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Intestinal microbiota improves
inflammation and cognitive
function in the brain of a7nAChR
deficient rat through the gut brain
axis

Chi Cao?®, Shulin Li*¢, Wencheng Wang*, Lei Shi?, Rui Ma®, Bin Zhang?*’ & Jianying Tian!"™*

To investigate the role of intestinal flora and cholinergic anti-inflammatory pathways in the gut-

brain axis, using oral gavage and intraperitoneal injection of methyllycaconitine (MLA). MLA was
administered at a dose of 4 mg/kg for 30 days, either orally or via intraperitoneal injection. Rats were
then assessed for behavioral changes, inflammatory markers, neurotransmitters, neuroreceptors,
and intestinal mucosal barrier integrity. Rats receiving MLA via intraperitoneal injection exhibited
significant behavioral abnormalities compared to the control and orally administered MLA groups.
The levels of IL-1p were elevated in both intestinal and hippocampal tissues, while IL-10 levels were
decreased. Brain-derived neurotrophic factor (BDNF) was significantly lower in hippocampal tissues.
Furthermore, a7nAChR expression was reduced in hippocampal tissues, accompanied by an increase
in 5-HT3A receptors. The intestinal mucosal barrier was compromised, as evidenced by reduced
expression of Z0O-1 and Occludin, along with increased IL-1B and decreased IL-10 levels in the gut. Our
findings suggest that oral gavage of MLA does not induce cognitive impairment in rats compared to
intraperitoneal injection, possibly due to the involvement of intestinal flora in the protective effects of
CAP.
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The acetylcholine receptor (AChR) is a transmembrane protein embedded in the cell membrane that binds
to the neurotransmitter acetylcholine, triggering physiological responses. AChRs are categorized into two
major classes: nicotinic (nAChRs) and muscarinic (mAChRs), widely distributed in neuronal and immune
cells. Neuronal AChRs are Cys-loop ion channel receptors, a family that also includes muscle-type AChRs,
y-aminobutyric acid(GABA) receptors, glycine receptors, and serotonin 5-HT3 receptors!. In humans, nAChRs
are composed of 16 subunits, including al1-7, a9-10, f1-4, y, §, and €2. While several nAChR subtypes exist, the
a4p2 and a7nAChR subtypes are predominantly expressed in the central nervous system.

Methyllycaconitine (MLA) is an alkaloid extracted from the seeds of Larkspur plants(Delphinium barbeyi)
and has a long history of use as an insecticide against lepidopteran insect pests due to its toxicity’. The toxicity
of all larkspurs is due to norditerpenoid alkaloids, which consist of two predominant types, the N-(meth-
ylsuccinimido) anthranoyllycoctonine (MSAL)type including methyllycaconitine (MLA) and the non MSAL-
type including the 7,8-methylenedioxylycoctonine (MDL)-type such as the alkaloid deltaline.

It is an a7nAChR-specific antagonist that competes with a-bungarotoxin for binding to the same receptor
site. A well-established model of cognitive impairment in rats involves the intraperitoneal injection of MLA.
Numerous studies have confirmed the ability of MLA-induced inflammation to produce cognitive dysfunctionand
behavioral changes™®.
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The brain-gut axis refers to a bidirectional regulatory system of interaction between the gut and the brain,
and gut flora is now considered to be an essential regulator of brain-gut interaction. The proposed gut-brain axis
provides new perspectives and ideas for studying many diseases.

Few studies have examined oral gavage MLA, and it is not known whether it can also produce a model of
cognitive impairment similar to that of intraperitoneal injection. This study investigated the effects of different
MLA methods on cognitive function in rats and whether gut microbes participate in the regulation of cognitive
function caused by MLA.

Materials and methods

Animals

All animal experiments complied with the ARRIVE guidelines and were approved by the Animal Ethics
Committee of Ningxia Medical University (Approval Number: 2020-320). All animal studies were performed
following the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals
(2020) guide for the Care and Use of Laboratory Animals. All methods were performed in accordance with the
ARRIVE guidelines.

Twenty-seven healthy male Sprague-Dawley (SD) rats (dams, weight: 17 +2 g; SPF) were obtained from the
Experimental Animal Center of Ningxia Medical University and randomly divided into three groups: a control
group (Con), an MLA 4 mg/kg oral gavage group (MLA-O), and an MLA 4 mg/kg intraperitoneal injection group
(MLA). The rats were housed in a controlled environment with a relative humidity of 45-55%, a temperature of
20-22 °C, and a 12-hour light/dark cycle. All rats had ad libitum access to food and water.

