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HIGHLIGHTS

« Neoagarotetraose extended the
lifespan by up to 33.3 % of natural
aging mice.

« Neoagarotetraose improved the
cerebral neuronal injuries of natural
aging mice.

« Neoagarotetraose increased
abundance of short-chain fatty acids-
producing bacteria.

« Neoagarotetraose regulated the
glucolipid and bile acid metabolism-
related metabolic pathways.

« Neoagarotetraose ameliorated
cognitive impairment of Alzheimer’s
disease mice.
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ABSTRACT

Introduction: Dietary oligosaccharides can impact the gut microbiota and confer tremendous health ben-
efits.

Objectives: The aim of this study was to determine the impact of a novel functional oligosaccharide, neoa-
garotetraose (NAT), on aging in mice.

Methods: 8-month-old C57BL/6] mice as the natural aging mice model were orally administered with
NAT for 12 months. The preventive effect of NAT in Alzheimer’s disease (AD) mice was further evaluated.
Aging related indicators, neuropathology, gut microbiota and short-chain fatty acids (SCFAs) in cecal con-
tents were analyzed.

Results: NAT treatment extended the lifespan of these mice by up to 33.3 %. Furthermore, these mice
showed the improved aging characteristics and decreased injuries in cerebral neurons. Dietary NAT sig-
nificantly delayed DNA damage in the brain, and inhibited reduction of tight junction protein in the colon.
A significant increase at gut bacterial genus level (such as Lactobacillus, Butyricimonas, and Akkermansia)
accompanied by increasing concentrations of SCFAs in cecal contents was observed after NAT treatment.
Functional profiling of gut microbiota composition indicated that NAT treatment regulated the glucolipid
and bile acid-related metabolic pathways. Interestingly, NAT treatment ameliorated cognitive impair-
ment, attenuated amyloid-B (AB) and Tau pathology, and regulated the gut microbiota composition
and SCFAs receptor-related pathway of Alzheimer’s disease (AD) mice.
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Conclusion: NAT mitigated age-associated cerebral injury in mice through gut-brain axis. The findings

provide novel evidence for the effect of NAT on anti-aging, and highlight the potential application of

NAT as an effective intervention against age-related diseases.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Aging is characterized by the time-dependent functional
decline in different organs, which results in several chronic and
age-related diseases including cardiovascular disorders, type Il dia-
betes, cancers, hypertension, and Alzheimer’s disease (AD) [1,2].
These diseases account for up to 70 % of deaths globally, and are
undisputedly the leading causes of mortality [3,4]. Diet is an
important factor for maintaining health. Unhealthy dietary habits
are associated with many chronic diseases, which are major con-
tributors to aging [5]. Proper diet and nutrition management have
been shown to reduce the rate of age-associated diseases and pro-
long lifespan [6]. Thus, a healthy diet is a safe and effective option
to alleviate aging and age-related diseases.

The gut microbiota is emerging as a key regulator of metabolic,
immune, and neuroendocrine pathways in the host [7]. Deregula-
tion of the gut microbiota is related to numerous diseases like obe-
sity, diabetes, atherosclerosis, cancer, and aging [8]. Intriguingly,
the gut microbiota can influence the enteric and autonomic ner-
vous system, and the immunity of the central nervous system.
The microbiota-gut-brain axis has an essential regulatory role in
pathogenesis of several chronic diseases. The main participants of
this axis are the gut microbiota, its bacterial products, the intesti-
nal barrier, and the nervous system [9].

Prebiotics can induce specific changes of gastrointestinal micro-
biota, thereby conferring several benefits to host health [10]. Func-
tional oligosaccharides, as majorly known prebiotics, improve the
intestinal flora and related metabolites to impact host health by
maintaining metabolic balance [11]. Neoagarooligosaccharides
(NAOS) are a new type of B-1, 4 bond-linked functional oligosac-
charides derived from agarose [12]. NAOS are reported to be safe
[13], and possess several biological benefits, including prebiotic
[14], anti-oxidant [15,16], moisturizing and whitening [17], anti-
inflammatory [18,19], and anti-tumor activities [20]. NAOS, such
as neoagarotetraose (NAT) and neoagarohexaose (NAH), have been
reported to improve obesity-related metabolic defects by improv-
ing glucose tolerance and adiponectin induction [21]. In particular,
NAT was more useful in scavenging hydroxyl radicals in compar-
ison with neoagarobiose (NAB), NAH, and neoagarooctaose (NAO)
[22]. Recently, we demonstrated that NAT can mediate lifespan
extension by regulating the insulin/IGF1 (IIS)-AMPK signaling
pathway in Caenorhabditis elegans [23]. Therefore, NAT may regu-
late host physiology, and serve as a functional food material for
health management.

