No. 595/2019-PR, 
approved 30 July 2019). 

2.2. Experimental groups and procedures 

Study protocol for PTX and BuNa treatments is reported in Fig. 1. 
Briefly, four groups of n = 8 mice each were set. BuNa was given orally 
for 44 days in daily drinking water (control group received water only). 
After 30 days, mice were randomly divided into two groups, one 
receiving PTX and the other one vehicle (5 % DMSO + 40 % PEG 300 +
5 % Tween 80 + ddH2O), both injected intraperitoneally (i.p.). Animals 
received PTX or vehicle treatments every other day for a week (days 1, 3, 
5, and 7). Seven days after the last injection, mice were subjected to 
behavioral tests and after euthanasia, blood and tissues (i.e. colon and 
hippocampus) were collected for ex vivo analysis. 

The four groups are indicated as follow: 

• Vehicle: mice receiving drinking water for 44 days and, subse-
quently vehicle (100 ul/mouse) i.p. at day 1, 3, 5, and 7.  

• BuNa: mice receiving BuNa dissolved in drinking water (0.23 mg/ 
ml) for 44 days and subsequently vehicle (ul/mouse) i.p. at day 1, 3, 
5, and 7.  

• PTX: mice receiving drinking water for 44 days and, subsequently 
paclitaxel (8 mg/kg, 100 ul/mouse) i.p. at day 1, 3, 5, and 7.  

• BuNaþPTX: mice receiving BuNa dissolved in drinking water 
(0.23 mg/ml) for 44 days and subsequently paclitaxel (8 mg/kg, 100 
ul/mouse) i.p. at day 1, 3, 5, and 7. 

Individually body weight and home-cage food intake (n = 2 mice per 
cage) were recorded from day 0 to 14 and reported every 48 h as a 
percent change from baseline (n = 6/group). 

2.3. Drug treatment 

Paclitaxel (PTX, Cat#S1150 Selleckchem, USA) was dissolved in a 
solution made up of 5 % DMSO + 40 % PEG 300 + 5 % Tween 
80 +ddH2O according to manufacture guideline. PTX (8 mg/kg) or 
vehicle (both in 100 μl/mouse) were injected i.p. every other day for a 
total of 4 doses (days 1, 3, 5, and 7, as shown in Fig. 1), according Toma 
et al. [57]. 

Sodium butyrate (BuNa) (Cat#303410 Sigma-Aldrich, Italy) was 
dissolved in daily drinking water at the concentration of 0.23 mg/ml, 
selected from previous studies [58]. Fresh bottles were changed daily, 
and liquid consumption quantified. Assuming that mice drink an 
average of 4 ml/day, BuNa-treated water resulting in an estimated dose 
of 30 mg/kg/day. 

Fig. 1. Schematics showing the experimental timeline for both sodium butyrate 
and paclitaxel administrations and behavioral tests/tissue harvesting. 
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2.4. Behavioral tests 

2.4.1. Depressive-like behavior 

2.4.1.1. Tail suspension test (TST). Each mouse was suspended by the 
tail 30–40 cm above the floor using adhesive tape placed approximately 
2 cm from the tip of the tail for a 6 min-period. Immobility time, 
expressed in seconds, was monitored during the test using a timer. Mice 
were defined immobile when they did not show any body movement, 
hung passively and motionless during suspension. 

2.4.1.2. Forced swimming test (FST). Each mouse was placed in a cyl-
inder (30 cm × 45 cm) filled with water at a temperature of 27 ◦C for 
10 min. Immobility time, expressed in seconds, was monitored during 
the test using a timer. Mice were considered immobile when they 
remained floated and motionless and making only movements necessary 
to keep their head above the water. After the test, mice were allowed to 
dry and return to their home cage; cylinders were emptied and rinsed at 
the end of each test. 

2.4.2. Anxiety-like behavior 

2.4.2.1. Elevated plus-maze (EPM). The maze consisted of two opposite 
open and closed arms (35 cm × 7 cm) elevated 50 cm from the floor. 
The animals were individually placed in the center with their heads 
facing toward a closed arm and allowed to move freely. Each mouse was 
recorded using a camera capture and analyzed using a video tracking 
software (Any-maze, Stoelting, Wood Dale, IL, USA). We analyzed the 
number of entries in the open-arm choice during a period of 5 min. 

2.4.2.2. Light–dark box (LDB). The apparatus consisted of two equally 
sized compartments (60 cm × 30 cm × 30 cm) connected by a door: one 
covered as dark compartment and the other one opened and brighted as 
light compartment. Each mouse was individually placed in the light 
compartment and allowed to freely explore both boxes over a period of 
10 min. The time spent in the light compartment was recorded using a 
timer. 