Reagents

The MLA configuration method is as follows: The corresponding MLA powder is weighed according to the rat’s
body weight, and the total volume is calculated based on 0.1 ml per 100 g of body weight. 5% of the total volume
of DMSO is used to dissolve the MLA powder, and the remaining volume is mixed with the DMSO solution
using corn oil.

Morris water maze test (MWM)

This experiment evaluated the learning and memory capabilities of rats using an automatic observation system
to record their trajectories and assess the time and distance traveled from the starting point to a submerged
platform in a circular pool, kept at a water temperature of 22+20C”. A 10 cm diameter platform was placed
1-2 cm underwater and the water was dyed with liquid caramel colouring(Aipu Food Industry Co., Ltd.) to
obscure the platform. During the first 4 days, a training period was conducted, in which each rat was launched
from each of the 4 quadrants and allowed to swim for 1 min. If the platform could not be found, the rat was
guided onto the platform and was made to wait for 1 min. On Day 5, the platform was retained to test the escape
latency time. On Day 6, the platform was removed to test the cross-platform times®.

The novel object recognition test (NOR)

Rats were initially placed in a field for 10 min on the first day. On the second day, two identical conical objects
(A and B) were introduced to the field. On the third day, one of the objects was replaced with a novel object’.
Exploration time was recorded when the rat’s nose and mouth were less than 1 cm from the object or directly
touching the object!®. At the end of each rat test 75% alcohol was used to eliminate the odor and to clean
up the rat excreta. The time spent by the rats exploring each object was recorded using an automated system.
The discrimination index (DI) was calculated as follows: DI = [(time spent exploring new object - time spent
exploring old object) / (time spent exploring new object +time spent exploring old object)] * 100%. The test
period preference index (PI) was calculated as: PI=time spent exploring new object / (time spent exploring new
object + time spent exploring old object).

Sample collection

Following the completion of behavioral testing, rats were anesthetized with isoflurane (induction dose: 3%,
maintenance dose: 1%). The hippocampus and gut were harvested and immediately stored at -80 °C for further
analysis. At the end of the experiment, all animals were euthanized by a lethal dose of isoflurane (dose: 8%), and
euthanized by cervical dislocation.

Immunofluorescence

Rat small intestine and brain tissues were sectioned into 5-um paraffin-embedded slices, dewaxed in
xylene, rehydrated in a gradient of alcohol, and subjected to antigen retrieval in sodium citrate buffer(ZSGB
Biotechnology; ZLI-9064). After cooling to room temperature, the sections were blocked with a non-specific
binding blocker for 2 h and washed thoroughly in phosphate-buffered saline (PBS). Primary antibodies against
Z0O-1, Occludin, a7nAChR, 5-HT3A, and IL-1p were applied overnight at 4 °C. Following incubation, the
sections were washed in PBS, stained with a DAPI-containing anti-fluorescence quenching agent, dried, and
visualized under a microscope.

Western blot (WB)

The hippocampal and small intestinal tissues of rats were placed in pre-cooled tubes containing RIPA total
protein lysate and centrifuged at 12,000 rpm for 10 min, at 4 °C twice. The supernatants were collected, and
protein concentrations were determined using a bicinchoninic acid kit (KeyGEN; KGP902). Protein samples
were paired with 5X loading buffer and dd H20O and then boiled at 100 °C for 5 min.Equivalent amounts of
protein were boiled, proteins were separated using 10% SDS-PAGE gel, and transferred to 0.45 ym PVDF
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membranes. 5% skimmed milk was used for blocking 2 h blocking, after that the membranes were incubated
with primary antibodies overnight at 4 °C, followed by HRP-coupled secondary antibodies for 1 h (KeyGEN;
KGP1121). Bands were analyzed via Image J (version:1.53a) greyscale values and compared with those of B-actin
or GAPDH to obtain relative expression values.