Numerous prebiotic supplementation trials have demonstrated
their beneficial effects on microbiota composition and metabolic
activity in humans [24,25]. In the previous study, NAT treatment
profoundly altered the microbiome composition and remarkably
enhanced the concentration of total SCFAs in feces [12]. However,
the effect of NAT on aging, particularly of the neurological system,
has not been investigated in mammals. Further, the specific signal-
ing pathways of the gut microbiota involved in this process remain
unknown. Therefore, we investigated the impact of NAT on aging
and age-related neuro-degeneration. The effect of long-term NAT
intervention on age-associated cerebral injury and intestinal flora
changes was examined in C57BL/6] mice. We further evaluated
the influence of NAT treatment on gut physiology, and illustrated
potential metabolic pathways of the gut microbiota that were
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impacted during aging in mice. We further evaluated the preven-
tive effect of NAT in AD mice. Our results thus provide the evidence
for the influence of NAT on anti-aging, particularly in the AD
model; the findings gained in this study provide important insights
for using functional oligosaccharides to alleviate aging and age-
associated diseases in the future.

Materials and methods
Ethics statement

All experiments involving mice were performed in accordance
with the ethical policies and procedures approved by the Institu-
tional Animal Care and Use Committee of China Agricultural
University (approval number: 20185001-3).

Materials and animals

Neoagarotetraose (NAT) was prepared by enzymatic hydrolysis
of agarose using B-agarase [26]. Its content was more than 93.2 %
(w/w) as determined using high-performance liquid chromatogra-
phy (HPLC). Metformin (MET) was obtained from Sigma Aldrich
(St. Louis, USA). All chemicals and reagents used in this study were
of analytical grade.

C57BL/6] mice (male, 8 months old) were obtained from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
APP/PS1 double transgenic (APPswe/PSEN1dE9) mice with five
familial Alzheimer’s diseases (5 x FAD) and littermate wild-type
C57BL/6] mice (male, 8 months old) were provided by Zhishan
Institute of Health Medicine Co., Ltd (Beijing, China). Mice were
housed in cages with 40-60 % humidity, a light/dark (12 h/12 h)
cycle, and a temperature of 23-25 °C. All mice had free access to
drinking water, and were fed a standard diet for one week after
arrival. After adaptation, drinking water was spiked with NAT or
MET. The dose was determined on the basis of the daily water
intake and body weight of mice.

Animal experiment design

Male C57BL/6] mice were divided into 3 groups (n = 20/group).
Natural aging (NA) mice were administered in normal drinking
water; mice from the MET group based on the previous studies
[27,28] were supplied with MET at a dosage of 100 mg/kg-bw/d;
mice from the NAT group were supplied with NAT at a dosage of
1,000 mg/kg-bw/d for 12 months, according to our preliminary
experiments and related studies [29,30]. Both MET and NAT were
dissolved in drinking water.

Male APP/PS1 mice were divided into the AD model group (AD
group) and NAT-treated AD group (NAT group); littermate wild-
type C57BL/6] male mice served as the control group (WT group)
(n = 20/group). NAT was administered in drinking water at
1000 mg/kg-bw/d, based on the previously measured water con-
sumption. Mice of WT group and AD group received normal water.
The administration began at 8 months old of mice and continued
for 3 months. The behavioral tests on mice were performed after
3-month intervention.

During the intervention period, the aging scores of mice were
monitored every week. Detailed scoring standards for aging scores
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were previously described [31]. At the end of these experiments, all
mice were completely anesthetized; blood samples were then col-
lected and centrifuged (3,000 rpm, 4 °C for 10 min) for separating
serum following sacrifice. The brain, heart, liver, spleen, kidney,
colon, small intestine, epididymal fat, subcutaneous fat, and cecal
contents were collected, and stored at —80 °C or by immersion in
4 % paraformaldehyde phosphate-buffered solution.

Behavioral tests

Morris water maze (MWM) test was performed according to the
previous method with slight modification [32]. Briefly, the mice
were subjected to 4-day navigation trial, with each mouse per-
forming 5 trials per day. Mice were placed in the water at the
desired starting position, and the latency to find the platform
was timed. On day 5, the platform was removed and the mice were
allowed to swim for 60 s. A video camera was used to record the
trace and the number of crossing platform.

Step-through passive avoidance behavior was measured in
accordance with the previous method [33]. Briefly, after mice
entering the dark room, the door was closed and foot shock
(1.0 mA, 3 s) was given until they entered the light box. After the
learning trial, the mice were immediately removed from the appa-
ratus. The retention trial was performed after 24 h. Latency and the
number of errors were measured during the 180-second testing
period.

Measurement of biochemical indicators

Aging biomarkers including nitric oxide (NO), lactic acid,
advanced glycation end products (AGEs), and telomerase in the
serum were measured in accordance with the manufacturer’s pro-
tocols (Beijing Biotechnology and Bioengineering Laboratory and
Services Co. Ltd., China). Serum levels of total anti-oxygenic capac-
ity (T-AOC), catalase (CAT), glutathione peroxidase (GSH-Px),
malondialdehyde (MDA), insulin (RI), total cholesterol (TC), triglyc-
eride (TG), low-density lipoprotein cholesterol (LDL-C) and high-
density lipoprotein cholesterol (HDL-C) were determined as direc-
ted by the manufacturer’s instructions (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).