2.4.2.3. Novelty suppressed feeding (NSF). This test assesses rodent’s 
stress-induced anxiety by measuring its latency to approach and eat a 
familiar food in a novel environment. Briefly, mice were fasted for 24 h 
and then placed individually in a cage and allowed to access to an un-
used, pre-weighed food pellet. The latency to eat expressed in seconds, 
defined as the mouse sitting on its haunches and biting the pellet with 
the use of forepaws, was recorded using a timer. 

2.5. Fecal SCFAs extraction 

Fecal samples were collected after defecation and stored at − 20 ◦C 
until analyzed. Briefly, 100 mg of fecal samples were mixed with 200 μl 
of sterile water and homogenized for 3 min, then centrifuged for 30 min 
at 12,000 × g at room temperature (RT). The supernatants (solubilized 
feces) were filtered and transferred into a new tube, where 20 μl of 85 % 
(w/v) phosphoric acid (H3PO4) was added and mixed for 5 min. For 
SCFA extraction, anhydrous diethyl ether (DE) was added to the acidi-
fied fecal homogenate samples (1:1, v/v), vortexed and centrifuged for 
30 min at 12,000 × g at RT. The DE layer (containing SCFAs) was 
transferred into a new glass tube, where sodium sulfate anhydrous was 
added in order to remove the residual water. Finally, organic phase was 
placed in a new glass tube for gas-chromatography mass spectrometry 
(GC-MS) analysis. For each SCFA, a standard curve (10–200 µg/ml) was 
generated at the beginning of the run. A blank solvent (DE) was injected 
between every sample to ensure no memory effects. 

2.6. Gas-chromatography mass spectrometry (GC/MS) analysis 

The GC column was an Agilent 122-7032ui (DB-WAX-U, Agilent 
Technologies, Santa Clara, California, USA) of 30 m, internal diameter 
of 0.25 mm, and film thickness of 0.25 µm. The GC was programmed to 
achieve the following run parameters: the initial column temperature 
was set at 90 ◦C, hold of 2 min, and then increased to 100 ◦C at a rate of 
2 ◦C/min, hold of 10 min, finally ramp of 5 ◦C/min up to a final tem-
perature of 110 ◦C for a total run time of 21 min, gas flow of 
70 ml min− 1 splitless to maintain 12.67 p.s.i. column head pressure, and 
septum purge of 2.0 ml min− 1. Helium was the carrier gas (1.5 ml min− 1 

constant). Parameters of mass spectrometer were: source at 230 ◦C and 
MS Quad at 150 ◦C. 

2.7. Ex vivo experiments 

At day 14, mice were euthanized, and bloods, hippocampi and colons 
were collected for the further analyzes, as follows. 

2.7.1. Determination of serum and hippocampal markers of inflammation 
Blood was collected by cardiac puncture and serum obtained by 

centrifugation at 1500g at 4 ◦C for 15 min and then stored at − 80 ◦C 
until use. Serum TNF-α, Il-1β, Il-6, Il-10 and lipopolysaccharide (LPS) 
levels (ng/ml) were measured by ELISA (BD Pharmingen), according to 
the manufacturer’s instructions. At the same time hippocampi were 
collected and TNF-α, IL-1β, IL-6, and IL-10 levels were measured by real 
time (RT)-PCR. For RT-PCR, total RNA was extracted from brain areas 
using TRIzol Reagent (Bio-Rad Laboratories) according to the manu-
facturer’s instructions. cDNA from 4 µg total RNA was retro-transcribed 
using a reverse transcription kit (NucleoSpin®, MACHEREY-NAGEL 
GmbH & Co, Düren, Germany). RT-PCR reactions were performed 
using Bio-Rad CFX96 PCR System and relative software (Bio-Rad Lab-
oratories). Mouse primers for Tnf, Il1b, Il6, and Il10 were purchased from 
Qiagen (Hilden, Germany). Glyceraldehyde 3-phosphate dehydrogenase 
(Gapdh) was used as housekeeping gene for normalization. Data were 
expressed using the ΔΔCT method. 

