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Abstract: The EPA has banned PFOA and PFOS as persistent organic pollutants, but their residues in
environment should not be underestimated. Based on the demand for healthy aquaculture and safe aquatic
products, it is necessary to explore alleviative methods for the toxicity of PFOA and PFOS to fish. This study is
the first to investigate the protective effects of Lactobacillus rhamnosus against oxidative damage, neurotoxicity,
and gut microbial dysbiosis induced by PFOA and PFOS in adult zebrafish. The results showed that L.
rhamnosus effectively alleviated PFOA- and PFOS-induced oxidative stress by restoring superoxide dismutase
(SOD), catalase (CAT), and lactate dehydrogenase (LDH) levels. Both PFOA and PFOS caused intestinal tissue
damage, and the degree of damage is PFOA+PFOS>PFOS>PFOA. L. rhamnosus can restore damaged intestinal
villi and lymphocyte numbers and also have a restorative effect on intestinal tissue damage. The up-regulated
proportion of beneficial Firmicutes and Actinobacteria was also found after L. rhamnosus feeding. These
findings provide new insights for L. rhamnosus to alleviate the toxicity of PFOA and PFOS to zebrafish and
promote the progress of research on the successful use of probiotics in freshwater aquaculture.

Keywords: PFOA; PFOS; Lactobacillus rhamnosus; chronic toxicity; oxidative stress; gut microbiota

1. Introduction

Perfluorinated and polyfluoroalkyl substances (PFAS) are organic compounds containing at
least one perfluorinated carbon atom. Since the 1950s, polymers and surfactants containing PFAS
have been widely used in pesticide synthesis, electroplating, firefighting, textiles, and polymer
production industries [1]. However, the environmental persistence of PFAS, which is not easily
photolyzed, hydrolyzed, oxidized and biodegraded, has caused widespread concern. Currently,
PFAS are detected globally in air, water, sediment, soil, wildlife, and even polar ice sheets [2,3].
Compared to atmospheric sources (<5%), the aquatic environment is a significant sink for PFAS
(>95%) [4].

PFAS are widespread in aquatic environments, transferred through the food chain, and
accumulated in organisms, which resulting in higher PFAS concentrations in aquatic products than
in aqueous environments [5]. Many studies have shown that PFAS can affect the growth,
development, and reproduction of aquatic organisms and cause serious harm to the liver, immune
system, reproductive system, etc. [6]. China is a big fishery country with a large variety of aquaculture
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and is the world's top exporter. Therefore, it is crucial to reduce the toxicity of PFAS to aquatic
products and thus reduce the risk of human intake of PFAS.

Existing studies have shown that although members of PFAS can be removed from the
aquaculture water environment by physical and chemical methods, the economics and biosafety need
to be evaluated [7]. Functional probiotics can improve the resistance of aquatic products to
contaminants and were thought to be effective biological control methods for PFAS pollutants and
its toxicity [8]. Probiotics are living microorganisms that regulate the body's mucous membrane and
immune system and improve intestinal nutrient absorption and microbial community function, thus
playing important roles in mitigating the toxic effects of contaminants in aquaculture [9]. It is
interesting to use zebrafish as a model for aquaculture species. Eighty percent of farmed fish are other
carp, and therefore close relatives [10].

As the most studied probiotic, L. rhamnosus can alleviate intestinal microbial dysbiosis,
reproductive developmental toxicity, and lipid metabolism disorders induced by PEBS in zebrafish
[11-13]. However, the toxic effects and mechanisms of PFOA and PFOS mixtures in zebrafish are
unknown. Therefore, this study aimed to assess the alleviating effect and mechanism of probiotic L.
rhamnosus on PFOA/PFOS-induced ecotoxicity in zebrafish by evaluating intestinal histological
changes, intestinal microbiota, and oxidative stress response.