Real-time quantitative polymerase chain reaction (RT-PCR)

Total RNA was extracted from rat hippocampi using the TRIzol” method (Vazyme Biotech Co., Ltd.) following
the manufacturer’s protocol. RNA concentration and purity were assessed spectrophotometrically by measuring
absorbance at 260/280 nm and 260/230 nm. cDNA was synthesized from homogenized RNA using Hiscript II
reverse transcriptase under the following conditions: 50 °C for 15 min, followed by 85 °C for 5 s. Gene expression
was quantified using a LightCycler 96 Real-Time PCR System (Vazyme Biotech Co., Ltd.) with SYBR Green dyes
(Vazyme Biotech Co., Ltd.). PCR conditions were as follows: 30 s of predenaturation at 95 °C, followed by 40
cycles of denaturation at 95 °C for 10 s, and annealing/extension at 60 °C for 30 seconds'!. GAPDH was used as
an internal control, and relative gene expression was calculated using the AACq method. Primer sequences are
listed in Table 1.

Fecal collection

The fecal samples from all nine rats were collected aseptically in sterile tubes and stored at -80 °C. DNA was
extracted from these samples using the E.Z.N.A Soil DNA Kit (Omega Biotek, Norcross, GA, U.S.) and the V4-
V5 region of the bacterial 16 S ribosomal RNA gene was amplified via PCR. Amplicons were purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) and quantified with QuantiFluor™-
ST (Promega, U.S.). Sequences were clustered into operational taxonomic units (OTUs) at a 97% sequence
identity using mothur (furthest neighbor method) and chop seq(Majorbio). Linear discriminant analysis effect
size (LEfSe) was employed to identify OTUs with significant structural differences among the sample groups.

Statistical analysis

The data were presented as means+standard deviations (SDs). One-way ANOVA followed by Fisher’s least
significant difference (LSD) test was used to compare more than two groups. Each experiment was replicated at
least three times. Statistical analyses were conducted using SPSS 20.0.0 software (IBM Corp.), and a p-value of
<0.05 was statistically significant.

Results

Effect of oral and intraperitoneal administration of MLA on body weight and behavioral
changes

The oral or intraperitoneal administration of MLA did not impact body weight. To assess the effects of different
MLA administration methods on cognitive function in rats, the MWM test was conducted, as illustrated in
Fig. 1A. The results indicated that MLA-administered rats required significantly longer swim distances to locate
the platform than the control group (Fig. 1B). This was reflected in the increased escape latency time and average
swimming distance of the MLA group (Fig. 1C,D). The track figure further revealed a distinct difference in
swimming patterns between the MLA and control groups. While the control group exhibited repeated exploration
of the original platform location and frequent platform crossings, the MLA group primarily swam along the pool
wall with minimal platform crossings (Fig. 1E). This was corroborated by the significantly reduced number of
platform crossings in the MLA group. Additionally, the average swimming speed in the target quadrant was
notably lower in the MLA group compared to the control and MLA-O groups (Fig. IEG). The novel object
recognition (NOR) test was employed to evaluate learning and memory capacity. The results demonstrated a
significantly lower discrimination index (DI) in the MLA group compared to the control and MLA-O groups
(Fig. 11), indicating impaired memory function. Moreover, the preference index, which represents the preference
time for new objects during the familiarity period, was significantly lower in the MLA group than in the control
group (Fig. 1]). H&E staining was conducted to assess the morphological changes observed in the neurons of
the CA3 region of the hippocampus tissue samples from the mice (Fig. 1K). In the control group, the neurons
were arranged in a neat and orderly manner, exhibiting a regular morphology, minimal anisotropy, and a clear
hierarchical structure. Their nuclei were rounded, light in color, and easily visible. In contrast, the MLA-O group
demonstrated a more clearly arranged neuronal structure, with a generally regular morphology, although a few
individual neurons displayed vacuoles. However, the MLA group exhibited a significant reduction in the number

Gene Forward primer (5’-3) Reverse primer (5’-3’)

BDNF GTGTGACAGTATTAGCGAGTGGG | ACGATTGGGTAGTTCGGCATT
IL-1pB GAACAACAAAAATGCCTCGTGC | GACAAACCGCTTTTCCATCTTCT
IL-10 CCTGGCTCAGCACTGCTATGT TTGGCAACCCAAGTAACCCTTA
CHRNA7 | GAAGTTTGGGTCCTGGTCCTATG | GGTGACATCTGGGTATGGCTCT
5-HT3AR | TCAATGAGTTTGTGGACGTGGG | ATAGATGTCAAGGCTACAGGCGG
Z0-1 GAGTTTGACAGTGGAGTCG AGCTGAAGGACTCACAGGAA
Occludin | TCGGTACAGCAGCAACGATAA CTGTCGTGTAGTCGGTTTCATA