2.8. Western blot analysis 

Colonic and hippocampal tissues were homogenized in ice-cold lysis 
buffer (10 mM Tris–HCl, 20 mM, pH 7.5, 10 mM NaF, 150 mM NaCl, 
1 % Nonidet P-40, 1 mM phenylmethylsulphonylfluoride, 1 mM 
Na3VO4, leupeptin, and trypsin inhibitor 10 μg/ml) and total protein 
lysates underwent SDS-PAGE electrophoresis followed by transfer on 
nitrocellulose membranes. Specific binding sites were blocked with 3% 
nonfat dried milk (Bio-Rad, Hercules, CA, USA) for 45 min at room 
temperature, and them membranes were incubated overnight at 4 ◦C in 
the presence of the following primary antibodies in the same blocking 
solution: rabbit polyclonal anti-phospho-cAMP response element- 
binding protein (CREB) or anti-CREB (dilution 1:1000; Cat#9196, and 
Cat#4820, respectively; Cell Signaling Technology, Danvers, MA, USA), 
anti-BDNF (dilution 1:1000; Cat#ab108319; Abcam), anti-tropomyosin 
receptor kinase B (TrkB, dilution 1:1000; Cat#4603; Cell signaling) and 
anti-zonuline-1 (ZO-1; dilution 1:1000, Cat#40–2300 Invitrogen, Milan, 
Italy). Subsequently, the membranes were incubated with the appro-
priate secondary antibody (Jackson ImmunoResearch, West Grove, PA, 
USA) for 1 h at room temperature. The antibody-reactive bands were 
revealed by chemiluminescence using a ChemiDoc imaging instrument 
(Bio-Rad, Segrate, Italy). Immunoblotting for β-actin (1:5000; 
Cat#A5441; Sigma-Aldrich, Milan, Italy) was used for normalization. 

2.9. Measurement of gut permeability in vivo 

In another set of experiments, mice were fasted for 12 h and then 
gavaged with 4-kDa fluorescein isothiocyanate-labeled dextran (FITC- 
dextran; TdB Consultancy AB, Uppsala, Sweden) diluted in water 
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(500 mg/kg, 125 mg/ml). After 4 h, blood (500 μl) was collected and 
FITC-dextran concentration in plasma was determined by spectro-
fluorimetry (excitation wavelength: 485 nm and emission wavelength: 
535 nm; HTS-7000 Plus-plate-reader, Perkin Elmer), as previously 
described [59]. 

2.10. Gut microbiota sequencing and data analysis 

Microbiota analysis was carried out on cecal samples of a subset of 
six mice per group by sequencing the V3–V4 regions of the 16 S rRNA 
gene as previously described [60]. Metagenomic analysis was achieved 
using the Quantitative Insights Into Microbial Ecology (QIIME2, version 
2021.4) [61]. Briefly, demultiplexed paired end reads from Miseq were 
processed and quality filtered (i.e. filtered, dereplicated, denoised, 
merged, and assessed for chimeras) to produce amplicon sequence 
variants (ASVs) using DADA2 pipeline [62]. To obtain a superior clas-
sification precision, taxonomy was assigned using the Weighted Taxo-
nomic Classifier “Greengenes 13_8 99 % OTUs from 515F/806R region 
of sequences” [63–65]. Moreover, to increase the species taxonomic 
level resolution, the representative fasta sequence of each ASV from 
DADA2 was aligned to the rRNA/ITs BLAST database using blastn [66]: 
resulting hits were sorted first by e-value, then bitscore and the taxon-
omy of the highest scoring sequence was reported. Samples were 
normalized using a maximum depth of 25,567 sequences/sample 
applying sequence rarefaction procedure. The intra- and inter-group 
diversity of bacterial communities were examined using alpha (Good’s 
coverage, Shannon’s diversity index, and Observed features) and beta 
diversity (unweighted and weighted UniFrac distances) metrics; statis-
tical group significance of alpha and beta diversity indexes was assessed 
with QIIME2 plugins using the Kruskal–Wallis test and Analysis of 
similarities (ANOSIM) method, respectively. Furthermore, the linear 
discriminant analysis effect size (LEfSe) method (https://huttenhower. 
sph.harvard.edu/galaxy) [67] was employed to identify key ASVs that 
discriminated between groups based on their relative abundance (LEfSe; 
p < 0.05 by Kruskal–Wallis test, p < 0.05 by pairwise Wilcoxon test and 
logarithmic LDA score of 2.0); key features were represented in a 
heatmap with clustering on the feature axis [68]. 

2.11. Statistical analysis 

Sample size was determined by power analysis based on effect sizes 
by using Gpower software. The data and statistical analysis comply with 
the recommendations on experimental design and analysis in pharma-
cology [69]. The statistical analyses were performed using Prism 9 
Graphpad software (GraphPad Software Inc., San Diego, CA, USA) and 
all data are presented as mean ± SEM. The significant of differences 
among groups was determined by one or two-way repeated measure-
ments ANOVA followed by Tukey’s post hoc multiple comparison test. 
Data are represented as mean ± standard error mean (SEM). A p < 0.05 
was considered statistically significant for all tests. 

3. Results 

3.1. Effect of BuNa on PTX-induced alterations in fecal short chain fatty 
acids 

Levels of SCFA (i.e. acetic, propionic and butyric acids) were deter-
mined after 14-day PTX treatment. PTX selectively reduced fecal levels 
of butyric acid (*p < 0.05; Fig. 2A), while did not have any effect on 
acetic and propionic acid. The effect of PTX on butyric acid suggested a 
less preserved gut homeostasis [70]. The treatment with BuNa signifi-
cantly increased fecal levels of butyric acid in both control 
(***p < 0.001; Fig. 2A) and PTX-treated mice (**p < 0.01; Fig. 2A), 
while it was able to increase only the fecal level of acetic acid in both 
control (*p < 0.05) and PTX-treated mice (*p < 0.05; Fig. 2B). Levels of 
propionic acid remained unchanged. 