Histology and immunohistochemistry staining analysis

Neuronal injury in brain tissues was detected using Nissl stain-
ing as previously described [34]. Image Pro Plus 6.0 software was
used to digitize the number of neurons in per field of the cerebral
cortex and hippocampus (400x magnification). The fresh brain,
liver, kidney, colon, and small intestine tissues were fixed, embed-
ded, sliced, and stained with H & E. The morphological features of
all samples were observed by light microscopy.

The expression level of amyloid B peptide 1-42 (AB.42) in brain
tissues was determined using immunohistochemistry. Briefly,
slides were deparaffinized, and then blocked with 10 % normal goat
serum for 1 h. After incubation with the primary antibody [anti-
ABi.42 antibody (Abcam, cat. number ab201061); diluted 1: 100]
on the sections, the secondary antibody (1: 500) was applied. Then,
3,30-diaminobenzidine (DAB) was used for staining. Images were
then observed using a fluorescence microscope (BX60, Olympus,
Japan).

Immunofluorescence analysis

Mouse brain tissues were permeabilized and then blocked with
1 % bovine serum albumin (BSA) and 2 % fetal bovine serum (FBS)
following deparaffinization and citrate antigen retrieval. After
blocking, the primary antibodies including anti-neuronal nuclei
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(NeuN; Abcam, cat. number ab177487), anti-brain-derived neu-
rotrophic factor (BDNF; Abcam, cat. number ab108319), and anti-
phospho-Tau (Thr231; Abcam, cat. number ab151559) were
applied overnight. An immunofluorescence assay using an anti-
body against p53-binding protein 1 (53BP1, Abcam, cat. number
ab175933) was used to mark DNA damage foci to determine
DNA damage. All antibodies were diluted 1: 200 for the experi-
ment. A confocal ultraspectral microscope (FV3000, Olympus,
Japan) was used to obtain the immunofluorescence images.

Real-time qPCR analysis

Total RNA was extracted from the brain and colon tissues in
mice using RNA extraction kit, and then reverse-transcribed into
cDNA using PrimeScript™ RT reagent kit (Takara, Japan). The pri-
mers for quantitative real-time PCR (qPCR) were designed and syn-
thesized (Sangon Biotech Co. Ltd., Shanghai, China). The forward
and reverse primer sequences are shown in supplementary
Table S1. B-actin was used as the reference for normalization.
The cycle threshold (CT) was employed for target gene
quantification.

Western blotting analysis

Total proteins from mouse brain and colon tissues were
extracted using RIPA extraction buffer. The protein concentrations
were measured by BCA protein assay kit (Beyotime Technology,
Shanghai, China). The detailed procedure of Western blotting was
performed according to the previous method [35]. Primary anti-
bodies (1: 1000) against B-actin (Abcam, cat. number ab8226),
p53 (Abcam, cat. number ab26), Caspase-3 (Abcam, cat. number
ab184787), PTEN (Proteintech, cat. number 22034-1-AP), PI3K
(p110 B; Proteintech, cat. number 20584-1-AP), phosphorylated
PI3K (Tyr458, p85; CST, cat. number 4228T), AKT (Proteintech,
cat. number 10176-2-AP), phosphorylated AKT (Thr308, p-AKT;
CST, cat. number 13038 T), mTOR (Proteintech, cat. number
20657-1-AP), phosphorylated mTOR (Ser2448, p-mTOR; CST, cat.
number 5536T), p21 (Abcam, cat. number ab188224), p16 (Abcam,
cat. number ab51243), ZO-1 (Abcam, cat. number ab216880),
Occludin (Abcam, cat. number ab216327), p38 MAPK (CST, cat.
number 8690T), phosphorylated p38 MAPK (Thr180/Tyr182, p-
p38; CST, cat. number 4511T), GPR43 (Proteintech, cat. Number
19952-1-AP), ERK1/2 (ZEN BIO, cat. number 201245-4A4) and
phosphorylated ERK1/2 [(Thr202/Tyr204)/(Thr185/Tyr187), p-
ERK; ZEN BIO, cat. number 301245] were respectively used to
probe their target proteins. Protein bands were captured using an
automated chemiluminescence imaging system (Tanon 4800,
Tanon Science and Technology Co., Ltd, China) and densitometry
analysis was performed using Image ] software; the values were
normalized against the loading control.

Gut microbiota and short chain fatty acids (SCFAs) analysis

Extraction of the total genomic DNA from cecal contents of nat-
ural aging mice was under aseptic conditions. PCR amplification of
the bacterial 16S rRNA gene V3-V4 regions was performed using
the forward primer (341F 5'- CCT AYG GGR BGC ASC AG-3') and
the reverse primer (806R 5'-GGA CTA CNN GGG TAT CTA AT-3').
Sequencing was performed on the Illumina MiSeq sequencing plat-
form with a PE250 strategy. All bioinformatics amplicon read anal-
yses were performed in amplicon sequence variants (ASV).
Principle coordinates analysis (PCoA) plots based on Jaccard dis-
tance were generated using the q2-diversity plugin and visualized
using Emperor. The functional profiles of non-redundant genes
were obtained by annotation against MetaCyc pathway database
using the DIAMOND alignment algorithm.
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Total genomic DNA extracted from cecal contents of AD mice
was fragmented to an average size of about 400 bp using Covaris
M220 (Gene Company Limited, China), followed by sequencing
on an Illumina Novaseq 6000 platform (Illumina, San Diego, CA,
USA) at Majorbio Bio-Pharm Technology (Shanghai, China) accord-
ing to the manufacturer’s protocols. The data of metagenomic
sequencing were analyzed on the free online platform of Majorbio
Cloud Platform.