Table 1. Primer sequence.
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Fig. 1. Changes in the body weight and behavior of rats after MLA intervention through different pathways.
(A) Effects of MLA on body weight in rats. (B-G) MWM test results. (H-J) NOR test results. (K) H&E
staining of hippocampal neurons in the rat brain. Magnification 400 X, scale bar =50 um.

of neurons, accompanied by disordered arrangement, increased anisotropy, and nuclear shrinkage. Furthermore,
some nuclei were absent or exhibited disrupted nucleoli. Concomitantly, the cytoplasm appeared turbid, with
ill-defined strata and a diminished number of layers. Furthermore, an expansion of the intercellular spaces was
observed. In the DG area, the neurons of the control group were regularly arranged and orderly, with a regular
morphology and clear layers. The MLA-O group also displayed a neat arrangement, with a few cells showing
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vacuoles. However, the MLA group demonstrated disordered neuronal arrangement, unclear layers, increased
intercellular spaces, a higher frequency of cells with nuclear fixation, and an abundance of vacuoles.

MLA-induced changes in hippocampal neurotransmitter systems

Next, the expression of a7nAChR in the DG region of the hippocampus and the CA3 region was assessed
(Fig. 2A, B). Compared with the Con group and the MLA-O group, the number of a7nAChR positive cells was
significantly lower in the MLA-O group (Fig. 2C). The number of a7nAChR-positive cells was significantly lower
in the MLA group than in the Con and MLA-O groups (Fig. 2D). The expression of a7nAChR, BDNF, and IL-10
in the MLA group was significantly downregulated, and the expression of 5-HT3AR and IL-1 was significantly
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Fig. 2. The effects of different administration methods of MLA on neurotransmitters and inflammatory
factors in the brain. (A) The number of a7nAChR positive cells in the DG region of the hippocampus. (B)
The number of a7nAChR positive cells in the CA3 region of the hippocampus. Magnification 400x, Scale bar
=50 um. (C) The number of a7nAChR positive cells in the DG region. (D) The number of a7nAChR positive
cells in the CA3 region. (E) Relative expression of mRNA of CHRNA?7, 5-HT3AR, BDNE IL-14, and IL-10 in
hippocampal tissue of rats. (F) The protein expression levels of a7nAChR,5-HT3AR, BDNE, IL-1p, and IL-10
in hippocampal tissues.
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upregulated (Fig. 2E). Next, we examined the protein expression level of a7nAChR, BDNE, IL-10, 5-HT3AR,
and IL-1p. The results showed that the expression of a7nAChR, BDNF, and IL-10 was significantly lower in the
MLA group, and the expression of 5-HT3AR and IL-1p was significantly increased in the MLA group (Fig. 2F).

Expression of the small intestinal mucosal barrier and inflammatory factors

The expression of the small intestinal mucosal barrier and inflammatory factors was assessed in the MLA group,
which exhibited significantly lower numbers of ZO-1 and Occludin-positive cells than the Con group (Fig. 3A-
Q).

Additionally, the MLA group displayed a significantly lower number of IL-10 positive cells than both the
Con and MLA-O groups (Fig. 3D,E), indicating a compromised immune response. Conversely, the number of
IL-1p-positive cells was significantly higher in the MLA group than in the Con and MLA-O groups (Fig. 3EG),
suggesting heightened inflammation. To further investigate the expression of inflammatory factors, Western
blotting was employed to measure protein levels. The results revealed significantly lower protein expression
of IL-10 in the MLA group (Fig. 3J,K) and significantly higher protein expression of IL-1p in the MLA group
(Fig. 3H,I), corroborating the immunohistochemical findings and highlighting the dysregulated inflammatory
status in the MLA group.