3.2. Effect of BuNa on PTX-induced alterations in microbiota composition 

To investigate the impact of PTX and the pre-treatment with BuNa on 
gut microbiota composition we profiled the bacterial communities in the 
ceca of all groups using 16 S rRNA sequencing. After processing, a total 
984,163 high quality reads were acquired with an average number of 
41,006.8 reads/sample (minimum frequency of 25,567 reads) clustered 
into 5594 Amplicon Sequence Variants (ASVs; mean Good’s Coverage 
over 99 %). Unweighted and weighted beta diversity analyses showed a 
clear difference in overall microbiota composition among all groups 
(Fig. 3A and B). In both PCoA plots, vehicle and PTX groups were dia-
metrically opposed, indicating a strong difference in bacterial assort-
ment between the two microbial communities (ANOSIM R = 0.737 and 
R = 0.804 with p < 0.001 for unweighted and weighted comparison of 
dissimilarities, respectively). BuNa prolonged treatment strongly 
affected the structure of bacterial populations compared to vehicle and 
PTX groups. Specifically, protracted treatment with BuNa in PTX group 
clearly impacted on microbial communities by reducing the taxonomic 
complexity and increasing the dissimilarity in relative abundance of 
shared species with respect to vehicle (Fig. 3A and B). The microbiota 
profile of PTX-treated mice was characterized by a significant imbalance 
in the Bacteroidetes/Firmicutes ratio compared to vehicle (**p < 0.01), 
being the treatment with BuNa able to restore the phyla assortment to 
control levels mainly due to Bacteroidetes reduction in PTX treated mice 
(*p < 0.05), without any effect per se (Fig. 3C). LEfSe analysis at the 
amplicon sequence variants (ASV) level, taxonomically implemented 
using the BLAST NCBI Database, identified 197 ASVs significantly 
changed among groups (LDA score >2). Fig. 3D highlights a phyloge-
netic clustering of the ASVs with higher discriminant power (LDA score 
> 3) among the three principal groups. While ASVs classified as Alistipes 
senegalensis characterized the microbiota of vehicle group, 2 ASVs 
belonging to Alistipes massiliensis, 2 classified as Prevotella stercorea and 1 
of Odoribacter splanchnicus marked PTX bacterial communities; pre- 
exposure with BuNa followed by the treatment with PTX reshaped the 

Fig. 2. SCFA levels in fecal sample. Butyric acid (A), acetic acid (B) and propionic acid (C) levels in fecal samples. Results are shown as mean ± SEM (n = 5). 
Differences have been evaluated by ANOVA followed by Tukey’s post hoc test for multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001 versus relative control. 
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Fig. 3. Effects of BuNa pre-treatment on PTX-induced gut dysbiosis. Principal coordinate analysis (PCoA) plots, based on unweighted and weighted UniFrac distance 
matrix, respectively (25,567 sequences/sample) (A, B). On the bottom of the PCoA plot are reported both R statistics and p values of the ANOSIM (Analysis of 
similarity) statistical method performed with 999 permutations used to detect the statistically significant differences in microbial community composition among the 
groups. Ratio of Bacteroidetes to Firmicutes (C) in each sample group (mean ± SEM, **p < 0.01 and ***p < 0.001, one-way ANOVA followed by Tukey’s post hoc 
test for multiple comparisons). Heatmap showing the ASVs with higher discriminant power among groups (D) based on linear discriminant analysis (LDA) combined 
with effect size (LEfSe) algorithm (p > 0.05 for both Kruskal–Wallis and pairwise Wilcoxon tests and a cutoff value of LDA score above 3.0); species taxonomic 
classification of ASVs was performed using BLAST to align each representative ASV sequence to rRNA/ITs BLAST database. Significant differences in relative 
abundance of key ASVs discriminating bacterial communities collapsed at species level (E) (mean ± SEM; **p < 0.01 and ***p < 0.001, one-way ANOVA followed 
by Tukey’s post hoc test for multiple comparisons). 
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microbiota composition by increasing 12 and 6 ASVs classified as Clos-
tridium saccharolyticum and Muribaculum intestinale, respectively. More-
over, comparison of the discriminant ASVs mean abundances collapsed 
at species level clearly showed that BuNa restored to vehicle levels the 
abundance of Odoribacter splanchnicus and Prevotella stercorea 
(**p < 0.01; Fig. 3E). 