2. Materials and methods

2.1. Chemicals and Zebrafish maintenance

Perfluorooctane sulfonates (PFOS, CAS No. 2795-39-3, purity: 98%) was purchased from Beijing
Bailingway Technology Co., Ltd (Beijing, China). Perfluorooctanoic acid (PFOA, CAS No. 335-67-1,
purity: 98%) was purchased from Baidisin Technology Co. Ltd (Beijing, China). Probiotic Lactobacillus
rhamnosus ATCC53103 (108 CFU/g; Culturelle, Italy) was acquired from China General
Microbiological Culture Collection Center (CGMCC, Beijing, China).

Adult wild-type zebrafish (AB, 3-4 months old, all males) were purchased from the China
Zebrafish Resource Center (Wuhan, China). Zebrafish were 3.0+ 0.5 cm in body length and 0.4+0.05
g in weight. The male-to-female ratio was 1:1. Before entering the laboratory, and zebrafish were
domesticated for 14 days. The culture conditions were 26 +1°C, 12/12h light/dark cycle, oxygen
saturation over 70%, and pH of 7.4 to 8.1. Zebrafish were regularly fed twice a day with fairy shrimp
for apparent satiety.

2.2. Experimental design

The domesticated zebrafish were randomly assigned to seven experimental groups with three
replicates per group. The experimental groups setting were Control (fully aerated tap water), PFOA,
L-OA (PFOA and L. rhamnosus), PFOS, L-OS (PFOS and L. rhamnosus), OA-OS (PFOA and PFOS), and
L-OA-OS (PFOA, PFOS, and L. rhamnosus). PFEOA and PFOS exposure concentrations were 30 mg/L
and 0.3 mg/L. Exposure concentrations of PFOA and PFOS were determined based on environmental
concentrations [14,15] and LCso of PFOA and PFOS obtained from acute experiments (Figure S1).

Each exposure group had three identical glass water tanks (n = 3), with 25 zebrafish in each tank.
The exposure solution was changed every two days to maintain water quality and concentrations.
The feeding conditions, such as light, temperature, and food, were consistent with the domestication
period. The exposure lasted for 21 days. Stop feeding 24 hours before each sampling to prevent feces
from contaminating the water and influencing the experimental results.

2.3. Sample collection

Adult zebrafish tissues were collected at 7, 14, and 21 days after exposure. Three zebrafish
were randomly selected from each tank and dissected to obtain intestines, livers, brains, and gills. At
the same time, one zebrafish was randomly selected to scrape the intestinal contents. Immediately
freeze it in liquid nitrogen and store it at -80 °C for subsequent molecular analysis. One zebrafish was
randomly selected at 21 days of exposure to obtain intestinal tissues for histological analyses. All
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procedures are approved by the Animal Experiment Ethics Committee of Beijing Technology and
Business University and conducted according to the guidelines for the protection of animal welfare.

2.4. Intestinal histology

Dissected zebrafish intestinal tissues were quickly stored in 4% paraformaldehyde, fixed for 24
h, dehydrated, embedded, sectioned, and stained with hematoxylin and eosin (H & E). After the
sections were made, microscopy was used to observe and record the histological changes.

2.5. 165 rRNA amplicon sequencing and bioinformatic analysis

To characterize the changes in gut microbial communities and metabolic activities in each
exposure group, total DNA from gut samples was extracted using the MoBio PowerFecal™ Fecal
DNA Ki. The V3-V4 hypervariable regions of bacterial 165 rRNA gene were amplified from extracted
DNA using bar-coded primers (forward 338F: ACTCCTACGGGAGGCAGCA, reverse 806R:
GGACTACHVGGGTWTCTAAT). After purification, all amplicons were pooled with equimolar
amounts from each sample and sequenced using the Illumina platform (Novogene, Beijing, China).

High-throughput sequencing data were further analyzed using QIIME (V1.9.1). Closed
operational taxonomic units (OTUs) packing and taxonomic information were annotated with a 97%
sequence similarity threshold [16]. Alpha diversity was estimated by Chaol, Shannon, Simpson's
diversity, and Good's coverage index to describe species composition in a given treatment and
differences between treatments. PCoA analysis based on Bray-Curtis was performed to assess Beta
diversity, revealing differences in community structure between samples. Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt2) was used to predict functional
gene changes and metabolic activities in the gut microbial community of different treatment groups.