Changes in intestinal flora diversity in rats after different modes of MLA administration
To assess compositional disparities among the three rat colony groups, we employed beta diversity analysis.
Principal coordinate analysis (PCoA) of amplicon sequence variants (ASVs) demonstrated distinct clustering
patterns corresponding to the three groups at the genus level, as illustrated in Fig. 4A. To isolate within-group
variations while controlling for between-group effects, we utilized the non-metric multidimensional scaling
(NMDS) model. The NMDS plots presented in Fig. 4B,C revealed significant differences among the groups,
suggesting that each colony harbored a unique bacterial community.

To assess the differential flora’s contribution to variance and relative abundance in each sample, we conducted
a linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe) analysis. The LEfSe analysis
identified three distinct groups, with the MLA-O group exhibiting the highest LDA scores at the genus
level. Specifically, Butyricoccus, Lachnospiraceae. NK4A136_group, Peptococcus, UCG_010, Acetatifactor,
Bacteroides, and Clostridium__innocuum_group demonstrated the highest abundance within the Con group.
When examining the two LEfSe groups, the MLA-O group exhibited the highest LDA scores for UCG_009
(P=0.049), Anaeroplasma, Butyricicoccus, Acetatifactor, Intestinimonas, and Peptococcus. Conversely, the
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Fig. 3. Changes in intestinal mucosal function and inflammation. (A) ZO-1 and Occludin expression in the
rat intestine. Magnification 400x; scale bar =50 um. (B) Positive expression of ZO-1. (C) Positive expression
of Occludin. (D) The number of IL-10-positive cells in the intestine. (E) Positive expression of IL-10.
Magnification 400x; scale bar =50 um. (F) The number of IL-1 positive cells in the intestine. Magnification
400x, Scale bar =50 um. (G) Positive expression of IL-10. (H) Protein-expression blotted strips of IL-1 (I).
The relative expression of IL-1p. (J) Protein-expression blotted strips of IL-10. (K) The relative expression of
IL-10.
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Fig. 4. p-diversity analysis of different groups. (A) Venn diagram at the OTU level. (B) PCoA based on
unweighted UniFrac distance. (C) Unweighted Unifrac NMDS plots of each sample based on the abundances
of the genera. LEfSe analysis among groups. (D) LEfSe analysis of the bacteria in the MLA-O and MLA groups.
(E) Histogram of LDA scores for differentially abundant genera between the control and miscarriage groups.
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MLA group displayed higher LDA scores for Bacteroides, Parabacteroides, Eubacterium__xylanophilum_group,
and Collinsella. These findings, as illustrated in Fig. 4D, E, provide valuable insights into the differential flora’s
impact on the overall variance and relative abundance within the samples.

Flora composition changes

The bar plot illustrates that there were no substantial disparities between the groups at the phylum level. Firmicutes
were the predominant phylum in the MLA group, while Proteobacteria were most prevalent in the MLA-O
group. Fusobacteriota exhibited significant differences in the MLA group compared to both the Con and MLA-O
groups. The absence of a graph for the MLA group at the phylum level is attributed to the lack of appreciable
changes in bacterial abundance (Fig. 5A). The heatmap likewise demonstrated similar outcomes (Fig. 5B). The
Wilcoxon test revealed that, compared to the Con group, the MLA group exhibited significantly higher relative
abundance values of Deferribacterota and significantly lower relative abundance values of Verrucomicrobiota.
In comparison to the MLA-O group, the relative abundance of Fusobacteriota was notably higher in the MLA
group (Fig. 5C,D). To further elucidate the composition of the intestinal flora in the three groups of rats, we
delved into the intestinal microorganisms at the genus level. Muribaculaceae, Bacteroides, Alloprevotella, and
Lactobacillus were the groups with the highest proportions at the genus level. The abundance of Muribaculaceae
was highest among the groups, yet it did not differ significantly from Alloprevotella or Lactobacillus in any of the
three groups. In the Con group, the abundance of Bacteroides was significantly greater than that in the MLA-O
and MLA groups. Besides, the abundance of Bacteroides was significantly lower in the MLA-O group than in
the MLA group.