3.3. Effect of BuNa on gut permeability and food intake 

Considering that PTX mainly affected the balance between Bacter-
oidetes/Firmicutes and their species assortment, we studied the effects 
of repeated BuNa administrations on gut permeability and intestinal 
barrier integrity. We found that PTX-treated mice were characterized by 
compromised gut epithelial barrier integrity, since a significant increase 
in plasma levels of FITC-labeled dextran 4 h after its oral gavage was 
observed in PTX-treated mice (*p < 0.05; Fig. 4A). BuNa administration 
in PTX-treated mice was able to fully restore (*p < 0.05; Fig. 4A) barrier 
impairment induced by PTX (Fig. 4). Additional barrier integrity 
investigation was performed by studying the expression on the key tight 
junction protein zonulin-1 (ZO-1). Representative images of western 
blot analysis are reported in Fig. 4B. At the densitometry analysis, PTX- 
treated mice presented a significant reduction of colonic ZO-1 protein 
expression compared to vehicle group (Fig. 4B). This effect was fully 
restored be repeated BuNa administrations in PTX-treated mice (Fig. 4B, 
*p < 0.05 vs relative control). We further analyzed the effect of BuNa 
treatment on changes in food intake and body weight caused by PTX. 
PTX treatment concurrently inhibited body weight gain, more signifi-
cantly at the beginning of PTX treatment (**p < 0.01; Fig. 4C) and food 
intake over time (*p < 0.05, **p < 0.01 and ***p < 0.001 versus 
vehicle; Fig. 4D). Specifically, while vehicle-treated mice gained weight 
throughout the course of the experiment, PTX-treated mice did not. 
Repeated BuNa administrations in PTX-treated mice restored body 
weight and food intake (# p < 0.5 vs PTX; Fig. 4D). These results were 
accompanied with an increased of latency to eat in the novelty sup-
pressed feeding test (**p < 0.01; Fig. 4E) decreased by repeated BuNa 
administrations in PTX-treated mice (*p < 0.05; Fig. 4E). 

3.4. Effect of BuNa on PTX-induced increased serum levels of pro- 
inflammatory markers 

A systemic anti-inflammatory effect of BuNa administration in PTX- 
treated mice was also evaluated by measuring serum levels of TNF-α, 
IL1β, IL6, LPS and IL-10 using ELISA. Mice treated with PTX showed a 
significant increase in all pro-inflammatory mediators and as well as an 
increase in IL-10 levels compared to controls (*p < 0.05 and 
****p < 0.0001 versus vehicle; Fig. 5A–D). Repeated BuNa adminis-
tration in PTX-treated mice reduced the pro-inflammatory signature of 
PTX-treated mice by reducing TNF-α, IL1β, IL6, and LPS levels 
(**p < 0.01 and ****p < 0.001 versus PTX, Fig. 5A–D). Although a 
small trend, the effect of BuNa on IL-10 levels was not significant. 

3.5. Effect of BuNa on PTX-induced behavioral impairments 

To assess whether PTX had any effect on mood, we investigate 
depressive- and anxiety-like behaviors. As expected, mice repeatedly 
treated with PTX showed increased immobility time compared to 
vehicle-treated mice (**p < 0.01; Fig. 6A) in the TST. These results were 
recapitulated in the FST as well (*p < 0.05, ****p < 0.0001; Fig. 6B). 
Repeated BuNa administrations significantly reduced the time of 
immobility in PTX-treated mice compared to the group receiving PTX 
only in either the TST (*p < 0.05; Fig. 6A) or the FST (****p < 0.0001; 
Fig. 6B). 

In the LDB test PTX-treated mice showed a significant decreased in 
the time spent in the light side of the box (***p < 0.0001; Fig. 6C) as 
well as in the open arms of the EPM (*p < 0.05; Fig. 6D) if compared to 
vehicle-treated mice. Prolonged BuNa administration in PTX-treated 
mice significantly increased the time spent in both the light side of 
LDB (*p < 0.05; Fig. 6C) and in the open arms of the EPM (*p < 0.05: 
Fig. 6D). Data obtained in the models of anxiety-like behavior were in 
line with those obtained in depressive-like behavioral models suggesting 
that the prolonged treatment with BuNa resulted in a protective effect 
against PTX-induced behavioral changes. 