2.6. Measurement of biochemical indicators

Zebrafish gut, liver, brain, and gill tissue samples were accurately weighed, and a 10% tissue
homogenate was made by adding nine times of normal saline. The samples were then centrifuged at
2,500 rpm for 10 minutes. After dilution, the supernatant was collected. Superoxide dismutase (SOD),
catalase (CAT), glutathione (GSH), malondialdehyde (MDA), lactate dehydrogenase (LDH), and
acetylcholinesterase (AChE) were tested using assay kits (Nanjing Jiancheng Institute of Biological
Engineering, Jiangsu, China).

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software (version 24.0). Data from each
experimental group were tested for normality (Shapiro-Wilk) and chi-square (Leven). In order to
analyze the variances of data results, one-way analysis of variance (ANOVA) was used to determine
significant differences between groups, followed by a post hoc LSD test. Graphs were constructed
using Origin 2021 (Microcal, Redmond, Washington, USA). Statistical significance was considered
when P<0.05. All data are expressed as mean * standard deviation.

3. Results

3.1. Effect of different exposure treatments on SOD activity of zebrafish tissues

Based on the results, liver SOD activity was the highest among the four sampled tissues (Figure
1). SOD activity in the intestine and liver decreased overall in all exposure groups compared to the
control group. At the same time, it showed a more significant decrease in the combined exposure
group than in the single exposure group (Figure 1a,b). The changes of SOD activity in the brain were
insignificant (Figure 1c). In gills, SOD activity increased on day 14 in each exposure group (Figure
1d).
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Figure 1. SOD and CAT levels in each treatment group. (a), (e) for intestine; (b), (f) for liver; (c), (g)
for brain; (d), (h) for gills. Data are shown as mean + SD (n =4). Columns with different letters indicate
values with significant differences (P< 0.05).

The effect of L. rhamnosus on PFOA and OA-OS groups were significant. Compared with the
exposed groups, liver SOD activity was increased by 15.52% and 7.74% in the L-OA and L-OA-OS
groups, respectively, with the most significant effect on day 14 (Figure 1b). Intestinal SOD activity
was induced to increase in L-OA and L-OA-OS groups at 14 days (Figure 1a). At this point, L.
rhamnosus inhibited the abnormally elevated SOD activity in the gills and returned it to control levels
(Figure 1d).

3.2. Activities of CAT in zebrafish tissues of different treatments

Under the effect of PFOA and PFOS, CAT activity in the intestine increased and then decreased
in the exposed groups, and the impact of L. rhamnosus was not significant (Figure 1e). Compared with
the control group, CAT activity in the liver, brain, and gills decreased with prolonged exposure time
in the exposed group. The induction of CAT activity by L. rhamnosus was increasingly significant
(Figure 1f-h).

3.3. MDA content in zebrafish tissues of different treatments

In the liver, there was no significant change in MDA content of the PFOA group. MDA content
increased in PFOS and OA-OS groups before returning to control levels (Figure 2b). Feeding of L.
rhamnosus increased the level of MDA in L-OA group. Compared to the PFOA group, the mean MDA
increased by 35.96%. The MDA content increased by 27.50% in the L-OS group at 7 days and 46% in
L-OA-OS group at 14 days. In the intestine, brain, and gills, PFOA and PFOS decreased MDA content
(Figure 2a,c,d). L. rhamnosus has restored MDA content in the intestine to some extent. Compared to
the exposed groups, MDA content showed marked increases after 21 days of L. rhamnosus feeding by
102.70%, 13.32%, and 47.37%, respectively. However, the effect on MDA content in the gills was not
significant. Notably, L. rhamnosus caused a further reduction of MDA in the brain at 7 and 14 days.
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Figure 2. MDA and GSH levels in each treatment group. (a), (e) for intestine; (b), (f) for liver; (c), (g)
for brain; (d), (h) for gills. Data are shown as mean + SD (n =4). Columns with different letters indicate
values with significant differences (P< 0.05).

