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B-chitosan attenuates hepatic macrophage-driven
inflalmmation and reverses aging-related
cognitive impairment

Chenming Zou,'? Ruihua Cai,"? Yunbing Li,"? Yu Xue,"-? Guoguang Zhang,* Gulimiran Alitongbieke, '
Yutian Pan,’?* and Sanguo Zhang'-#4*

SUMMARY

Recently, increasing evidence has shown the association between liver abnormal inflammation and cogni-
tion impairment, yet their age-related pathogenesis remains obscure. Here, our study provides a
potential mechanistic link between liver macrophage excessive activation and neuroinflammation in aging
progression. In aged and LPS-injected C57BL/6J mice, systemic administration of 3-chitosan ameliorates
hepatic macrophage-driven inflammation and reduces peripheral accumulations of TNF-o and IL-18.
Downregulation of circulatory pro-inflammatory cytokines then decreases vascular VCAM1 expression
and neuroinflammation in the hippocampus, leading to cognitive improvement in aged/LPS-stimulated
mice. Interestingly, B-chitosan treatment also exhibits the beneficial effects on the behavioral recovery
of aged/LPS-stimulated zebrafish and Caenorhabditis elegans. In our cell culture and molecular docking
experiments, we found that B-chitosan prefers shielding the MD-2 pocket, thus blocking the activation
of TLR4-MD-2 complex to suppress NF-«B signaling pathway activation. Together, our findings highlight
the extensive therapeutic potential of B-chitosan in reversing aged-related/LPS-induced cognitive impair-
ment via the liver-brain axis.

INTRODUCTION

Along with economic development and continuous extension of life expectancy, the proportion of the elderly in the total population is ex-
panding rapidly." However, the increase in life expectancy does not mean healthy aging. There is a significantly increased cognitive deteri-
oration as well as a greater susceptibility to the neurodegenerative diseases in the aging population.” The hippocampus has a vital role in
learning and memory and has long been regarded as a crucial part of cognitive research.”” Recently, plenty of studies have shown that micro-
glia gradually become pro-inflammatory with aging and release inflammatory factors to damage neurons, resulting in neuroinflammation and
cognitive impairment.”

The liver is the central organ of metabolism and plays a crucial role in toxin clearance, protein production, immune regulation, and decom-
position of foreign compounds (including many drugs).®” In order to perform these complex functions, the liver not only contains rare bone
marrow—derived macrophages, but also the largest number of tissue-resident macrophages, termed Kupffer cells. They comprise about 25%
of the non-parenchymal cells in the liver.>” There are accumulative researches indicating hepatic macrophages display broad heterogeneity
and sustain plasticity under different disease backgrounds, such as liver fibrosis, '° liver cancer,'" alcoholic hepatitis, and fatty liver.'*"® Addi-
tionally, these liver disorders are associated with inflammation.

The geroscience considered that aging is constantly accompanied by chronic inflammation, which causes the onset of most age-related
diseases.'” Liver diseases in patients with nonalcoholic fatty liver,'>1¢ hepatitis C," liver fibrosis,'® and chronic liver disease'” affect brain
health and cause cognitive deficits. Moreover, specific deletion of IGF-I gene in mouse liver also leads to cognitive impairment.”’ Recent
studies showed that TNF-a and IL-1B in the peripheral blood circulatory system promoted the expression of vascular cell adhesion molecule
1 (VCAM1) in brain endothelial cells, which led to the activation of microglia and cognitive decline in mice.?’ Thus, we hypothesized that age-
related low-grade chronic peripheral inflammation results in an increment of neuroinflammation in the hippocampus.

In this study, we used three kinds of biological models (mouse, zebrafish, and nematode with different ages) and LPS-challenged animals
to explore the mechanistic linkage between peripheral inflammation and neuroinflammation. Chitosan has biodegradability, biocompati-
bility, and nontoxic properties, and is widely used in food, cosmetics, and biomedicine.”” Two different structures of chitosan are classified
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Figure 1. Hippocampus and liver exhibited aging-related inflammation

(A) Correct alternation performance in the Y-maze and percentage of time spent on exploring a new object in the novel object maze for young (3 months old;
n = 19-24) and aged (12 months old; n = 31-34) mice.

(B) Detection of VCAM1, CDé8, IL-1B, IBA1 and TNF-a expressions in hippocampi of young (4 months old) and aged (13 months old) mice by western blot. (C)
Quantification analysis for the protein expressions in (B).

(D) The expressions of pro-inflammatory proteins NLRP3, MMP?9, IL-6, IL-18 and TNF-a. in the liver, lung, spleen and small intestine of young (4 months old) and
aged (13 months old) mice were detected by western blot.

(E) Pearson p correlation matrix of transcriptome expression levels of young (n = 12, age <44 years) and elderly (n = 25, age 60 years or more) people hippocampi.
Red: positive correlation; Blue: negative correlation. The blue-highlighted genes in the chart are associated with neurodegenerative diseases; the red-
highlighted genes are associated with neuroinflammation; and the green-highlighted genes are associated with TLR4 signaling.

(F) The hepatic macrophage MO, M1 and M2 transcripts of young (n = 24, age 20-39 years) and elderly (n = 84, age 60-79 years) individuals. Data are presented as
mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-tailed t test.

into a- and B-type, in which a-chitosan is well known in various fields, but little is known about the B-chitosan, which has greater solubility,
swelling, reactivity, and lesser crystalline nature than a-type.”*”* Previously, we had found that B-chitosan could treat the lung inflammation
caused by the S-RBD of COVID-19 virus in hACE2 mice.”” Therefore, we took B-chitosan extracted from squid parietal bone as an anti-inflam-
matory agent to explore the potential intervention strategies for liver-brain inflammation treatment.

Herein, we evaluated the causal role of aging in promoting cognitive impairment and further identified that the liver macrophages
contribute to the main source of peripheral inflammation, which may lead to impair hippocampal function and cognitive decline. B-chitosan
exerts a strong beneficial effect on decreasing the occurrence of liver-brain inflammation caused by aging or exogenous stimulation, har-
nesses the abnormal activation of liver macrophages, and reduces the circulation of plasma inflammatory factors. It also reduces the expres-
sion of VCAM1 on the blood-brain barrier (BBB), and in turn ameliorates neuroinflammation and cognitive impairment.