Fig. 4. Effects of BuNa treatment on PTX-induced increased gut barrier permeability. Ex vivo detection of plasma levels of FITC-labeled dextran (A), *p < 0.05 versus 
relative control (n = 6 per group). Representatives immunoblot image for colonic ZO-1 protein expression (n = 3 per group) and densitometry analysis of ZO-1 (B). 
(C) % change in body weight (D) % change in food intake relative to baseline. (E) Latency to eat in the novelty suppressed feeding test expressed in seconds. Results 
are shown as mean ± SEM. Differences were analyzed using ANOVA followed by Tukey’s post hoc test for multiple comparisons (*p < 0.05, **p < 0.01 and 
***p < 0.001 versus relative control; #p < 0.5 vs PTX group). 
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Fig. 5. Effect of BuNa on systemic inflammatory markers. Serum levels of TNF-α (A), IL1β (B), IL6 (C), LPS (D) and IL-10 (E) analyzed by ELISA (n = 5 per group). 
Results are shown as mean ± SEM. Differences were calculated using ANOVA followed by Tukey’s post hoc test for multiple comparisons (*p < 0.05, **p < 0.01 and 
****p < 0.0001 versus relative control). 

Fig. 6. Depressive- and anxiety-like behavioral tests. Time (in seconds) spent immobile in the tail suspension test (A) and in the forced swimming test (B). In (A) 
*p < 0.05, and **p < 0.01 versus relative control, while in (B) *p < 0.05, **p < 0.01, ****p < 0.0001 vs vehicle, and ####p < 0.0001 versus PTX. Time (in seconds) 
spent in the light side of the light-dark box (C) and number of entries in the open arms of elevated plus maze test (D) to evaluate anxiety-like behavior. In (C) and (D) 
*p < 0.05 and ****p < 0.0001 versus relative control. Data are presented as mean ± SEM (n = 8). Differences have been evaluated by ANOVA followed by Tukey’s 
post hoc test for multiple comparisons. 
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3.6. Effect of BuNa on hippocampal neuroinflammation 

Quantitative PCR analyses showed that PTX treatment increased the 
levels of proinflammatory genes, particularly Tnf and Il1b in the 
hippocampi of mice while decreased the levels of Il10 (**p < 0.01 versus 
vehicle; Fig. 7A-D). A non-significant trend towards an increase of Il6 
was also observed. Repetitive BuNa administration of PTX-treated mice 
reduced all pro-inflammatory cytokine gene levels analyzed (i.e. Tnf, 
Il1b and Il6) while increasing the levels of Il10 (*p < 0.05, **p < 0.01, 
and ***p < 0.001 versus PTX; Fig. 7A–D). These data suggested a pro-
tective profile of BuNa repeated treatment with regards to hippocampal 
neuroinflammatory markers. 

3.7. BuNa-mediated hippocampal modulation of BDNF, TrkB and CREB 
protein expression 

To delineate how changes in BDNF signaling impact on mouse 
behavior, we analyzed the protein expression of BDNF and its receptor, 
tropomyosin receptor kinase B (TrkB) in the hippocampus of mice 
treated with PTX and BuNa. PTX administration induced a significant 
loss of BDNF and TrkB receptor expression compared to the vehicle 
group (*p < 0.05 PTX versus vehicle), while the treatment with BuNa 
significantly totally or partially restored their expressions (*p < 0.05 
and **p < 0.01 versus PTX) (Fig. 8A–B). Although no difference was 
reported between PTX and vehicle groups in the expression of pCREB/ 
CREB, BuNa administration in PTX-treated mice caused an increase 
(*p < 0.05) in pCREB/CREB ratio (Fig. 8C). 

4. Discussion 

In this study we investigated the effect of prolonged oral treatment 
with postbiotic BuNa on PTX-induced intestinal dysfunction and 
depression- and anxiety-like behavioral changes paving the way to its 
potential use in counteracting PTX-associated side effects via modula-
tion of the gut-brain axis. 

Several studies have reported that PTX induces mood disorders 
[12–14], CIPN [24,25], inflammation [42], dysbiosis and microbiota 
perturbation [33–37]. Noteworthy, a previous study found that phar-
macokinetic parameters (i.e., distribution and elimination) of distinct 
PTX formulations are different in mice and humans. This correlates with 
a significant species-dependent difference in efficacy and adverse ef-
fects, affecting the translatability of the PTX model [71]. 

To increase our understanding in PTX-induced side effects, the dose 
of PTX in this study able to induce gut dysbiosis couples with brain 
dysfunction and behavioral deficits, was chosen on the basis of our 
previous experiments [72], and other studies [57]. 

In line with these findings, in our study one cycle of PTX (for a total 
of four injections) resulted in both intestinal and central effects in mice, 
including impaired food intake, altered gut barrier and microbiota 
composition and depression- and anxiety-like symptoms. All these ef-
fects were studied in non-tumor bearing mice to exclude the conse-
quences related to tumor growth and focus on the actual contribution of 
BuNa intake on chemotherapy-induced side effects. 