3.4. Changes of GSH content in zebrafish tissues of different treatments

Compared with the control group, GSH content in the intestine and liver were decreased in all
exposed groups. The effects of L. rhamnosus on GSH in the intestine and liver were insignificant
(Figure 2e,f). In the brain, GSH levels decreased first, then increased in the PFOA and OA-OS groups.
GSH levels first remained unchanged and then increased in the PFOS group. At the end of exposure,
GSH content was higher in all exposure groups than control. L. rhamnosus feeding suppressed the
elevation of GSH in each exposure group and restored it to normal levels in the brain at 21 days. The
GSH levels decreased by 50.46%, 43.73%, and 40.43% in OA, OS, and OA-OS groups, respectively
(Figure 2g). In the gills, L. rhamnosus restored GSH to normal levels in the PFOA and OA-OS groups
(Figure 2h).

3.5. Influence of various exposure treatments on LDH activity of zebrafish tissues

In the brain, LDH activity of PFOA and PFOS groups were first inhibited and then restored.
However, the OA-OS group was consistently inhibited. Feeding L. rhamnosus inhibited LDH activity
in the PFOA group and increased LDH activity in the OA-OS group (Figure 3c). In the gills, PFOA
and PFOS had no significant effect on LDH activity, but L. rhamnosus induced increased LDH activity
(Figure 3d). PFOA and PFOS inhibited LDH activity in the liver and intestine, and L. rhamnosus
restored LDH levels in the control group (Figure 3a,b).
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Figure 3. LDH and AChE levels in each treatment group. (a), (e) for intestine; (b), (f) for liver; (c), (g)
for brain; (d), (h) for gills. Data are shown as mean + SD (n =4). Columns with different letters indicate
values with significant differences (P< 0.05).
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3.6. Differences in AChE activity of different treatment groups

In the brain, no significant difference in AChE activity was found in the PFOA and PFOS groups
compared with the control group at 21 days. However, AChE activity was mainly inhibited in the
OA-OS group. AChE was inhibited in the PFOA and PFOS groups under the feeding of L. rhamnosus
(Figure 3g). In the gills, the trend of AChE activity in PFOS and OA-OS groups was elevated-
recovered-lowered compared to control. The PFOA group remained unchanged and then increased.
L. rhamnosus inhibited the increase in AChE activity, with the best effect at 7 days (Figure 3h).

3.7. Changes in zebrafish intestinal tissue morphology

Under the tissual staining and section analysis, it was observed that the control group had no
apparent pathological damage. The intestinal wall was thick, the intestinal villi were morphologically
intact, and their epithelial cells and epidermal structures were intact and undamaged (Figure 4a). The
intestinal villi of the PFOA, PFOS, and OA-OS groups showed different degrees of damage, and the
number of goblet cells decreased. The epithelial cells showed signs of shedding and vacuolization
(Figure 4b,d,f). The degree of intestinal damage: PFOA+PFOS>PFOS>PFOA. These injuries were
improved to some extent by adding the probiotic L. rhamnosus (Figure 4c,e,g).

G—goblet cell
I—intestinal villi rupture
S—sstriate margin disappear
‘V—vacuolation
BM—basement membrane

damage

Figure 4. 21-day intestinal tissue sections of each treatment group. (a) Control group, (b) PFOA group,
(c) L-OA group, (d) PFOS group, (e) L-OS group, (f) OA-OS group, (g) L-OA-OS group.

3.8. Community composition and metabolic activities of gut microbiota

After sequencing and data quality control analysis, the sparsity curves showed that all samples
reached the saturation plateau, indicating that the sampling depths were sufficient (Figure S2). In this
study, a total of 13,396 OTUs were obtained with a 97% similarity. The total number of OTUs was
101 (Figure S3).

The Chaol index, Shannon index, and Simpson index were used to determine the gut microbial
alpha-diversity of zebrafish. Compared to the control group, PFOA and PFOS affected the Chaol,
Shannon, and Simpson indexes (Figure 5a-c). After adding L. rhamnosus, the Chaol index of the gut
microbiota was higher than that of the control (P<0.05). PCoA results based on Bray-Curtis distance
showed that the addition and non-addition of L. rhamnosus resulted in the formation of two
independent clusters for the gut microbial community of zebrafish (P<0.05) (Figure 5d).
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(a) Chaol, (b) Shannon and (c) Simpson indices showing the diversity of intestinal flora under
different treatments. (d) PCoA reveals the differences in community structure between treatments.