The genus-level analysis revealed a significant reduction in Parabacteroides abundance in the MLA-O
group compared to the Con and MLA groups, as evidenced by Fig. 5E and the accompanying heatmap in
Fig. 5E Further comparisons between the Con and MLA-O groups highlighted significantly lower abundances
of Parabacteroides, Bacteroides, and UCG_009 in the MLA-O group (Fig. 5G). Within the MLA group, the
abundance of [Clostridium]_innocuum_group was found to be significantly lower than in the Con group,
while the Lachnospiraceae_ NK4A136_group and Bifidobacterium exhibited significantly higher abundances
(Fig. 5H). When comparing the MLA group to the Con group, the abundances of Bacteroides, Parabacteroides,
Rikenellaceae_RC9_gut_group, and Psychrilyobacter were significantly lower. Conversely, the MLA group
demonstrated a slight increase in Bacteroides, Alloprevotella, and Clostridioides abundances compared to the
Con group, although these differences were not statistically significant (Fig. 5I).

Discussion

The a7nAChR plays a crucial role in the cholinergic anti-inflammatory pathway (CAP), exerting anti-
inflammatory effects in organisms'?!%, protects cholinergic neurons and enhances cognitive function in
animals'®. Moreover, the anti-inflammatory properties of the a7nAChR contribute to its neuroprotective
effects'. It has been reported that a7nAChR is directly involved in hippocampal long-term potentiation (LTP),
a cellular mechanism underlying cognitive function'®. Previous studies have clearly shown that the knockout of
a7nAChR results in cognitive impairment in rats, and that it affects the levels of inflammatory factors in the gut
and brain through the gut-brain axis. Therefore, our research intervenes in rats through different pathways using
MLA to investigate whether gut microbiota are involved in the process by which a7nAChR affects cognitive
function.

Previous studies on larkspur extract compared the toxic responses among sheep, rats, mice, and hamsters.
The results indicated that sheep were the most susceptible to toxicity by subcutaneous injection of larkspur
extract with decreasing susceptibility in hamsters, mice and rats. In contrast, the susceptibility of rats, mice,
and hamsters was found to be similar to that of sheep'®. The mean LD50 for subcutaneous injection of a single
extract in mice, hamsters and rats was not different between mice and hamsters, but the LD50 for rats was
about 1.6 times higher than that for mice and hamsters’. The LD50 for the oral dose was about 2.8 times greater
than that for the subcutaneous dose in the rat. The pharmacokinetic study of MLA showed that the maximum
concentration of MLA in the brain was about 5% of that in plasma. A study on different administration
methods of MLA in rats showed that plasma levels of MLA following oral(p.o.) and intraperitoneal(i.p.) delivery
displayed typical distribution and linear elimination kinetics, yielding half-lives of 408 +25 min and 37 +4 min,
respectively. The AUC (Area Under the Curve) of MLA following p.o. and i.p. administration was 244 and 618
ng-h/ml'”. Although the AUC following i.p. injection is the highest, the t, , following p.o. administration is the
longest. This indicates that after i.p. injection, MLA can quickly reach peak plasma concentration in the body,
but the duration of retention is shorter.

There are significant differences in the cognitive outcomes of rats between p.o. and i.p., which may be partly
due to the differing absorption and bioavailability rates of MLA via these two administration routes. Literature
indicates that the bioavailability of MLA in rats administered orally by gavage is approximately 17%, whereas
i.p. achieves about 59%?2!. This substantial difference in bioavailability means that the dose of MLA administered
orally that can produce systemic effects is relatively low. In contrast, i.p. bypasses gastrointestinal absorption and
avoids hepatic metabolism, allowing nearly all MLA to enter the bloodstream and rapidly act on the brain. The
differences in the AUC results between the two methods are consistent with these bioavailability findings; the
significantly higher AUC following i.p. partly explains the observed notable differences in cognitive function.
However, our study also has limitations. We did not measure MLA concentrations in the brains of rats in each
group, so we lack specific comparative data. This aspect will be addressed in our future research.

The effects of different methods of MLA administration on the cognitive function of rats were investigated
through behavioral tests and histological analysis. Our findings revealed that intraperitoneal MLA
administration led to a pronounced elevation in inflammation within both the brain and the gut. Rats exposed
to MLA exhibited impaired performance in the MWM and NOR tests, suggesting cognitive deficits. Histological
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Fig. 5. Phylum- and genus-level shifts in microbiota composition. (A) The bar plots indicate the mean relative
abundance of the top 15 phyla in the Con, MLA-O, and MLA groups. Wilcoxon analysis between the two
groups. (B) Heatmap of the three groups of bacteria. (C) Comparison of differential flora between the MLA
and MLA-O groups. (D) Comparison of differential flora between the Con and MLA groups. The result of