The concentrations of SCFAs in cecal contents of mice were
measured as previously described [36]. HPLC was performed on
an Agilent Hi-Plex system at a flow rate of 0.5 mL/min and a tem-
perature of 55 °C. Acetic acid, propionic acid, and butyric acid were
used as standards.

Statistical analyses

Data were expressed as the mean * standard deviation (SD). All
bar plots were generated using GraphPad Prism 8.0 (GraphPad
Software, San Diego, USA). Statistically significant differences
between the model group and the other groups were determined
using either Student’s t-test or Mann-Whitney’s U non-
parametric test with SPSS 20.0 (IBM SPSS, USA); statistical signifi-
cance was set at *P-value < 0.05 and **P-value < 0.01.

Results
NAT extended lifespan and ameliorated metabolic aging in mice

Natural aging mice at 8 months of age were treated with NAT or
metformin for 12 months (Fig. 1A). Compared with the natural
aging (NA) group, the body weight of mice in the NAT and MET
groups had no significant differences (Fig. 1B). After NAT treat-
ment, mice showed significantly decreased organ indices of subcu-
taneous and epididymal fat tissues (P < 0.01; Fig. 1C). Strikingly,
the NAT group showed a significant increase in maximum longev-
ity (33.3 %) compared with that of the NA group, similar to the
effect of MET treatment (41.7 %; Fig. 1D).

Histological staining was performed for the brain, liver, kidney,
and small intestine tissues (Fig. 1E). Compared with the NA group,
the CA1 pyramidal cells in the brain tissue of NAT group mice sig-
nificantly increased (P < 0.01; Supplementary Table S2) and
showed dense organization with a restored structure. The liver tis-
sue of NAT group mice showed a neatly arranged hepatic cord, few
inflammatory infiltrations, and limited binucleation of hepato-
cytes, along with a significantly reduced degree of hepatic steatosis
(P < 0.01; Supplementary Table S2). The glomerulus showed obvi-
ous atrophy in NA group mice (Supplementary Table S2), with a
balloon-widened cavity and decreased epithelial cells, along with
extensive renal edema. Notably, NAT intervention showed obvious
attenuation of the unhealthy pathological changes in the kidney
and small intestine tissues displayed significantly increased villus
height and muscle thickness (P < 0.01; Supplementary Table S2),
manifesting protective activities. Mice after NAT treatment showed
less pronounced lordokyphosis and periophthalmic lesions, faster
reactivity, and more grooming than that in natural aging mice
(Table 1).

We further investigated aging and metabolism biomarkers in
the serum (Table 2). Compared with NA group mice, the levels of
NO, AGEs, and lactic acid in the NAT group were reduced by
62.3 %, 30.8 % and 40.1 %, respectively. Interestingly, significant
increases were observed in the telomerase levels of the NAT (by
82.5 %) and MET (by 174.0 %) groups. The levels of T-AOC, CAT,
and GSH-Px in the NAT group were improved by 174.2 %, 45.0 %,
and 1.9 %, respectively, whereas MDA decreased by 49.4 % com-
pared with that in the NA group mice. Furthermore, the concentra-
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tions of RI, TC, TG and LDL-C of the NAT group mice were decreased
by 13.7 %, 23.0 %, 17.6 % and 36.8 %, respectively, compared with
the NA group, while HDL-C was increased by 38.6 %.

NAT ameliorated neuronal injuries and DNA damage in natural aging
mice

Significant reduction in the number of neurons in the cerebral
cortex and hippocampal CA1 areas of natural aging mice was
observed (Fig. 2A). NAT treatment significantly preserved neuronal
survival in these areas compared with the NA group mice
(P < 0.01). The level of BDNF in different mice groups was exam-
ined using an immunofluorescence assay (Fig. 2B). Compared with
the NA group, the expression level of BDNF was increased by 61.8 %
and 107.9 %, respectively, after NAT and MET treatments. These
results suggest that NAT treatment could ameliorate neuronal
injury in natural aging mice.