To further investigate the changes in the gut microbial community of zebrafish, the frequencies
of bacterial phyla and genera were analyzed based on high-throughput sequencing of the
metagenome (Figure 6). The results showed that the significant phyla were Actinobacteria,
Proteobacteria, Firmicutes, and Tenericutes, with relative abundance of 46.78%, 43.19%, 1.58%, and
4.24%, respectively (Figure 6a). The main genera were Rhodobacter, Microbacterium, Leucobacter,

Mycobacterium, Aeromonas, Gordonia (Figure 6b).
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Figure 6. Abundance of bacterial composition of different communities. (a) represents the phylum
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At the phylum level, the addition of L. rhamnosus increased the abundance of Firmicutes and
Actinobacteria but decreased Proteobacteria. At the genus level, Leucobacter and Microbacterium were
raised, but Rhodobacter, Gordonia, and Rhodococcus were decreased. These results showed that L.
rhamnosus regulated adult zebrafish gut microbiota in the presence of PFOA and PFOS exposure
interference.

Considering that the function of the gut microbial community determines the physiological
properties of the host, we used PICRUSt2 to analyze and predict function variance. PICRUSt2
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analysis was carried out on the MetaCyc database to identify differentially relevant metabolic
passages, biochemical processes, enzymes, and gene alterations to anticipate microbial metabolic

functions.

As shown in Figure 7a, each signaling pathway was affected to varying degrees. PFOA and
PFOS increased the abundance of the biosynthesis pathway and decreased the abundance of the
generation of precursor metabolite and energy and degradation/utilization/assimilation pathways. L.
rhamnosus reduced the abundance of these pathways. The biosynthesis metabolic pathway had the
greatest abundance, and L. rhamnosus increased the abundance of amino acid biosynthesis pathway
in the secondary pathways (Figure 7b). By metabolic pathway difference analysis (Figure 7c,d), the
PWY-7315 pathway was up-regulated in the PFOA group compared to the control group and
downregulated by adding L. rhamnosus. Figure 7e showed the species composition of this metabolic
pathway. The results showed that the exposure group resulted in a higher proportion of Rhodococcus
in PWY-7315 pathway, while L. rhamnosus alleviated this trend.
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Figure 7. MetaCyc pathway analysis. (a) Predicted changes in metabolic activity of the gut microbiota
(Primary pathway) (b) Secondary pathways (c) control vs PFOA (d) PFOA vs L-OA (e) species
composition of the PWY-7315 metabolic pathway.

4. Discussion

4.1. Probiotic L. rhamnosus relieves zebrafish tissue oxidative stress

Reactive oxygen species (ROS) include hydrogen peroxide (H202), hydroxyl radicals (-OH), and
superoxide anion radicals (-Oz’). These are produced by organisms under the action of normal cellular
metabolism and environmental factors. Moreover, typical concentrations of ROS do not cause
damage to organisms. However, when adverse environmental influences stress organisms, large
amounts of ROS will be produced in cells, leading to an imbalance between oxidation and
antioxidation, inducing oxidative stress. Excess ROS trigger lipid peroxidation, which disrupts the
structure and permeability of cell membranes. Moreover, the lipid peroxidation product, MDA,
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further damages protein activity [17]. In addition, excessive ROS can damage DNA to produce
genotoxicity in the host [18]. The probiotic L. rhamnosus was found to efficiently scavenge hydroxyl
radicals (-OH) and superoxide anion radicals (‘Oz) and improve the antioxidant capacity of H20:-
induced oxidative stress [12].

SOD can convert -Oz into H202 and O: in vivo, protect cells from damage, and maintain the
oxidative and antioxidant balance of the body [19]. SOD can be used as a biomarker of environmental
stress in aquatic organisms. When organisms are subjected to mild adversity, SOD activity increases
to activate the immune system. If hosts are subjected to severe adversity stress, SOD activity
decreases, and the accumulation of -Oz in the body suppresses the immune system [20].