RESULTS
Hippocampus and liver exhibited aging-related inflammation

To characterize age-related changes in cognition, we first tested the learning behavior of 3- and 12-month-old mice. The 12-month-old mice
exhibited decreased cognitive behavior in the novel object recognition (NOR) and Y-maze tests, as indicated by decreasing interest in new
objects and reducing sense of the spatial direction (Figure 1A). Our results are consistent with the prior literature.”’** Due to the fact that
chronic inflammation may cause cognitive impairment, we next explored the expression levels of the proteins that could drive inflammation
in the mouse hippocampus. Western blot analysis showed that the aged mice had a higher VCAM1 level compared with the young mice.
Likewise, there were higher expressions of IBA1 (a specific microglia marker) and CDé8 (an activation marker of microglia) in the aged mouse
hippocampus. We also observed the total levels of TNF-a and IL-1B in the aged mouse hippocampus were significantly higher than those of
the young mice (Figures 1B and 1C). In order to identify which organ(s) make major contribution to chronic peripheral inflammation in the
aged mice, several organs were collected to see if there were signs of inflammation. It was observed that inflammatory factors such as
NLRP3, MMP?9, IL-6, IL-1B, and TNF-a were increased mainly in the aged liver, while NLRP3 and IL-1B were also increased in the kidney of
the elderly mice. However, there were no obvious phenomena in the spleen, lung, or small intestine. (Figures 1D, S1A, and S1B).

To describe the differences of inflammatory manifestations during different periods of life. We analyzed the transcriptome data of human
hippocampi (GSE11882), which were divided into the young (<44 years old) and elderly (>60 years old) groups. In aged human hippocampus,
the significantly altered genes were associated with neurodegeneration (e.g., SERPINA3, PYCARD, GPNMB, C1R),”’~*° neuroinflammation
(e.g., CD74, CD86, TYROBP)® 33(Figure 1E). Then, we used the RNA-seq data from GTEx dataset to analyze the transcript expressions of liver
macrophages between the young adults (aged 20-39 years) and elderly individuals (aged 60-79 years). Our results showed that the transcrip-
tion of MO-and M2-type macrophages did not change with aging, but the pro-inflammatory M1 type macrophages increased significantly in
the elderly group (Figure 1F). This is consistent with our animal experimental results.

B-chitosan supplementation ameliorated cognitive impairment and reduced peripheral inflammation in aged mice

We hypothesized that inflammation of the aging liver may affect neuroinflammation through the blood circulation. To test this hypothesis, we
took advantage of B-chitosan (BChts) to reduce chronic peripheral inflammation (Figure 2A). 3- and 12-month-old mice (specific pathogen-
free, SPF) were given different doses of BChts (Figure 2B). After a 4-week gavage administration, the mice were then evaluated for cognitive
and spatial learning performance in the NOR and Y-maze tests. BChts treatment exhibited a significant ameliorative effect on reversing cogni-
tion impairment. The aged mice showed a recovery of cognitive level, which was very close to the young mice. Compared with 50 mg/kg
BChts, the 100 mg/kg BChts treatment exhibited a better reversal efficiency (Figures 2C and 2D). Next, we measured the concentrations
of TNF-a and IL-1B in the plasma. In line with the previous reports,” ¢ aged mice showed a significant increase in plasma levels of TNF-a,
and IL-1B. We observed that BChts could diminish the increment of TNF-a and IL-1B caused by aging (Figure 2E). Similarly, the age-related
increases of TNF-a. and IL-1B in the mouse liver were also reduced by the BChts treatment (Figures 2F and 2G). Meanwhile, we found that the
expressions of TNF-a and IL-1B in other organs were not significantly affected by BChts (Figures STC-S1F). To assess the cause of liver TNF-o
and IL-1B alteration in the aging process, we did immunostaining and revealed a rise of the TNF-a, IL-1B and F4/80 (a liver macrophage
marker) staining in aged mouse liver, and the expressions of these proteins were reduced by BChts supplementation. In addition, the co-posi-
tioning of most TNF-a. and IL-1pB with F4/80 is obvious (Figures 2H and S2A). Thus, we deemed that the number of liver macrophages increases
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Figure 2. B-chitosan supplementation ameliorated cognitive impairment and reduced peripheral inflammation in aged mice

(A) Chemical structure of B-chitosan (BChts, extracted from squid parietal bone).

(B) Experimental design. Young mice (yellow) were regarded as a young blank group (0.9% saline administration; 3 months old; n = 8). Aged mice (red) were
divided into blank (0.9% saline; 12 months old; n = 8), control (0.35% acetic acid; 12 months old; n = 8), low (50 mg/kg B-chitosan contains 0.35% acetic acid;
12 months old; n = 12) and high (100 mg/kg B-chitosan contains 0.35% acetic acid; 12 months old; n = 12) concentration B-chitosan groups.

(C) The cognitive differences of novel object recognition (NOR) and Y-maze in young-blank (4 months old) and aged-blank/control/low/high (13 months old)
groups of mice were detected. 12-month-old mice were treated with 50 and 100 mg/kg of B-chitosan.

(D) Comparison of cognitive changes in aged mice before (12-month-old) and after (13-month-old) administration in the novel object recognition and Y-maze.
(E) The TNF-a and IL-1B concentrations in plasma from young and aged treated mice as determined by ELISA.

(F and G) Immunoblotting analyses of IL-18 and TNF-a. in the liver of different groups. Quantifications of protein expressions are shown in (G).

(H) Representative confocal images show the co-localization of F4/80 (green), TNF-a. or IL-1B (red) in the liver of young and aged mice after treatment. DAPI labels
cell nucleus. Scale bars, 50 um. Data are presented as mean = SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.

during aging progression, which leads to the increased expressions of TNF-a and IL-1B. It is possible that the increases of TNF-ac and IL-1B in
aged mouse plasma are affected by the liver, and the effect of BChts on reducing liver inflammation indirectly decreases the circulating TNF-a.
and IL-1B concentrations.

B-chitosan supplementation alleviated neuroinflammation by suppressing the microglia activation in the hippocampus of
aged mouse

Previous studies have suggested that circulating TNF-a and IL-1B promote VCAM1 expression in brain endothelial cells and cause neuroin-
flammation.”’ To test whether BChts affects neuroinflammation by reducing peripheral inflammation, we analyzed several inflammation-
related factors in the aged mouse hippocampus. We observed that BChts-treatment resulted in decreased VCAM1 expression in the hippo-
campus as compared to those aged mice without BChts administration. Likewise, the levels of CD68 and IBA1 showed a gradual downward
trend with an increase of BChts concentration. Interestingly, the levels of TNF-a. and IL-18 in the hippocampus were also decreased by BChts
treatment (Figures 3A and 3B). Microglial activation can be divided into two opposite types: pro-inflammatory M1 and anti-inflammatory
M2.* According to our results and recent studies, we speculated that microglia M1-type activation tends to increase with age and BChts sup-
plementation can reverse this phenomenon. We further investigated the inflammatory activation in the hippocampus of aged mice by immu-
nostaining. In line with the previous findings,”' we observed that the aged CA1 and dentate gyrus (DG) showed a higher expression of VCAM1
in the Lectin-positive blood vessels than the young group. IBAT immunoreactivity and CDé8 staining in IBA1+ microglia were both increased
in the aged mice. Furthermore, BChts treatment significantly reduced the positive signals of IBA1 and CDé8 in the aging CA1 and DG
(Figures 3C-3F and S2B-52D). Compared with the young hippocampus, the number of M1 microglia was increased in the aged DG as as-
sessed by the increment of TNF-a.+IBA1+ and IL-1B+IBA1+ microglia. After BChts treatment, the ratios of TNF-a.and IL-1B in IBAT+ microglia
were reduced significantly. Thus, our results indicated that the activation of M1 microglia in the aged DG was inhibited by systemic BChts
administration (Figures S3A and S3B).