To determine whether neuronal injury was caused by apoptosis,
the expression levels of apoptosis-related genes and proteins in
brain tissue were measured. NAT group mice showed significantly
inhibited mRNA expression of pro-apoptotic genes, including p53,
Bax, and Caspase-3, as well as the increased expression of Bcl-2
(all P < 0.01; Fig. 3A). Simultaneously, the expression levels of
p53 and Caspase-3 were evaluated (Fig. 3B). Compared with the
NA group mice, NAT treatment reduced the p53 and Caspase-3
levels by 60.0 % and 32.9 %, respectively. To further assess the cell
apoptosis effects on neuronal injury, the influence of NAT treat-
ment on the PI3K/AKT/mTOR pathway was investigated. Compared
with the NA group, the protein phosphorylation levels of PI3K, AKT,
and mTOR in the NAT group were increased by 456.8 %, 12.5 %, and
94.6 %, respectively (Fig. 3C). PTEN protein expression was also
reduced by the NAT and MET treatments.

We further addressed the impact of NAT treatment on age-
associated DNA damage in brain tissue. Immunofluorescence
assays using an antibody against 53BP1 to mark DNA damage,
showed that the NAT and MET treatments decreased the 53BP1
expression levels by 50.9 % and 85.1 %, respectively (all P < 0.01;
Fig. 3D). In comparison with the NA group, significant decreases
in p21 and p16 expression were observed in the NAT and MET
groups, indicating that NAT treatment reduced DNA damage in
aging mice (Supplementary Fig. 1).

NAT decreased intestinal barrier injury and inflammation in
natural aging mice

The gut-brain axis in brain injury involves the intestinal barrier
[37]. NAT treatment most likely affected intestinal physiological
changes and the gut microbiota during aging. Therefore, we ana-
lyzed gut barrier injury and inflammatory responses in all mice
groups. HE staining in NA group mice showed mucous layer atro-
phy, crypt loss, and obvious inflammatory infiltration (Fig. 4A),
suggesting that aging mice exhibited obvious defects in gut barrier
integrity; however, NAT and MET treatments attenuated the mag-
nitude of histological damage in the colon. Furthermore, significant
increases were observed in the mRNA levels of intestinal
permeability-related genes, namely ZO-1 (by 66.4 %), Occludin (by
30.7 %), and Claudin-1 (by 39.0 %) in NAT group mice in comparison
with those in the NA group (Fig. 4B). Concurrently, the intestinal
mRNA levels of Cox2, Tnfa and Nos2 were significantly decreased
in NAT group mice (all P < 0.01; Fig. 4C). As illustrated in Fig. 4D,
the protein levels of ZO-1 and Occludin were also significantly
increased in the NAT and MET groups (all P < 0.01). Compared with
the NA group mice, the level of phosphorylated p38 was decreased
by NAT treatment, which was indicative of gut barrier
reconditioning.
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Fig. 1. Effects of neoagarotetraose treatment on the general status of natural aging mice. (A) Schematic of the experimental proposition; (B) body weights of mice in each
group during the 0-12-month intervention process; (C) organ indices of mice; (D) survival rate of mice; (E) morphology of mouse tissues stained with hematoxylin and eosin
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group; NAT: neoagarotetraose group. Data are expressed as the mean + standard deviation (SD). *P < 0.05, **P < 0.01 compared with the natural aging group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Effects of neoagarotetraose treatment on aging score of natural aging mice.
3 months
Group Reactivity Coarseness Hair loss Ulcer Periophthalmic lesion Lordokyphosis
NA X X 1.81 + 1.68 0.38 £ 1.02 X 0.81 £ 1.80
MET X X 0.75 +1.34 0.13 £0.34 X 0.25 £ 0.58
NAT X X 1.75 +1.91 X X 0.44 + 1.09
6 months
NA 0.47 + 1.30 0.40 + 1.12 2.67 £ 0.82 0.53 +1.30 0.60 + 1.18 1.67 £ 0.90
MET X X 1.53 £ 0.52* 0.20 £ 0.41 X 0.47 + 1.06**
NAT X X 2.07 + 0.59* 0.73 £ 0.88 X 1.53+0.74
9 months
NA 2.67 £ 0.65 1.75 £ 0.97 3.92 +1.08 2.08 +0.79 3.17 £ 0.58 3.08 +0.79
MET 1.33 £ 0.78** 1.00 + 0.85 1.58 £ 1.16™* 042 +0.51** 1.42 +0.79** 0.83 + 0.58™**
NAT 1.08 + 0.67** 1.50 £ 0.67 2.17 £ 0.58** 0.75 + 0.62** 1.83 £ 0.72** 2.08 + 1.16*
12 months
NA 5.25 +0.87 5.42 + 1.56 5.25 +1.36 2.83£0.72 5.42 +1.56 4.67 +1.07
MET 1.42 £ 0.51** 2.25 £ 0.62** 2.17 £ 0.74** 1.25 £ 0.62** 2.08 +0.51** 1.67 £ 0.65**
NAT 2.42 +0.90** 2.75 £ 1.29** 2.33 £0.78** 1.42 +0.51** 242 +1.08** 2.58 + 0.67**

NA: natural aging group; MET: metformin group; NAT: neoagarotetraose group. x indicates that the phenomenon is not observed. Results are expressed as mean + SD (n = 20

mice/group). *P < 0.05, **P < 0.01 compared with the natural aging group.

Table 2

Effects of neoagarotetraose treatment on serum indexes of natural aging mice.