In this study, PFOA and PFOS inhibited SOD activity. It indicated that to resist the activity of
toxic substances, SOD was reduced and did not eliminate ROS in time. Therefore, PFOA and PFOS
caused significant oxidative damage to zebrafish. In addition, the production of large amounts of
H202 by organisms also inhibits SOD activity [21]. In the gills, SOD activity was first increased and
then inhibited in exposed groups. It might be due to pollutant stress in zebrafish, which produced
large amounts of ROS, which in turn activated the immune mechanism. Excess free radicals were
scavenged by accelerated SOD synthesis, but the immune system was impaired with increasing
exposure time.

L. rhamnosus regulated PFOA and PFOS-induced abnormalities in SOD activity. The effect of L.
rhamnosus on the restoration of liver SOD activity was more pronounced than that in the intestine.
Notably, L. rhamnosus inhibited SOD activity with prolonged exposure time, which was possibly due
to the need to maintain superoxide anion levels or through metal-catalyzed singlet oxygen (10?)
and/or -OH interactions to enhance microbial killing by phagocytes [22].

CAT can break down H20: produced under the action of SOD into H20 and O, effectively
preventing the production of harmful hydroxyl groups, which can cause phospholipid dysfunction,
biofilm damage, and DNA breakage [23]. This experiment showed that the intestinal CAT activity of
zebrafish exhibited the trend of increasing first and then decreasing, and the liver CAT activity was
inhibited. In the presence of L. rhamnosus, CAT activity was restored to some extent in all tissues.

The liver of zebrafish is most sensitive to the toxicity of PFOA and PFOS, a vital target tissue for
PFAS toxicity that causes oxidative stress, endocrine disorders, and altered lipid metabolism in the
host [24]. In the early stages of exposure to pollutants, the SOD and CAT activities were increased to
protect the body against excess ‘Oz>. With prolonged exposure, large amounts of H20: inhibited
enzyme activity. It indicated that the antioxidant system of zebrafish was disrupted.

ROS attacks polyunsaturated fatty acids in biological membranes leading to lipid peroxidation.
MDA is a product of lipid peroxidation which can reflect the extent of cellular damage [25]. At the
end of this experiment, MDA levels were equal to or lower than the control group in all exposure
groups. Previous studies also showed that PFOS caused the increase of ROS but stable remaining
MDA levels in tilapia liver [26]. A possible explanation might be that the pollutants did not cause
severe lipid peroxidation and glutathione peroxidase (GPx) inhibition [27], and the decrease in MDA
levels may also be related to GPx activity. L. rhamnosus can reduce MDA by activating the antioxidant
enzyme activity system to protect zebrafish from damage caused by oxidative stress.

GSH is a non-enzymatic antioxidant that eliminates free radicals associated with selenium-
dependent glutathione peroxidase and also regulates intracellular redox homeostasis [28]. In this
study, PFOA and PFOS exposure decreased GSH content in the intestine and liver, indicating that
GSH was heavily depleted to overcome oxidative stress. It has been shown that GSH content was
reduced under PFOA and PFOS [26]. The increased GSH in the brain and gills may be an adaptation
to oxidative stress or a failure of adaptation due to severe oxidative stress. Probiotic L. rhamnosus
restored the GSH content to normal levels. Similar results demonstrated that probiotics can influence
oxidative stress by producing or inducing the release of GSH and extracellular polysaccharide (EPS)
from the intestine [29].

LDH is a cytoplasm oxidoreductase enzyme that facilitates the transfer of hydrogen ions. LDH
can catalyze the conversion process of lactate to pyruvate to participate in oxidative reactions and
cause oxidative stress in organisms [30]. It is a metabolic biomarker of oxidative stress and plays an
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important role in the glycolytic cycle [31]. In this study, PFOA and PFOS led to the reduction of LDH
activity, while the addition of probiotic L. rhamnosus could induce and restore LDH activity. It has
been shown that LDH decreased in the liver of Oreochromis mossambicus exposed to an
organophosphorus insecticide [32]. The reduction in LDH activity reflects possible decreases in
biosynthetic activity and anaerobic capacity. In contrast, the addition of probiotics L. rhamnosus
induced LDH activity and may indicate an increase in the glycolytic capacity of the tissue.