the genus-level flora analysis. (E) The bar plot indicates the mean relative abundance of the top 15 genera in
the Con, MLA-O, and MLA groups. Wilcoxon analysis between the two groups. (F) Heat map of three groups
of bacteria. (G) Comparison of differential flora between the Con and MLA-O groups. (H) Comparison of
differential flora between the Con and MLA groups. (I) Comparison of differential flora between the MLA and
MLA-O groups.
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examination revealed significant alterations in the hippocampus of MLA-treated rats. Given the hippocampus’
crucial role in memory, cognition, and learning, these structural changes likely underlie the observed behavioral
impairments. H&E staining confirmed MLA’s detrimental effects on hippocampal neurons, corroborating
the behavioral findings. In the hippocampus, BDNF mediates learning in novel object recognition tasks and
attenuates the inflammatory damage caused by IL-1p and TNF-a via the NF-KB pathway. The significantly
lower hippocampal BDNF expression in the MLA group was closely associated with increased inflammation.
We hypothesized that structural changes in hippocampal neurons may lead to functional alterations in brain
receptors, particularly the a7nAChR, pivotal in regulating cognitive function, neurotransmitter release, and
neuronal protection'®. Compared to the control and MLA-O groups, the MLA group exhibited significantly
lower a7nAChR expression, aligning with the MWM and NOR test results. This suggests that MLA antagonizes
a7nAChR function, contributing to the observed cognitive deficits.

In the normal gut, 5-HT functions synergistically to regulate various intestinal functions, including epithelial
barrier function, fluid and electrolyte transport, mucin secretion, and motility'®. 5-HT also acts as an agonist
of 5-HT3AR and an antagonist of a7nAChR?’. Owing to the high degree of structural similarity between
a7nAChR and 5-HTR, most a7nAChR agonists also act as 5-HT3 antagonists?!, such as nicotine!®. Our findings
revealed a negative correlation between 5-HT3AR expression in the brain and a7nAChR activity, consistent
with previous research. Intestinal flora metabolites, such as short-chain fatty acids (SCFAs), promote increased
colonic 5-HT, enhance colonic contraction, and accelerate colonic transportlo. Additionally, the intestinal flora
stimulates mononuclear macrophages and mast cells to release 5-HT and alter the levels of IL-10, IL-6, and IL-
1B!7. We hypothesized that in the MLA group, the altered inflammation caused by MLA was not modulated by
the intestinal flora, leading to a decrease in a7nAChR and an increase in 5-HT3R in the brain. In contrast, the
MLA-O group, with the involvement of the intestinal flora, experienced a modulated inflammatory response
in the intestine, allowing normal 5-HT secretion and maintaining inflammation levels. Despite the observed
inflammatory effects on the intestine, body weight remained relatively unchanged across all groups. This suggests
that the intestinal inflammation induced by MLA did not substantially interfere with the metabolic processes of
the rats, thereby preventing significant alterations in body weight.

The intestinal mucosal barrier primarily consists of epithelial cells, villi, and mechanical structures composed
of tight junctions between cells and microbial barriers. The mucus secreted by intestinal microorganisms is
a vital part of the intestinal barrier, maintaining a relatively stable dynamic barrier within the intestinal wall
mucus layer and playing a role in reducing intestinal inflammation and enterogenic infection'®. We investigated
alterations in the intestinal mucosal barrier. Occludin is a crucial structural protein that attaches to adjacent
epithelial cells, forming a barrier within the paracellular space at the apical portion of the cell?2. ZO-1 is another
important component of tight junctions, connecting Occludin to the actin cytoskeleton within intestinal epithelial
cells?>. Immunofluorescence results revealed that the intestinal mucosal barrier was significantly compromised
by intraperitoneal injection. This finding aligns with the results of the flora analysis. We hypothesized that
without the involvement of the intestinal flora, inflammation in the intestine impaired the barrier function of the
intestinal mucosa. This led to metabolites penetrating outside the intestine through the compromised mucosal
barrier, causing a series of inflammatory reactions that eventually accumulated, resulting in damaging effects on
the brain. The loss of a7nAChR function, the inability of the CAP pathway to effectively combat inflammation,
and the failure of bacterial flora to effectively regulate inflammation contributed to changes in the intestinal
barrier, facilitating the transfer of inflammation from the gut to the brain. This finding is similar to previous
studies on the effects of nicotine on behavior after oral administration?!. Our results were consistent with
alterations in Occludin and ZO-1 in the gut observed after inflammatory insults, including sepsis, inflammatory
bowel disease, and severe injury?. Other studies using oral gavage and intraperitoneal injections to investigate
intestinal mucosal function and flora have confirmed the close relationship between changes in intestinal
mucosal barrier function and intestinal flora®.