In particular, intestinal alterations induced by PTX included diar-
rhea, presence of blood in stools, abdominal pain, nausea and colitis, 
and required pharmacological treatments. This condition may be also 

Fig. 7. Hippocampal pro-inflammatory cytokine profile. Fold expression of mRNA for pro-inflammatory Tnf (A), Il1b (B), and Il6 (C) and anti-inflammatory Il10 (D) 
in hippocampus of vehicle- or BuNa-treated mice injected PTX (n = 6 per group). The effect of PTX on cytokine levels was compared to vehicle group. Results are 
shown as mean ± SEM. Differences were analyzed using ANOVA followed by Tukey’s post hoc test for multiple comparisons. *p < 0.05, **p < 0.01, and 
***p < 0.001 versus relative control. 
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characterized by altered levels of butyrate, which have been reported to 
induce not only intestinal manifestations, but also impaired cognitive 
function [73]. 

Compelling evidence has suggested the therapeutic use of butyrate in 
the improvement of inflammation, oxidative stress, mucosal defense 
mechanisms, and intestinal motility [52–54]. 

The SCFA, metabolites derived from the bacterial fermentation of 
dietary fibers, are fuels for intestinal epithelial cells, impact on gut 
motility and strengthen the gut barrier functions, all conditions crucial 
to maintain intestinal homeostasis. Recent findings show that among 
SCFA, butyrate shows different intestinal and immuno-modulatory 
functions and has been also proposed as compound able to modulate 
neurodevelopment and behavioral dysfunctions [57], without causing 
adverse effects. Indeed, in animal models, administration of butyrate has 
been shown to ameliorate vascular dementia [74,75] and cognitive 
impairment [76,77], as well as metabolic risk factors for cognitive 
decline and dementia [78]. 

In light of available literature and pharmacological and clinical data, 
BuNa is a safe supplement used for the treatment and the prevention of 
different conditions mostly affecting the digestive tract (i.e., diarrhea, 
dysbiosis, irritable bowel syndroms or inflammatory conditions), with 
minimal or absent side effects at the standard or higher dose. Specif-
ically, in humans BuNa is used in a common rage dose from 150 to 
300 mg/day [79]; however also higher dose (4 g of butyrate per day) 
showed beneficial effects in obese and healthy patients with an 
acceptable safety profile [80]. However, the limitation of BuNa in clinics 
is due to its negative organoleptic properties characterized by unpleas-
ant taste and odor [81], requiring optimization of its formulations. On 
the contrary, different doses of BuNa are used in mice depending on the 
pathological conditions studied. In mice, the maximum tolerated dose of 
BuNa is 1.25 g/kg [82]. Thus, the dose used in the present study 
(30 mg/kg), equal to 3,3 mg/kg for humans, was well tolerated and safe 
in mice. 

Similar to patients undergoing chemotherapy [37], one cycle of PTX, 
here resulted in reduced fecal levels of butyrate, suggesting the disrup-
tive nature of this chemotherapeutics on gut microbiota. 

The bidirectional communication between the intestine and the CNS 
is one of the most intriguing objects of investigation in the last decades, 
highlighting the imperative role the microbiota-gut-brain axis in the 
regulation of body homeostasis. 

Although a definitive mechanism of gut-brain interaction has not 
been fully established, multiple pathways have been proposed, 
including direct neural communication and/or humoral communication 

through inflammatory mediators or bacterial products released into the 
bloodstream and reaching the central nervous system [83–85]. In this 
scenario, growing evidence show a role of microbiota-generated 
short-chain fatty acids [86,87], among which BuNa particularly influ-
encing brain functions and behavior [78,88]. Several studies in different 
conditions reported that BuNa can enhance the proportion of cholinergic 
enteric neurons via epigenetic mechanisms [89] or send signals from the 
gut to brain through the cAMP signaling pathway [90,91]. On the other 
hand, BuNa can activate the vagus nerve and hypothalamus, crossing the 
BBB, and send efferent signals to the periphery [92,93]. Although in our 
model it is not intuitive a detailed BuNa-mediated mechanism of action 
at molecular level, based on our results we hypothesize that the resto-
ration of eubiosis and the resolution of inflammation leads to BuNa’s 
effect on central level. 