The study showed that PFOA and PFOS significantly altered antioxidant enzyme activities,
indicating oxidative stress in the exposed groups of zebrafish. The oxidative stress was the most
pronounced in the liver, which may be related to the highest concentration of PFAS in the liver of
fish [33]. SOD, CAT, GSH, and LDH activities were inhibited in zebrafish after PFOA/PFOS exposure
alone and in combination. Probiotic L. rhamnosus reduced oxidative stress by inducing SOD, CAT,
and LDH increases in zebrafish. The probiotic bacteria affected fish oxidative stress by other toxic
substances for the same trend. Cadmium exposure inhibited SOD, CAT activities in carp, and Bacillus
up-regulated SOD, CAT activities to alleviate oxidative stress [34].

4.2. Probiotic L. rhamnosus alleviate neurotoxicity induced by PFOA and PFOS

AChE, a landmark enzyme for evaluating the toxic effects of neurotoxic agents on aquatic
organisms, is widely present in various animal tissues [35]. It catalyzes the hydrolysis reaction of the
neurotransmitter acetylcholine (Ach) in the synaptic gap to maintain the normal transmission of
nerve impulses. Changes in AChE activity affect the behavior of zebrafish, as evidenced by increased
muscle activity, loss of locomotor activity, and anxiety-like behaviors [36].

In the present study, AChE activity was more affected by the combined exposure of PFOA and
PFOS than single. The decrease in AChE activity with increasing exposure time may be caused by
adaptation to a bad external environment. Similar results were shown in a previous study where
zebrafish AChE decreased to adapt to the toxic deltamethrin [55]. The presumed reason for this is
that zebrafish produce stress responses when exposed to external environmental stressors. Besides,
acetylcholine in the synaptic gap decreases with exposure time, thus inhibiting excitation
transmission. The effect of the probiotic L. rhamnosus on AChE activity in this experiment was
complex. But it has been shown that the novel extracellular polysaccharide EPSRam12 produced by
L. rhamnosus strain Ram12 protects against D-galactose-induced brain damage in mice [37].

4.3. Gut histomorphology and microbial community function regulation

Gut microbiota is crucial for host health, regulating host physiological and immune responses,
but also the morphology and function of intestinal epithelium [38]. In this study, the results of
intestinal histopathological sections showed that PFOA and PFOS caused lesions in zebrafish
intestines, with the degree of damage in the following order: PFOA+PFOS>PFOS>PFOA. L. rhamnosus
improved zebrafish intestinal health as evidenced by increased cupped cells, decreased
vacuolization, and repairment of intestinal villi and basement membrane.

Probiotics can activate immune cells by recognizing damage related molecules released by
stressed or damaged cells, thus altering the intestinal mucosa [39]. Feeding probiotics increased the
intestinal cell count and microvillus density, thereby enhancing disease resistance by altering the gut
microbiota composition in tilapia [40]. The increases in microvillus density and intestinal absorption
surface area reduced the colonization rate of pathogenic bacteria, thus increasing the resistance of
fish to pathogenic microorganisms [41]. Adding L. rhamnosus to the diet for 30 days showed increased
proliferation of intraepithelial lymphocytes and eosinophils [42].

In terms of the number of microorganisms, the OTUs specific to each treatment group were
higher, indicating that PFOA, PFOS, and L. rhamnosus all had greater impacts on the gut microbial
community. The Chaol, Shannon, and Simpson index showed that L. rhamnosus altered the alpha-
diversity of the intestinal microbial community, which could promote the colonization and
replication of beneficial bacteria. A similar previous study found that probiotic L. rhamnosus could
regulate PFBS-induced gut microbial dysbiosis in zebrafish [11]. PCoA plots could observe clearly
separated clusters, suggesting that L. rhamnosus could alter the overall structure of the zebrafish gut
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microbiota. PICRUSt2 predicted that exposure to PFOA, PFOS, or/and L. rhamnosus led to the changes
in PWY-7315 pathway, suggesting the link between L. rhamnosus and PFOA toxicity.