B-chitosan supplementation improved cognitive function in the elderly mice

To test whether BChts treatment is effective in elderly mice, we employed the 16-month-old mouse model, which is widely used in aging study
(Figure S4A). It is surprised that BChts treatment also improved the cognition of elderly mice in the NOR and Y-maze tests (Figures S4B and
S4C). We next investigated the plasma concentrations of TNF-a and IL-18 in elderly mice, and found that BChts down-regulated the levels of
these pro-inflammatory cytokines (Figure S4D). In line with aged mice, BChts treatment reduced the expressions of TNF-a. and IL-1B in the
elderly liver, as well as the expressions of VCAM1, CDé8, IBA1, TNF-a and IL-1B in the hippocampi of elderly mice (Figures S4AE-S4H). In par-
allel, we observed that BChts reduced the signal of F4/80, as well as the co-localization of inflammatory factors with F4/80 in the livers of elderly
mice (Figures S4l and S4J). The areas of CA1 and DG in BChts-treated elderly mice had a low level of VCAM1 in the Lectin+ blood vessels, and
fewer signs of microglial inflammation as shown by fewer CD68+IBA1+ cells (Figures SSA-S5C). Likewise, the percentages of TNF-a+IBAT+
and IL-1B+IBA1+ microglia were decreased in the DG of elderly mice that received BChts treatment (Figures S5D and S5E).

B-chitosan supplementation prevented detrimental effects of LPS injection on young mice

Previous researches have shown that the level of plasmatic lipopolysaccharides (LPS) is elevated in aged human and animals.***? Further-
more, LPS can also cause neuroinflammation and cognitive impairment.”” To determine whether BChts could inhibit hepatitis and neuroin-
flammation caused by LPS, we built a low-grade inflammation mouse model by 10-day repeated spaced intraperitoneal injection with a low
concentration of LPS (Figure 4A). Long-term administration of LPS caused cognitive impairment in young mice, which was effectively pre-
vented by BChts administration (Figure 4B). Meanwhile, we observed that LPS administration increased the levels of TNF-o. and IL-1B in
the plasma, whereas they were reduced by BChts treatment (Figure 4C). The livers of young mice exposed to LPS had sharp increases of
TNF-a and IL-1B levels, while administration of BChts also protected the livers of LPS-injected mice, as shown by reduction of F4/80 expres-
sion, as well as the reduced co-positionings of TNF-a,, IL-1B and F4/80 (Figures 4D-4F and S6A). Similarly, there appeared to have increased
neuroinflammation in their hippocampi, indicated by a significant increase in the expressions of VCAM1, CDé8, IBA1, TNF-o. and IL-1B. These
effects of long-term LPS administration were ameliorated by BChts treatment (Figures 4G and 4H).
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Figure 3. B-chitosan supplementation alleviated neuroinflammation by suppressing the microglia activation in the hippocampus of aged mouse
(A) Western blot analyses of VCAM1, CDé8, IL-1B, IBAT and TNF-a. expressions in the hippocampi of young (4 months old) and aged (13 months old) mice after

administration.

(B) Quantification analysis for the protein expressions in (A).
(C) Confocal images of VCAM1 (red) and Lectin (green) staining in the CA1 of mice treated with B-chitosan. DAPI labels cell nucleus. Arrowheads indicate
VCAM1+Lectin+ vessels. Scale bars, 50 um.
(D) Representative confocal images show the co-localization of IBAT1 (red), CDé68 (green) and DAPI (blue) in the CA1 of mice. Arrowheads indicate CD68+IBA1+

cells. Scale bars, 50 um.
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Figure 3. Continued

(E and F) VCAM1+Lectin+ vessels (E) and CD68+IBA1+ (F) microglia in the DG of mouse brain sections immunostained for VCAM1/IBA1 (red), Lectin/CD68
(green). DAPI labels cell nucleus. Arrowheads indicate the positive signal. Scale bars, 50 pm. Data are presented as mean + SEM, *p < 0.05, **p < 0.01,
***p < 0.001 by one-way ANOVA.

B-chitosan supplementation prevented LPS-induced neuroinflammation

The hippocampus is sensitive to the alterations caused by LPS administration. We observed a marked increase of VCAM1 expression in the
Lectin+ blood vessels, and an enhanced microglial activation after LPS stimulation. In line with the aged mouse CA1 and DG, BChts treat-
ment prevented VCAM1 up-regulation in the Lectin+ vasculature, decreased the number of microglia and their activation (Figures 5A, 5B,
and S6B-S6D), significantly reduced the proportion of M1 microglia in young mice received systemic LPS administration (Figures S7A
and S7B).

B-chitosan supplementation exhibited the beneficial effects on the behavioral recovery of aged/LPS-stimulated zebrafish
and Caenorhabditis elegans

Each animal model has its unique advantages and limitations, but none can fully replicate the complexity of human physiological processes.
Therefore, we chose to conduct research across multiple models to validate our findings. Zebrafish share more than 70% homologous genes
with human, and they also exhibit age-related decline in cognitive function.”*? To test whether the overall beneficial effects of BChts treat-
ment also occurred on zebrafish. We applied the young (with or without LPS injection) and elderly zebrafish for BChts manipulation (Figure 6A).
The LPS-induced behavioral impairment of young zebrafish in the Y-maze test, was significantly more severe than the cognitive decline caused
by aging. Notably, supplementation of BChts attenuated the impairment of cognitive function due to aging and LPS injection (Figure 6B).
Similarly to the changes in the liver and brain of mice, BChts significantly inhibited the increase of IL-1B induced by aging and LPS injection
in zebrafish (Figures 6C and 6D).

C elegansis an invertebrate model organism with a clear genetic background, encoding over 65% of homologous genes related to human
diseases. C. elegans is widely used in several scientific research fields, such as development, aging and neurodegenerative diseases.**** We
next investigated how administration of BChts affects C. elegans in aging process and LPS stimulation (Figure 6E). Treatment with BChts
increased the survival rate, body bending times and body length of aged worms. Likewise, BChts supplementation effectively prevented
the LPS-induced decreases of these characteristics in young worms (Figures 6F-6l). Butanone, an innately attractive odor emitted by nutrients,
is used as a stimulus in the behavior tests of C. elegans.45 BChts increased the chemotaxis index (Cl) in aged worms, as well as ameliorated the
behavioral deficits induced by LPS in young nematodes (Figures 6J and 6K).