The gastrointestinal tract is one of the major targets of chemotherapy 
toxicity impacting body weight, gut barrier integrity and motility as well 
as microbiota composition [33–37]. These alterations have proven to 
impinge brain functions and overall behavior [38–41]. Studies carried 
out in our laboratories have previously demonstrated that a probiotic 
formulation prevents CIPN and preserves gut integrity in a model of 
chemotherapy-induced neuropathy [72]. Here, we found that PTX 
treatment induced moderate sickness-like behavior in mice, as revealed 
by reduction of body weight, food intake, and latency to eat in the 
novelty suppressed feeding test. The weight loss and the reduced food 
intake are common side effects of paclitaxel [94] and other chemo-
therapies in cancer patients, that may lead to mortality [95,96]. In 
addition, PTX treatment also altered microbiota and gut permeability 
leading to systemic inflammation. Indeed, PTX perturbed microbiota 
structure and composition mainly influencing the balance between 
Bacteroidetes and Firmicutes. Specific species belonging to the Bacter-
oidetes phylum marked the microbiota of PTX group: increased Odor-
ibacter splanchnicus, Muribaculum intestinale, and Prevotella stercorea, and 
reduced Alistipes senegalensis. Notably, BuNa administration restored 
altered Bacteroidetes/Firmicutes ratio mainly impacting on 
O. splanchnicus and P. stercorea levels. Genus Prevotella is able to promote 
intestinal dysbiosis and inflammation and to decrease the levels of 
SCFAs [97]. BuNa treatment prevents the loss of body weight and 
modulates microbiota composition affecting levels of bacterial genera 
involved in SCFAs production. Moreover, the reduction of the 
acetate-producer Alistipes senegalensis in mice treated with PTX was 
accompanied by a decrease of fecal acetate and butyrate levels. Upon 
BuNa administration a new metabolic network sustained by the acetate- 
and butyrate-producing Clostridium saccharolitycum is established. This 

Fig. 8. Western blot analyses of BDNF (A), TrkB (B) and pCREB/CREB (C) in the hippocampus of PTX-treated mice. An image depicting three representative samples 
for each immunoblot is reported. In the densitometry analysis of n = 6 mice per group, results are shown as mean ± SEM. Differences were analyzed by ANOVA 
followed by Tukey’s post hoc test for multiple comparisons, *p < 0.05, **p < 0.01 versus relative control. 
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is accompanied by increased levels of acetate and butyrate in feces. We 
cannot exclude that the high levels of fecal butyrate derive from its 
exogenous administration, however, it is sustainable the hypothesis of 
BuNa effect through microbiota metabolism and gut-brain axis modu-
lation. The preventive treatment with BuNa was also able to repristinate 
intestinal permeability and levels of tight junctions’ protein in 
PTX-treated mice. 

SCFAs are able to cross the BBB and influence brain processes, 
including cell proliferation, differentiation, and gene expression [98] in 
particular, butyrate which is an extremely important source of energy 
for colonocytes, shows also a plethora of effects on neuronal cells, by 
controlling myelination [99], amyloidgenesis [100], as well as pro-
moting neuroprotection in models of neurodegenerative disease [101]. 
Indeed, in our experiments BuNa treatment counteracted the 
pro-inflammatory signature induced by PTX at both systemic and hip-
pocampal levels. Moreover, the reduction of neuro-inflammation 
mediated by BuNa was associated with an improvement in behavioral 
changes confirming its antidepressant and anxiolytic action [55]. 
Mechanistically, BuNa treatment restored BDNF/TrkB signaling 
pathway in the hippocampal region downregulated by PTX, and in line 
within previous studies [102,103]. Growing evidence suggests that 
BDNF mitigates depressive symptoms binding TrkB, leading to the 
activation of downstream signaling molecules [104]. CREB is usually 
up-regulated by chronic antidepressant treatment, and the increased 
CREB levels in rodent model results in antidepressant-like behaviors 
[105]. In agreement with that, BuNa significantly increased the ratio of 
pCREB/CREB in PTX-treated mice. Altogether these data demonstrate a 
clear central effect of BuNa in preventing neuro-inflammation and 
perturbations in BDNF signaling pathway in PTX-treated mice. 

5. Conclusions 

Here we demonstrate that the prolonged administration and stimu-
lation of BuNa production by bacterial communities in PXT treated 
mice, improves intestinal function resulting also in a reorganization of 
the bacterial species, which in turn may improve inflammation at the 
central level and eventually behavioral symptoms. Specifically, the 
present work shows that microbiota and gut barrier perturbations 
induced by PTX lead to a systemic inflammation and depressive- and 
anxiety- like behaviors associated with molecular and functional 
changes in the hippocampus. Remarkably, repeated intake of the BuNa 
improves both central and peripheral side effects associated with PTX. 
Overall, BuNa was able to counteract PTX-induced depressive- and 
anxiety- like behaviors, resulting in the reduction in immobility time, 
decreasing the inflammation and maintaining gut integrity. More 
studies are needed to explore the mechanism of action of BuNa in PTX- 
associated metabolic and behavioral impairments and, the correlation 
between gut and the brain. However, our results prompt us to hypoth-
esize that BuNa’s effect on central outcomes of PTX occurs through the 
restoration of eubiosis and the resolution of inflammation. 

On this basis, it is possible to propose the use of sodium butyrate 
during chemotherapy cycles as a valid adjuvant to decrease central and 
gastrointestinal side effects of chemotherapy. However, although it is 
already used in humans without side effects, additional studies might be 
required to identify new formulations able to improve patient’s 
compliance. 
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E. Zinser, N. Bordag, C. Magnes, E. Fröhlich, K. Kashofer, G. Gorkiewicz, 
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