Significant differences were observed in the composition of the intestinal flora among the groups. At the
phylum level, Bacteroidota and Firmicutes were the most abundant, but there were no significant differences
among the groups, aligning with previous findings. In the MLA group, the abundance of Verrucomicrobiota
and Fusobacteriota increased significantly, while the abundance of Deferribacta decreased significantly. These
results were consistent with previous studies. Qi et al. found that Deferribacta was the most abundant phylum
in the young flora, consistent with our findings?’. We hypothesized that the MLA-O group maintains a favorable
microenvironment in the gut by regulating inflammation, allowing the flora to survive normally. At the genus
level, bar plot analysis revealed that Muribaculaceae and Bacteroides had the highest abundance. Bacteroides is
a common gram-negative beneficial bacterium in the gut. Muribaculaceae is a universal beneficial bacterium,
positively correlated with glutamate. Our findings indicate that oral gavage and intraperitoneal injection
differentially affect Bacteroides, with oral gavage having a more pronounced effect. The combined abundance of
Bacteroides and Muribaculaceae suggests a significant impact of MLA on the intestinal flora. Lachnospiraceae_
NK4A136_group, a primary producer of butyric acid, is a crucial nutrient for goblet cells, which can enhance
intestinal mucosal barrier function!®, regulate intestinal inflammation?8, and contribute to a healthy intestinal
environment?, indicating that MLA-induced inflammation stimulates Lachnospiraceae. NK4A136_group.
However, MLA does not directly affect the intestinal flora through oral gavage, leading to less-protected intestinal
barrier function. Lachnospiraceae_NK4A136_group was negatively correlated with proinflammatory factors
and 5-HT, and positively correlated with BDNE. The decreased intestinal barrier function in the MLA group
indicates that intraperitoneal injection of MLA promotes the Lachnospiraceae_NK4A136_group to maintain
normal intestinal barrier function, although these regulatory effects were not overtly apparent. Wilcoxon analysis
identified Bacteroides, Parabacteroides, and Rikenellaceae_RC9_gut_group as the most abundant bacteria in the
MLA group, which are typical components of the intestinal flora. Studies have shown that Parabacteroides are
positively correlated with IL-10 and can regulate inflammation and maintain intestinal homeostasis. The lowest
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abundance of Parabacteroides in the MLA-O group suggests that the oral group’s flora was directly affected
by MLA, sacrificing these beneficial bacteria to combat inflammation. The Rikenellaceae_RC9_gut_group is
associated with oxidative stress and proinflammatory factors’ and was significantly decreased in the MLA-O
group, indicating a more pronounced effect of MLA on the intestinal flora in the oral gavage group. LEfSe results
aligned with the aforementioned findings. In the MLA-O group, the highest abundance of Butyricococcus was
detected, significantly different from the intraperitoneal injection group, suggesting a direct effect of MLA on
the flora through oral gavage, consistent with previous results. Butyricococcus produces butyric acid, alleviates
inflammation through G protein-coupled receptors, regulates the intestine®’, and suppresses NF-xB to alleviate
inflammation. These effects are closely related to anti-inflammatory properties, indicating that the intestinal
inflammation caused by oral gavage of MLA is suppressed by the regulation of intestinal microorganisms.The
study found that the brain-gut-microbiota axis plays an important role in faecal bacteria transplantation in
alpha? knockout mice produced a depressive-like phenotype®!. This is similar to our research.

Conclusions

Overall, our findings suggest that the intestinal flora can regulate inflammation in the gut and brain induced
by MLA through the gut-brain axis, thereby safeguarding the cognitive function of rats. This provides a novel
perspective for the treatment of brain diseases stemming from intestinal inflammation in the future. The efficacy
of oral gavage administration in reducing intracerebral inflammation may be attributed to the modulatory
effects of gut microbes via the gut-brain axis.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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