Impact of B-chitosan treatment on NF-«kB signaling pathway in activated RAW264.7 cells

To determine whether BChts regulates the production of TNF-a. and IL-1pB in macrophages, we took advantage of LPS as a classic pro-inflam-
matory activator for macrophage, and treated LPS-stimulating RAW264.7 (a mouse leukemic monocyte/macrophage cell line) with BChts.
Without LPS induction, RAW264.7 was insensitive to acetic acid or BChts (Figures S8A and S8B). Under LPS challenge, BChts treatment re-
duces the increments of INOS and CD86 (both are M1-macrophage markers) in RAW264.7 cells (Figures 7A and 7B). Additionally, BChts signif-
icantly inhibited the LPS-induced increases of TNF-a. and IL-1B, which were associated with up-regulation of TLR4 (Figures 7C and 7D). Conse-
quently, the downstream molecules of NF-kB signaling pathway, p-P38, p-JNK and p-pé5, were upregulated in the LPS-challenged group,
and suppressed by BChts treatment (Figures 7E and 7F). Meanwhile, C12-sulfatide, a natural membrane glycolipid in mammals, functions as
an endogenous ligand for TLR4.% In line with the LPS-challenged experiment, we found that BChts treatment diminished the increments of
TLR4, TNF-a. and IL-1B caused by C12-sulfatide stimulation in RAW264.7 cells (Figures 7G and 7H).

Docking analyses of B-chitosan and TLR4-MD-2 complex

TLR4 and MD-2 are involved in the physiological recognition of many ligands,’** including LPS.* The binding of these activated ligands
leads to the dimerization of the TLR4 extracellular domain which causes the aggregation of specific downstream proteins to its intracellular
domain, resulting in a series of signal cascade reactions. Lipid A, a conserved molecular pattern, plays a central role in the immunological
responses of LPS. To unveil the interaction between the TLR4-MD-2 complex and BChts, we did a ligand-protein docking calculation by using
smina which is based on AutoDock Vina. Firstly, we constructed the docking conformations of LPS, 12 or 20 degree of polymerization (DP)
a-chitosan (aChts)-sulfates, 12 or 21 DP BChts-sulfates , 15 DP a- or B-Chts with TLR4-MD-2 complex. We observed that the simulation results
were consistent with the cell culture data of a previous report.”” LPS and 21 DP BChts-sulfate were easier to penetrate into the pocket of MD-2
and caused the activation of TLR4-MD-2 complex (Figures 8A-8D). Secondly, we regarded the shielded pocket of MD-2 as blocked inactive
conformation. BChts does not penetrate into the pocket, and prefers shielding the MD-2 pocket than other ligands (Figures 8B-8E). More-
over, the binding energy of BChts (—9~-11 kcal/mol) is much lower than LPS (—5~-7 kcal/mol). All these data suggested that BChts could
inhibit macrophage-mediated inflammation by blocking the activation of TLR4-MD-2 complex. Because the BChts (>100 kD) we used in an-
imal administration is much longer than the simulated 15 DP molecule, thus, there is a possibility that BChts is likely to block but not penetrate
the MD-2 pocket.
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Experimental design. Young mice were injected intraperitoneally with LPS (0.25 mg/kg/day) and randomly divided into control (0.35% acetic acid) and

B-chitosan (100 mg/kg B-chitosan contains 0.35% acetic acid) groups.

(B) The spatial memory testing in LPS-induced mice (4 months old) by using the novel object recognition and Y-maze.

©

IL-1B and TNF-a plasma levels from LPS-induced young mice (4 months old) after treatment.

(D and E) Immunoblotting analysis (D) and quantification (E) of IL-1B and TNF-a in the liver of LPS-challenged young mice (4 months old).
(F) Confocal co-localization analyses of F4/80 (green), TNF-a or IL-1B (red) in the liver of LPS-induced young mice (4 months old). DAPI labels cell nucleus. Scale

bar:

8

s, 50 um.
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Figure 4. Continued

(G and H) Expressions of VCAM1, CDé8, IL-1B, IBAT and TNF-a. in the hippocampi of young mice (4 months old) with different treatments by western blot.
Quantifications of protein expressions are shown in (H). Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way
ANOVA.

DISCUSSION

In this study, we uncovered that aged mice exhibited chronic neuroinflammation and age-related decline in learning and memory. BChts
treatment ameliorated the chronic brain inflammation and reversed the cognitive impairment, resulting in functional rejuvenation of the
aged brain.

Given the well-recognized interaction effect between peripheral inflammation and central nervous system inflammation, we proposed
that age-related liver inflammation can impact brain inflammation and cognitive decline. Firstly, we found the rising levels of TNF-a. and IL-1B
in the aged liver were significantly correlated with the elevation of macrophages. TNF-a. and IL-1B in the plasma of aged individuals were
significantly increased, which might induce an up-regulation of vascular VCAM1 expression in the hippocampus, enhance M1 microglia acti-
vation, and cause brain dysfunction. These observations were in line with recent studies about the interactions between inflammatory factors

51-53

in the peripheral organs, circulatory system and nervous system.”'*>* We found that the inflammation in the hippocampus caused by aging
was mainly located in the CA1 and DG, with no obvious phenomena in the CA3 region. However, exposure to LPS can induce inflammation in
the CA3 region, potentially due to its more deleterious effects than natural aging (Figure S9). During normal aging, cognitive impairment is
increased not only in aged mice, but also in aged zebrafish and C. elegans, which were demonstrated by the weakened spatial learning and
memory performance. Moreover, we observed that there was an age-related increase of IL-1B in the liver and brain of zebrafish, and the nem-
atodes also had a weakening physical activity. Naturally, future research is needed to refine and deepen our knowledge on these animal
models.

Age-related inflammation is a powerful risk factor for overall mortality in the elderly.”® In fact, aged individuals with higher levels of inflam-
matory markers are more likely to be hospitalized.”® Increasing evidences showed that microbiota dysbiosis and barrier damage in the intes-
tinal tract will lead to cognitive decline,”*® and immune cells and inflammatory factors transferred from the spleen cause brain dysfunc-
tion.””Y Liver-specific deletion of IGF-I gene also leads to cognitive impairment.”’ Although previous studies have done a lot to explore
the connection between peripheral organs and the brain, our understandings of the underlying mechanisms are still limited. Our study
may provide a new therapeutic solution by reducing the peripheral inflammation (such as chronic liver inflammation) to weaken the neuro-
inflammatory response in aging individuals.