Aging biomarkers

Group NO (nmol/mL) Lactic acid (mmol/L) AGEs (pg/mL) Telomerase (U/L)
NA 9.05 + 0.76 1.52 £ 0.41 53.33 + 8.58 2.23 +0.68

MET 3.94 +1.01™ 0.69 + 0.31** 29.99 + 8.31** 6.11 + 2.54™
NAT 3.41 % 0.53** 0.91 £ 0.30* 36.92 + 10.50* 4.07 £ 0.78
Antioxidant activity

Group T-AOC (U/mL) CAT (U/mL) GSH-Px (U/mL) MDA (nmol/mL)
NA 9.56 + 1.31 7.02 + 0.64 778.51 +7.05 11.51 £0.72
MET 20.31 + 2.46™ 9.05 + 1.28 979.75 + 30.86™* 6.94 + 1.40™
NAT 26.21 + 2.44* 10.18 + 1.69** 793.39 + 14.07 5.82 £ 1.34**

Metabolism biomarkers

Group RI (ng/mL) TC (mmol/L) TG (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L)
NA 1.90 + 0.36 2.52 +£0.30 0.85 +0.12 0.38 £ 0.16 1.27 £+ 0.36

MET 1.36 + 0.22** 192 +0.51* 0.67 +0.07** 0.20 + 0.05** 1.82 £ 0.10**
NAT 1.64 + 0.31 1.94 + 0.41* 0.70 £ 0.09* 0.24 + 0.02** 1.76 +0.30**

NO, nitric oxide; AGEs, advanced glycation end products; T-AOC, total anti-oxygenic capacity; CAT, catalase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; RI,
insulin; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; NA: natural aging group; MET:
metformin group; NAT: neoagarotetraose group. Results are expressed as mean * SD (n = 20 mice/group). *P < 0.05, **P < 0.01 compared with the natural aging group.

NAT modified gut microbiota composition in natural aging mice

The impact of NAT treatment on gut microbiota was also inves-
tigated. The Faith PD index of the NAT and MET groups was
decreased in comparison with the NA group mice (Supplementary
Fig. 2A). PCoA based on Jaccard distance indicated that the gut
microbiota structure in the NA group showed significant difference
compared with the NAT and MET groups (Supplementary Fig. 2B).
Compared with the NA group, an increased abundance of phylum
Actinobacteria as well as decreased abundance of phylum Deferrib-
acteres were observed in both the NAT and MET groups (Fig. 5A).
The NAT group mice exhibited higher abundance of the genera Lac-
tobacillus, Butyricimonas, Odoribacter, and Akkermansia than those
in the NA group (P < 0.05 or P < 0.01). Furthermore, the abundance
of Prevotella, Bilophila, and Clostridium was significantly reduced
after NAT treatment (all P < 0.01; Fig. 5B and Fig. 5C). Linear dis-
criminant analysis Effect Size (LEfSe) also showed that NAT group
mice had less Deferribacteres and more Actinobacteria than those
in the NA group (Supplementary Fig. 3). At the taxonomic level,
NAT group mice were characterized by a higher abundance of ben-
eficial bacteria like Lactobacillus than those in the NA group mice
(Supplementary Fig. 3). SCFAs play an important role in anti-
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inflammation, immunomodulation, intestinal mucosal barrier pro-
tection and health maintenance in the host [38]. In comparison
with the NA group, the concentrations of acetic acid, propionic
acid, and butyric acid in the cecal contents of the NAT group were
increased by 65.0 %, 132.5 %, and 49.2 %, respectively (Fig. 5D).
Meanwhile, the mRNA expression levels of Gpr41, Gpr43, and
Gpr109a genes, which are important as SCFAs receptors, in the
NAT group of brain tissue were increased by 101.6 %, 94.0 %, and
38.7 %, respectively, in comparison with those in the NA group
(Fig. 5E).

The relationship between key aging indexes and bacterial abun-
dance was further analyzed using the Spearman’s correlation coef-
ficient (Supplementary Fig. 4A and 4B). Among bacteria at the
genus level, Lactobacillus, Akkermansia, and Butyricimonas were
positively correlated with the contents of acetic, propionic, and
butyric acids, whereas they were negatively associated with the
expression of p53, p21, p16, and inflammation-related factors
(Cox2, Tnfa, and Nos2). In contrast, Deferribacteres and Prevotella
showed a positive correlation with the levels of p53/p21/p16 and
inflammation-related factors, and a negative correlation with
SCFAs contents.



T. Li, S. Yang, X. Liu et al.

Cortex

Hippocampus

Hippocampus

NAT

Journal of Advanced Research 52 (2023) 119-134

200

=% -
[=J (4.
TP

(/field)

(4]
o
1

Total numbers of neurous
o

Cortex

(ffield)

Total numbers of neurous

Cortex Hippocampus

Rate of positive cells

NA MET NAT

Fig. 2. Effects of neoagarotetraose treatment on cerebral injury in natural aging mice. (A) Representative photomicrographs and quantitative analysis of the number of
neurons per field in the cerebral cortex and hippocampal CA1 areas, analyzed by Nissl staining and NeuN immunostaining; (B) immunofluorescence analysis of BDNF in the
hippocampus. NA: natural aging group; MET: metformin group; NAT: neoagarotetraose group. Data are expressed as the mean # standard deviation (SD). *P < 0.05, **P < 0.01

compared with the natural aging group.