Gut microbes can produce large numbers of metabolites through metabolic pathways, such as
volatile carboxylic acids, esters, neurotransmitters (e.g., dopamine), and fatty acids, some of which
can affect brain physiology and behavior [43]. The results of this study suggested that exposure to
PFOA and PFOS leads to dysbiosis of microbial communities in the intestine of zebrafish. The
probiotic L. rhamnosus alleviated the toxic effects of pollutants on zebrafish by increasing beneficial
bacteria and reducing pathogenic bacteria. Previous studies have shown that probiotics may reduce
the disturbing effects on the gut microbial community under the stress of environmental pollutants
[44]. This was consistent with the conclusion that pollutants and probiotics have antagonistic effects
on the gut microbiota in the present study.

At the phylum level, the probiotic L. rhamnosus increased Firmicutes and Actinobacteria
abundance and decreased Proteobacteria abundance. Studies have shown that Proteobacteria
includes potentially pathogenic bacteria, and their over-representation is a potential marker of
epithelial dysfunction, leading to ecological dysbiosis of the gut microbiota and causing small
intestinal colitis [45,46]. L. rhamnosus belongs to Firmicutes, most of which are beneficial bacteria that
improve fish growth, immunity, and disease resistance [47]. Actinobacteria not only removes organic
pollutants to improve pond water quality but also helps to improve the immunity and growth of
cultured fish [48]. At the genus level, the probiotic L. rhamnosus increased Leucobacter and
Microbacterium and decreased Rhodobacter, Gordonia, and Rhodococcus. Gordonia is a pathogenic
bacterium capable of producing certain secondary metabolites, which cause malformation and death
in seahorses [49]. Some species of Rhodococcus cause nephritis and anophthalmia in salmon [50].

Various mechanisms have been proposed to explain the beneficial effects of probiotics. Examples
include antagonism to pathogens, competition for adhesion sites and nutrients, enzymatic effects on
digestion, improvement of water quality, and stimulation of host immune responses [51]. In the
present study, the probiotic L. rhamnosus alleviated oxidative stress, neurotoxicity, and gut microbial
community dysbiosis caused by PFOA and PFOS in zebrafish. Gut microbial dysbiosis causes
metabolic disorders and immune damage in organisms but also affects neuronal signaling in the
enteric nervous system by synthesizing neurotransmitters such as acetylcholine and serotonin [52].
L. rhamnosus can effectively shape intestinal microbes, regulate genes related to lipid metabolism and
increase lipolytic metabolism for growth through [-oxidation [53]. It can also activate the
interconversion of pentose and glucuronide in the liver [54], which eases the toxic effects of the
organism.

5. Conclusion

In conclusion, this study demonstrated for the first time that L. rhamnosus alleviates the toxic
effects of PFOA and PFOS on oxidative stress, neurotoxicity, gut microbial homeostasis, and
enhancement of intestinal barrier function in zebrafish. L. rhamnosus alleviated the effects of PFOA
and PFOS on SOD, CAT, and LDH levels, thus alleviating oxidative stress. L. rhamnosus regulated
PFOA and PFOS-induced dysbiosis of intestinal flora in zebrafish. At the phylum level, Firmicutes
and Actinobacteria abundance were increased, but Proteobacteria abundance was decreased in the
zebrafish intestine. At the genus level, Leucobacter and Microbacterium increased, while deleterious
genera such as Rhodobacter, Gordonia, and Rhodococcus decreased. Both PFOA and PFOS caused
intestinal tissue damage. L. rhamnosus restored damaged intestinal villi and lymphocyte numbers and
enhanced the intestinal barrier. These findings demonstrate that L. rhamnosus can alleviate the toxic
effect of PFOA and PFOS in zebrafish, highlighting the potential application of probiotics in
maintaining aquatic animal health.
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