BChts is a large molecule, which cannot cross the BBB. Therefore, BChts may function in the peripheral organ(s) and indirectly regulate the
brain function. Furthermore, the levels of inflammatory factors TNF-a. and IL-18 were significantly higher in the liver compared to the hippo-
campus in both young and aged mice, suggesting that the interaction between aging liver and brain is more likely attributed to the influence
of liver inflammation on neuroinflammation (Figures S10A and S10B). The circulatory TNF-ae and IL-1B can bind to their receptors on the BBB in
the hippocampus, leading to vascular inflammation and thereby indirectly influencing the activation of microglia. They may also directly pene-
trate through the highly permeable vascular regions and bind to the receptors expressing on microglia (Figure S10C). In this study, we found
that BChts effectively adjusted the abnormal increase of macrophages in the aged liver, reduced the concentrations of TNF-a. and IL-1B in the
circulatory system. It also reduced neuroinflammation caused by vascular VCAM1 up-regulation and the associated M1 microglia activation in
the hippocampus. The squid parietal bone was discarded as leftover materials from marine food processing activities. Thus, the use of
underutilized species and processing discards to develop new products (e.g., BChts) is very important in the world marine food industry.

Toll-like receptors are evolutionarily ancient proteins. Previous studies have shown that zebrafish also has TLR4 similar to mouse and hu-
man,’’ while C. elegans TLR promotes the function of chemosensory BAG neurons for pathogen avoidance.®” Moreover, several significantly
altered genes (e.g., CD14, CD44, LY96)°*“° in the aged human hippocampus were associated with TLR4 signaling (Figure 1E). LPS and endog-
enous ligands (e.g., sulfatides) bind to the MD-2 hydrophobic pocket and induce dimerization of two ligand-TLR4-MD-2 complexes.**? In our
molecular docking simulations, we found that sulfated BChts (12 and 21DP BChts -sulfates) also bound to the hydrophobic pocket of MD-2,
consistent with their pro-inflammation function in the previous research.” Interestingly, we observed that Chts (e.g., 15 DP BChts) preferred
covering the MD-2 pocket. Thus, it seems that BChts functions as an anti-inflammatory agent by preventing the corresponding ligands from
forming complexes with TLR4-MD-2 receptor. Furthermore, we noticed that a-chitosan did not display the similar cognitive improvement ef-
fect in zebrafish, which seemed coincident with the results of our molecular docking stimulations (Figures 8A and 8B). Future fluorescence
resonance energy transfer and endogenous ligand experiments are needed to analyze and determine how BChts influences TLR4-MD-2 com-
plexes. Results from this study provide important evidence that the beneficial effect of BChts relies mainly on reducing abnormal inflammation
in the liver. Therefore, BChts may provide us with a powerful liver-brain anti-inflammatory strategy worthy of future research.

Emerging data have shown that VCAM1 expression is upregulated not only in aged mice, but also in several inflammatory diseases,*“® so
we tried to discover whether BChts is also effective on other inflammatory models. We selected the LPS-induced model, in which the improve-
ment effect of BChts was similar to the aged group. BChts reduced the levels of inflammatory factors in the liver, blood and hippocampus, as
well as recovered the cognitive ability of LPS-challenged animals.

In summary, our present data suggest that the abnormal activation of macrophages in the aged liver induces a circulatory pro-inflamma-
tory environment and may promote age-related neuroinflammation. Blocking the NF-kB signaling pathway with BChts can suppress the
excessive activation of hepatic macrophage and restore brain function. Additionally, the pathophysiological effects of peripheral
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Figure 5. B-chitosan supplementation prevented LPS-induced neuroinflammation

(A) Representative confocal images show the co-localization of VCAM1+Lectin+ vessels (up) and CD68+IBA1+ cells (down) in the CA1 of LPS-challenged young
mice (4 months old) after administration. DAPI labels cell nucleus. Arrowheads indicate VCAM1+Lectin+ vessels or CD68+IBA1+ cells, respectively. Scale bars,
50 pm.

(B) Immunofluorescence analysis of the co-localization of VCAM1+Lectin+ vessels and CD68+IBA1+ cells in the DG of LPS-injected young mice. DAPI labels cell
nucleus. Arrowheads indicate the positive signal. Scale bars, 50 um.

inflammation induced by LPS on brain function are also inhibited by BChts administration. Since neuroinflammation is one of the main symp-
toms of several brain dysfunctions, this study implies the potential of BChts in the alleviation of cognitive impairment.

Limitations of the study

Meanwhile, our study has some limitations. For example, although we had revealed the potential role of the liver in the neuroinflammation
associated with aging, we have not studied all the peripheral organs. Furthermore, we found that the protein level of IL-1B was also increased
in the kidney of elderly mice. In addition, neuroinflammation may in turn affect the liver, thus waiting for further exploration to understand the
links connecting the liver and brain. Future research on addressing these key issues may help to better understand how the complex aging
process leads to neuroinflammation and explore the broader therapeutic potential of BChts in inflammaging.
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Figure 6. B-chitosan supplementation exhibited the beneficial effects on the behavioral recovery of aged/LPS-stimulated zebrafish and C. elegans
(A) Experimental design. Young zebrafish (4 months old; n = 8-11 per group) were randomly divided into blank, control (100 ng/mL B-chitosan contains 1.26 X
107> mL acetic acid per liter) groups and LPS-induced (1 mg/g, 10 pL) control (1.26 x 107> mL acetic acid per liter)/BChts (100 ng/mL B-chitosan contains 1.26 X
107° mL acetic acid per liter) groups. Elderly zebrafish (24 months old; n = 8-12 per group) were randomly divided into blank, control (1.26 x 10~> mL acetic acid
per liter), BChts (100 ng/mL B-chitosan contains 1.26 X 107> mL acetic acid per liter) groups.

(B) Correct choices in the Y-maze for young zebrafish with or without LPS administration (4 months and 10 days old) and elderly (24 months and 10 days old)
zebrafish.

(C and D) Immunoblotting analysis (up) and quantification (down) of the IL-1B in different groups of young and elderly zebrafish liver and brain with B-chitosan
treatment.

(E) Experimental design. Young nematodes (3 days old; n = 300/group) were divided into blank (0.9% saline), control (1.26 x 1073 uL acetic acid per milliliter and
10 pg/mL LPS) and treatment (10 pg/mL B-chitosan, 1.26 x 107> uL acetic acid and 10 pg/mL LPS) groups. Aged nematodes (7 days old; n = 300/group) were
divided into blank (0.9% saline), control (1.26 x 1073 pL acetic acid per milliliter) and B-chitosan (10 pg/mL B-chitosan and 1.26 x 1073 pL acetic acid) groups.
(F-K) Effect of B-chitosan on LPS-induced and aged nematodes. (F) Survival rate of different nematode groups (n = 195-281); (G, H) Body length of different
groups (n = 40-45); (1) Body bending frequency of nematodes in different groups (n = 40-45); (J, K) Chemotaxis indices of nematodes in different groups (n =
42-140) were calculated as indicated by (J). Scale bars, 200 pm. Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.
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Figure 7. Immunoblotting analysis of B-chitosan treatment on NF-kB signaling pathway in activated RAW264.7 cells

(A and B) Immunoblotting analyses of the effects of B-chitosan on INOS and CD86 in RAW264.7 cells with LPS stimulation (10 pg/mL). Quantifications of protein
expressions are shown in (B).