NAT modified metabolic pathways of gut microbiota in natural aging
mice

Compared with the NA group, the number of predicted func-
tional genes in the NAT and MET groups was increased (Fig. 6A).
Clustering analysis of metagenomic functions showed an increased
abundance of metabolic pathways in the NAT group compared
with those in the MET and NA groups (Fig. 6B). As shown in
Fig. 6C, the Metacyc indexes of sucrose biosynthesis I, allantoin
degradation IV (anaerobic), and gondoate biosynthesis (anaerobic)
pathways, which are related to glucose and lipid metabolism, were
significantly lower in the NAT group than those in the NA group
(P < 0.05 or P <0.01). Furthermore, the Metacyc index of the fatty
acid biosynthesis superpathways in the NAT group was signifi-
cantly increased (P < 0.05). Meanwhile, the L-glutamate degrada-
tion V and L-glutamate degradation VIII pathways in the NAT
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group tended to show lower Metacyc indexes than those in the
NA group (P < 0.01).

NAT ameliorated cognitive impairment in APP/PS1 mice

The essential role of the gut microbiota in brain aging revealed
above indicates the potential to regulate the gut microbiota for
therapeutic implications in AD. To confirm this hypothesis, APP/
PS1 mice were treated with NAT for 3 months (Fig. 7A). Oral
administration of NAT did not largely affect the body weight and
food consumption of AD mice (Fig. 7B; Supplementary Fig. 5A).
Interestingly, NAT treatment caused AD mice to manifest smoother
and thicker hair, and faster reactivity (Fig. 7C; Supplementary
Fig. 5B). Four-day navigation trials were then performed (Supple-
mentary Fig. 6A and 6B). On the first day, there was no significant
difference in escape latency and swimming distance between the
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groups. As training progressed, the escape latency and swimming
distance of the NAT group significantly decreased compared with
that of the AD group. On the fourth day, NAT treatment reduced
the escape latency and swimming distance by 30.1 % and 26.8 %,
respectively. On the fifth day, the escape latency and swimming
distance of AD group were significantly increased, and the num-
bers of crossing platform were significantly decreased when com-
pared with those of the WT group (Fig. 7D; all p < 0.01). In contrast,
compared with the AD group, mice in NAT group showed signifi-
cantly increased swimming distance (by 40.5 %) and time (by
40.0 %) in the platform quadrant, as well as increased entry times
onto the platform (by 108.3 %). In the passive avoidance test
(Fig. 7E), treatment with NAT increased the escape latency by
84.8 % and reduced the number of errors by 61.0 %, showing a sig-
nificant difference compared with those in the AD mice (P < 0.01
for both).
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NAT alleviated amyloid-p (Ap) and Tau pathology in APP/PS1 mice

Compared with age-paired WT mice, notable histopathological
injury, structural degeneration of layered pyramidal neurons, and
neuronal loss were observed in the brain tissue of AD group mice
(Fig. 8A). NAT treatment ameliorated these alterations, as indicated
by the better morphology in HE staining and the increased number
of neurons in the cerebral cortex (by 84.9 %) and hippocampus (by
17.7 %) as determined using Nissl staining. High accumulation of
AB1.42 plaque deposition was observed in the cerebral cortex and
hippocampus of APP/PS1 mice compared with that in the WT
group mice (Fig. 8B). Conversely, NAT treatment significantly
reduced APi.4» plaque deposition in the cerebral cortex (by
53.8 %) and hippocampus (by 44.3 %) compared with that in AD
group mice. Tau phosphorylation (Thr231) in the cerebral cortex
and hippocampus of AD group mice was significantly increased