(C and D) Effect of B-chitosan on the expressions of TLR4, TNF-a. and IL-1B in RAW264.7 under LPS stimulation. (E, F) The downstream signal molecules (p-JNK,
p-p38 and p-pb5) of NF-kB in RAW264.7 (stimulated by LPS) were regulated by B-chitosan.

(G and H) Immunoblotting analysis (G) and quantification (H) of the effects of B-chitosan on TLR4, TNF-a. and IL-1B in RAW264.7 cells with C12-sulfatide stimulation
(10 pg/ml).

Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

e Original Western blot images have been deposited at Mendeley and are publicly available as of the date of publication. The DOl is listed in the key re-
sources table. Microscopy data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Figure 8. Docking analyses of B-chitosan and TLR4-MD-2 complex
(A and B) The proportions of activated conformation (A) and shielded conformation (B) in the top ten of molecular docking-based binding energies of different
groups. aChts: a-chitosan; BChts: B-chitosan. Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA.
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Figure 8. Continued
(C) The images show the split of each structure in TLR4-MD-2-ligands complex, TLR4 (green), MD-2 (blue) and Ligands (pink).
(D) LPS-lipid A (up) and 21DP B-chitosan-sulfate (down) penetrated and combined MD-2 pocket to form activated conformations.

(E) 15DP B-chitosan blocked and bound to the outside of the MD-2 pocket to form shield conformations.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-VCAM1 Abcam Cat#ab134047; RRID: AB_2721053

Rabbit polyclonal anti-CD68 ProteinTech Cat#28058-1-AP; RRID: AB_2881049

Rabbit polyclonal anti-IBA1 ProteinTech Cat#10904-1-AP; RRID: AB_2224377

Mouse monoclonal anti-IL-1B Santa Cruz Biotechnology Cat#5SC-52012

Rabbit polyclonal anti-TNF-a Affinity Cat#AF7014

Rabbit polyclonal anti-NLRP3 Affinity Cat#DF7438; RRID: AB_2839376

Rabbit polyclonal anti-MMP9 Abmart Cat#TA0220

Rabbit polyclonal anti-IL-6 Abmart Cat#TD6087

Rabbit polyclonal anti-iNOS Affinity Cat#AF0199; RRID: AB_2833391

Rabbit polyclonal anti-CD86 Affinity Cat#DF6332; RRID: AB_2838296

Rabbit polyclonal anti-TLR4 ProteinTech Cat#19811-1-AP; RRID: AB_10638446

Rabbit polyclonal anti-JNK ProteinTech Cat#24164-1-AP; RRID: AB_2879443

Rabbit polyclonal anti-p38 ProteinTech Cat#14064-1-AP; RRID: AB_2878007

Rabbit polyclonal anti-p65 ProteinTech Cat#10745-1-AP; RRID: AB_2178878

Rabbit polyclonal anti-p-JNK Affinity Cat#AF3318

Rabbit polyclonal anti-p-p38 Affinity Cat#AF4001

Rabbit polyclonal anti-p-pé5 Affinity Cat#AF2006

Rabbit polyclonal anti-IL-18 Affinity Cat#AF5103

Rabbit polyclonal anti-IL-18 ProteinTech Cat#16806-1-AP

Rabbit polyclonal anti-B-tubulin Affinity Cat#AF7018

Rabbit polyclonal anti-GAPDH Affinity Cat#AF7021; RRID: AB_2839421

Rabbit polyclonal anti-B-actin Affinity Cat#AF7011

Mouse monoclonal anti-F4/80 Santa Cruz Biotechnology Cat#SC-377009; RRID: AB_2927461

Mouse monoclonal anti-CDé8 Novus Biologicals Cat#NB100-683

Mouse monoclonal anti-TNF-a ProteinTech Cat#60291-1-Ig

Lycopersicon Esculentum Vector Laboratories Cat#DL-1174; RRID: AB_2336404

(Tomato) Lectin (LEL, TL),

DyLight® 488 (DL-1174-1)

Alexa Fluor® 594-conjugated Jackson
AffiniPure™ Donkey

Anti-Rabbit IgG (H + L)

Alexa Fluor® 488-conjugated Jackson
AffiniPure™ Donkey

Anti-Mouse IgG (H + L)

Goat anti-Rabbit IgG F(ab’)2 ThermoFisher Scientific
Secondary Antibody
Goat anti-Mouse IgG F(ab’)2 ThermoFisher Scientific
Secondary Antibody

Cat#711-585-152; RRID: AB_2340621

Cat#715-545-150; RRID: AB_2340846

Cat#31234; RRID: AB_228343

Cat#31166; RRID: AB_228309

Chemicals, peptides, and recombinant proteins

Lipopolysaccharides (LPS) sigma
tricaine MS-222 sigma
C12-sulfatide Avanti

Cat#L2880
Cat#A-5040
Cat#131305

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Tetramisole hydrochloride aladdin Cat#T335508
Avertin sigma Cat#T48402

RIPA lysis buffer Beyotime Biotechnology Cat#P0013
Protease inhibitors Roche Cat#04693132001
Phosphatase inhibitors Roche Cat#04906 837001
PVDF membrane Roche Cat#03010040001
EDTA antigen retrieval (pH = 9.0) ZSGB-BIO Cat#ZLI-9069
Donkey serum MeilunBio Cat#MB4516-1

DAPI Staining Solution
Fluoromount-G® Anti-Fade
Goat serum

B-Chitosan

DMEM

FBS

Penicillin-streptomycin

Beyotime Biotechnology
Southernbiotech

MeilunBio

Mengdeer Biotechnology (Xiamen, China)
Gibco

Cegrogen

Cytiva

Cat#C1005
Cat#0100-35
Cat#MB4508-1
N/A
Cat#C11995500BT
Cat#A0500-3011
Cat#5Vv30010

Critical commercial assays

Mouse TNF-a. High Sensitivity ELISA
Mouse IL-1pB High Sensitivity ELISA
Pierce™ BCA Protein Assay Kits

Multi Sciences
Multi Sciences

ThermoFisher Scientific

Cat#70-EK282HS/3-96
Cat#70-EK201BHS-96
Cat#23227

Enhanced HRP Chromogenic ZSGB-BIO Cat#PV-9001

Substrate Kit (Rabbit)

Enhanced HRP Chromogenic ZSGB-BIO Cat#PV-9002

Substrate Kit (Mouse)

3,30-diaminobenzidine (DAB) staining kit ZSGB-BIO Cat#ZLI1-9019

Deposited data

Western blot data This paper https://data.mendeley.com/datasets/

wébhydtgwg/1

Experimental models: Cell lines

RAW264.7 cells Zhong Qiao Xin Zhou Biotechnology Cat#2Q0098
(Shanghai, China)

Experimental models: Organisms/strains

mouse: C57BL/6JNifdc Charles River Laboratories N/A

zebrafish: AB Shanghai FishBio (Shanghai, China) N/A

Caenorhabditis elegans: N2 C. elegans Genetics Center (University N/A

of Minnesota, MN, USA)

Software and algorithms

RCSB database
Chemdraw 2019

PyMoL-2.5.5
Genotype-Tissue Expression

Gene Expression Omnibus

ImageJ 1.53e
GraphPad Prism v8.0

University of California San Diego
CambridgeSoft

Delano Scientific LLC
Broad Institute

National Center for Biotechnology

Information
NIH
GraphPad Software Inc

RRID:SCR_012820; www.rcsb.org
RRID:SCR_016768; http://www.perkinelmer.co.uk/

category/chemdraw

RRID:SCR_000305; http://www.pymol.org/
RRID:SCR_013042; https://commonfund.nih.gov/GTEx/
RRID:SCR_005012; https://www.ncbi.nlm.nih.gov/geo/

RRID: SCR_003070; https://imagej.nih.gov/ij/
RRID: SCR_002798; http://www.graphpad.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All C57BL/6JNifdc male mice were purchased from Charles River Laboratories. The mice were maintained in environmentally controlled con-
ditions at 22°C under a 12/12 h light/dark cycle with free access to food and water. Prior to testing, the mice were kept for at least 2 weeks and
then randomly assigned to different experimental groups before treatment. Experiments include young mice (3-4 months of age), aged mice
(12-13 months of age) and old mice (16-17 months of age).

Young (4 months old, both sexes) and old (24 months old, both sexes) AB zebrafish were bought from Shanghai FishBio Co., Ltd (Shanghai,
China). All fish were raised at a temperature of 28.5°C under a 10/14 h light/dark cycle.

The wild-type Caenorhabditis elegans (N2) were maintained on nematode growth medium (NGM medium : 1.5 g NaCl, 10g Agar, 1.25 g
Peptone, 0.5 mL 1 M MgSQy, 12.5 mL 1 M KH,POy, 0.5 mL 5 mg/mL Cholesterol in 95% ETOH, 0.5 mL 1% Nystatin, 0.5 mL 1M CaCl,, 1 mL
50 mg/mL Streptomycin in 1 L distilled water) with Escherichia coli OP50 at 20°C.

All the procedures related to animals in this study have been reviewed and approved by the Animal Ethics and Welfare Committee of
Minnan Normal University (MNU-AEWC-2021004).

METHOD DETAILS

B-chitosan treatment and LPS/C12-sulfatide induction

B-Chitosan (>100 kD; 80% degree of deacetylation) was provided by Mengdeer Biotechnology Co., Ltd. (Xiamen, China). Mice were received
low or high (50 or 100 mg/kg) B-Chitosan treatment for 28 days. Zebrafish were received 100 ng/mL B-Chitosan treatment for 10 days. Cae-
norhabditis elegans were received 10 pg/mL B-Chitosan treatment for 4 or 6 days. Then, on the 19th day after B-Chitosan administration, LPS-
induced mice were injected intraperitoneally (i.p.) in a dose of 0.25 mg/kg once a day with LPS (sigma, L2880) for 10 days. On the 7th day after
B-Chitosan administration, LPS-induced zebrafish were anesthetized by tricaine MS-222 (100 mg/L; sigma, A-5040) and injected intraperito-
neally with 1 pg/g LPS only once. On the 3rd day after B-Chitosan administration, LPS-induced Caenorhabditis elegans were received LPS
at 10 mg/mL for 3 days. RAW264.7 cells were received B-Chitosan (100 ng/mL), LPS (10 mg/mL) or C12-sulfatide (10 pg/mL, Avanti,
131305) for 24 h.

Behavioral tests

Novel object recognition test®” was performed in a 40 x 40 x 40 cm open field. On day 1 of testing, put two identical Lego towers in the open
field. Mice were allowed to freely explore the open field for 10 min or the Lego Towers for 20 s until either of them was satisfied. On day 2 of
testing, replaced the one of two familiar objects by a novel object at the same location. Mice were allowed to explore the open field for 10 min.
The new object discrimination index was calculated by using the following formula: (time interaction with novel object)/(time interaction with
both objects)x 100.

Y-maze test was consisted of three identical arms. Placed the animal in the start arm (A) and recorded the sequence of explored arms (such
as ACBCBA). The accuracy of the Y maze was calculated by using the following formula: correct alternation (such as ABC)/the total alterna-
tionx 100. Mice were allowed to freely explore the Y-maze for 8 min. The size of each arm was 30 x 15 x 7 cm.’® Zebrafish were freed to
explore the Y-maze for 5 min. The size of each arm was 25 x 15 x 8 cm.””

In chemotaxis assay,”” dropped 2 mL 95% ethanol and 10% butanone (dissolved in 95% ethanol) on the NGM without food, then put the
worms in the middle of the NGM and waited 1 h to record the number of worms in the two kinds of liquid respectively. The Chemotaxis Index
(Cl) was calculated: (worms in butanone) —(worms in ethanol)/Total worm population. Then, wash the worms with M9 buffer for three times,
anesthetize the worms with tetramisole hydrochloride (aladdin, T335508), and prepare it with 1% agarose slide.”*’*

Tissue processing

Briefly, mice were anesthetized by Avertin (2.5%, 0.018 mL/g; sigma, T48402) to collect blood (blood: sodium citrate = 1:9) and followed by
PBS perfusion. Brain, liver, lung, spleen, small intestine and kidney were collected in 4% PFA or saved at - 80°C.

Measurement of plasma cytokines

According to the instructions in the Elisa manual, obtained the mice plasma samples which were used to measure TNF-a (Multi Sciences,
70-EK282HS/3-96) and IL-1B (Multi Sciences, 70-EK201BHS-96).

Western blotting

Tissues and cells were lysed and homogenized with RIPA lysis buffer (Beyotime, P0013) containing protease inhibitors (Roche, 04693132001)
and phosphatase inhibitors (Roche, 04906 837001). Total protein concentration was determined by BCA assay (ThermoFisher Scientific,
23227).

Used 10%-12% SDS-PAGE to process the equal amount of protein and transferred it to PVDF membrane (Roche, 03010040001). The mem-
branes were blocked with 5% no-fat milk/TBST at room temperature for 1 h and then incubated with the primary antibody (1:1000 dissolved in
TBST, see key resources table) at 4°C for at least 17 h. The secondary antibodies (1:5000, ThermoFisher Scientific, 31234, Rabbit; 31166,
Mouse) of the corresponding species were incubated at room temperature for 1 h after the first antibody was recovered, visualized by using
ECL Western Boltting Substrate.
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The primary antibodies for western blot, mice: VCAM1 (Abcam, ab134047, RRID:AB_2721053), CDé8 (ProteinTech, 28058-1-AP), IL-1B
(Santa Cruz Biotechnology, SC-52012), TNF-a (Affinity, AF7014), IBA1 (ProteinTech, 10904-1-AP), NLRP3 (Affinity, DF7438), MMP9 (Abmart,
TA0220), IL-6 (Abmart, TD6087); cell: iINOS (Affinity, AF0199), CD86(Affinity, DF6332), TLR4 (ProteinTech, 19811-1-AP); JNK (ProteinTech,
24164-1-AP); p38 (ProteinTech, 14064-1-AP); pé5 (ProteinTech, 10745-1-AP); p-JNK (Affinity, AF3318); p-p38 (Affinity, AF4001); p-p65 (Affinity,
AF2006), TNF-a. (Affinity, AF7014), IL-1B (Affinity, AF5103); zebrafish: IL-1B (ProteinTech, 16806-1-AP). B-tubulin (Affinity, AF7018), GAPDH (Af-
finity, AF7021), B-actin (Affinity, AF7011).

Immunofluorescence and immunohistochemical staining
The tissue was prepared into paraffin sections of 5 um. The hippocampus was performed in the coronal section, and the largest lobe of the
liver was performed in the horizontal section.

For immunofluorescence, after the sections were dewaxed and rehydrated, washed three times for 4 min in distilled water and then used
the pH = 9.0 EDTA (ZSGB-BIO, ZLI-9069) for antigen retrieval. Sections blocked in 10% donkey serum (dissolved in TBS; MeilunBio, MB4516-1)
atroom temperature for 2 h and incubated with primary antibodies (1:200, also see key resources table) at 4°C for 48 h. Sections were washed
five times for 4 min in TBST, incubated with the mixture of secondary antibodies (1:200; Jackson, 711-585-152, Rabbit; 715-545-150, Mouse)
and DAPI (1 : 3000) at room temperature for 2 h in dark. The stained slides were mounted with anti-fade fluoromount-G (Southernbiotech,
0100-35). Images were taken on a Las X Confocal laser scanning microscopy SP8.

For immunohistochemistry, after performing antigen retrieval, the slides were treated with H,O, for 15 min to inhibit endogenous perox-
idase activity. Subsequently, the slides were blocked at room temperature in 10% goat serum (dissolved in TBS; MeilunBio, MB4508-1) for 2 h
and incubated with the primary antibody (1:200, also see key resources table) at 4°C for 48 h. According to the instructions, incubated the
slices with the secondary antibody (ZSGB-BIO, PV-9001, Rabbit; PV-9002, Mouse) and executed the visualization process utilizing the 3,30-
diaminobenzidine (DAB) staining kit (ZSGB-BIO, ZLI-9019). Images were captured by a BX51 microscope (Olympus).

The primary antibodies for immunofluorescent staining, liver: F4/80 (Santa Cruz Biotechnology, SC-377009), IL-1B (Affinity, AF5103), TNF-o.
(Affinity, AF7014); hippocampus: VCAM1 (Abcam, ab134047), Lectin (Vector, DL-1174), IBA1 (ProteinTech, 10904-1-AP), CDé8 (Novus Biolog-
icals, NB100-683), IL-1p (Santa Cruz Biotechnology, SC-52012), TNF-a. (ProteinTech, 60291-1-1g).

The primary antibodies for immunohistochemical staining: IBA1 (ProteinTech, 10904-1-AP), CDé8 (Novus Biologicals, NB100-683).

Cell culture and groups

RAW264.7 cells (mouse leukemia cells of monocyte macrophage) was purchased from Zhong Qiao Xin Zhou Biotechnology Co., Ltd
(Shanghai, China). The cells were cultured in DMEM (Gibco, C11995500BT) supplemented with 10% FBS (Cegrogen, A0500-3011), and peni-
cillin-streptomycin (100 U/ml; Cytiva, SV30010) at 37°C and 5% CO,. The cell experiment was divided into blank, control (1.26 x 1075 uL acetic
acid per milliliter) and B-Chitosan (100 ng/mL B-chitosan contains 1.26 x 107> uL acetic acid per milliliter) groups with or without LPS/C12-
sulfatides stimulation.

Molecular docking

The structures of LPS (PDB ID: 3FXI) and TLR4-MD-2 complex (PDB ID: 5JB) were downloaded from RCSB database (www.rcsb.org). The struc-
tures of o/B-Chitosan and a/B-Chitosan-sulfates were constructed into a three-dimensional structure by using Chemdraw and Chem3D.
Before docking, all ligands and proteins were converted by AutoDockTools 1.5.7 to PDBQT format. Molecular docking was performed using
smina (based on AutoDock Vina; https://sourceforge.net/projects/smina/). The ten conformations with the lowest binding energy were
selected and analyzed by PyMoL.

Bioinformatics analysis

Genotype-Tissue Expression (GTEx, https://commonfund.nih.gov/GTEx/) provides publicly available gene expression data from normal liver
tissue of human. The GSE11882 (GPL570 platform) dataset was selected from the Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/). Statistical analyses were performed using R Studio software v2023.09.0 + 463 (Posit Software, USA) and Graphpad
Prism (Graphpad Software Inc, USA). Then, in the present study, the cut-off values were set at p < 0.05 and | log (fold change)| >1 to filter
DEGs (differentially expressed genes).

Using these data, we analyzed the age-specific differences in macrophage expression in human liver tissue and the age-specific differ-
ences in gene expression in the human brain hippocampus. We utilized GENCODE v26 for annotating the RNA-Seq datasets in the GTEx
database and employed the R package Immunedeconv’” to process the CIBERSORT data (https://cibersort.stanford.edu/). Subsequently,
we performed immune analysis using gene expression signatures from the official website for 22 immune cell subtypes, resulting in identifi-
cation of MO, M1 and M2 types of macrophages.

Tabula Muris (https://tabula-muris.ds.czbiohub.org/) provides publicly available data on the gene expressions of TNF-a and IL-1B recep-
tors in mouse brain endothelial cells and microglia. The data of TNF-a. and IL-1B expression in the mouse liver and brain with different ages
were selected from the Tabula Muris Senis (https://twc-stanford.shinyapps.io/maca/).”®
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QUANTIFICATION AND STATISTICAL ANALYSIS

In the behavioral tests, before treatment, the animals were randomly divided into different groups. The slides were uniformly processed for
staining and mounted with anti-fade fluoromount-G. During the imaging process, the slides of different groups were imaged under the same
confocal parameters, and the entire imaging procedure was completed within a short time frame. The results of immunofluorescent staining
and western blot were analyzed by ImageJ. The western blot images calculated the grayscale value, while the immunofluorescent staining
images calculated the area of the fluorescence intensity. Data were analyzed with GraphPad Prism v8.0 software for two-tailed t test for
two group comparisons, and one-way ANOVA for three or more comparisons. All the data with error bar are represented by meas+SEM.
p < 0.05 was considered to be statistically significant.
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