T. Li, S. Yang, X. Liu et al.

Journal of Advanced Research 52 (2023) 119-134

A . B 100%
4 § 90% I I
3 % Hlg_Akkermansia
] >
_p = e Elg_Prevotella
1 % g [ilg_Lactobacillus
e g [2g_Bilophila
-0 ] NA I | | Hl g_Bacteroides
=; 'I\‘IIIE:II'- 9 BEg_Bifidobacterium
OO DOBDDDAROA DS 5 § Wo_Butyricimonas
— [} . g
;Eaggggé:g;ggggg;gggg « " @ g_Clostridium
2783 a2 §2523288¥833% 1 g_Odoribacter
238 3 2395593728 ¥38F 11 g_Mucispirillum
59 Z oA2go3BEa r'r,?.,’g =
o8 B 28°25%89% 585
33 o g3 358°% - "
@ b 5 9 E.g: ] g 00“ 1234567891011121 23456 78 91011121234 56 78 9101112
. MET NA NAT
p_Actinobacteria p_Deferribacteres g_Lactobacillus
- * * **
C 2500~ . ]
H a 10000 Ak 4000 * |
20001 N p— . 1
2 P . @ 3000 "
= | 8 2
3 1500 . s 3 6000 3 afa
o 8 8 2000
1000 o e
a . 5 4000 . a .
< 500 % 2 = 2 1000{ -
) - a 2000 :_A _a9°® 5 4
0 T r T 0 =t 0 T T
NA MET NAT NAT NA MET NAT
g_Butyricimonas g_Odoribacter g_Akkermansia
* . * 50000~ "
X A * 40000
1 |
S 2000 Ll st e A
2 = < 30000
€ 200 5 1500 3
2 i
8 N 2 1000 . A > 20000
% 100 L, 7] . i
< 2 < 500 0000
(] $ Y
0 T 0 e T C = T L T 0-
NAT NA MET NAT
g_Prevotella g_Bilophila g_Clostridium
*% 400 *x i
- —_—
6000~ * ¥
1500 I
300
n 3 l 7] .
- — c 4
£ 4000 £ 2 £ 1000
3 3 2001 3 . s
2 ML o N A
% 2000 7 § & 500 : s o
2 < 100+ - S < = e
A
c T G T T
NA NA MET
D 1.5- * NA c E 4-
B - MET SE4
5o + NAT @
£ E o
2 % 1.0 8 O 31
5 S S &
2% <
S = * 5k <o 24
€ §0.5 |—| Zs
Q = »
o c ET
@ ‘© % (<]
< o @ .
= o 0.0 ‘; :-/ 1
©
°
[

Gpré1 Gpr43 " Gpr109a

Fig. 5. Effects of neoagarotetraose treatment on the gut microbiota composition using 16S rDNA sequencing and short chain fatty acids (SCFAs) contents of natural aging
mice. (A) Microbiota bacterial changes at the phylum level for each group; (B) microbiota relative reference (%) at the genus taxonomy level for each fecal sample; (C)
bacterial population differences at the phylum and genus level based on amplicon sequence variants (ASV) analysis; (D) the contents of short chain fatty acids (SCFAs); (E) the
mRNA expression levels of Gpr41, Gpr43 and Gpr109a genes in brain tissue. NA: natural aging group; MET: metformin group; NAT: neoagarotetraose group. Data are expressed
as the mean + standard deviation (SD). *P < 0.05, **P < 0.01 compared with the natural aging group.

128



T. Li, S. Yang, X. Liu et al.

Journal of Advanced Research 52 (2023) 119-134

A | p
NAT MET Organismal_Systems 3'5
167 I -2.5
Cellular_Processes )
Genetic_Information_Processing
Environmental_Information_Process
Human_Diseases
9 Metabolism
None
NA
Unclassified
NAT MET NA
c  Sucrose biosynthesis | Allantoin degradation IV Superpathway of fatty acids biosynthes
*k .
—_— (anaerobic) 5
*k * .
6000+ 30000 —
4000
.0 A
. x
3 b 3 .
5 3000 $ 4000 £ 200007 s
- 1 £ . o .
Q 20001 ° S Q . A g
S . ] —
§ 5 J 52000_ X I 1 A-E—‘ % 10000 D
2 1000 R Y 2 ¢ = —— . =
. ‘4 - ole as
" NA  MET NAT NA  MET  NAT NA  MET  NAT
Gondoate biosynthesis (anaerobic) L-glutamate degradation V L-glutamate degradation VIl
* *k
* 8000- 10000+ *k
70000 P X ] .
x e 3 6000 § 8000
$ 60000 .. " 2 £ 6000+
5 : . ’ ' 4000 2 ot
9 500004 s e 2 ' 4000 i N
8 . B 3 20001 3 : {E‘ s
g 40000 . i é’ A = 2000- 1
n A
30000 T T T 0 T T T 0 T T T
NA  MET NAT NA  MET  NAT NA  MET  NAT

Fig. 6. Effects of neoagarotetraose treatment on the metabolic pathways of the gut microbiota based on functional enrichment analysis. (A) Venn diagram showing the
numbers of predicted functional genes; (B) clustering analysis of relative abundance based on PICRUSt function; (C) functional prediction of altered gut microbiota based on
the Metacyc metabolic pathways: PWY-3801 (sucrose degradation II), PWY0-41 (allantoin degradation IV (anaerobic)), PWY-6285 (superpathway of fatty acids biosynthesis),
PWY-7663 (gondoate biosynthesis (aerobic)), P162-PWY (L-glutamate degradation V), PWY-5088 (L-glutamate degradation VIII). NA: natural aging group; MET: metformin
group; NAT: neoagarotetraose group. Data are expressed as the mean + standard deviation (SD). *P < 0.05, **P < 0.01 compared with the natural aging group.

compared with that in WT mice (P < 0.01), whereas NAT treatment
showed a decline by 57.0 % and 42.4 %, respectively (Fig. 8C).

NAT modulated gut microbiota composition and SCFAs contents of
APP/PS1 mice

In order to further explore the effects of NAT on gut microbiota
community, metagenomic sequencing in the cecal contents of APP/
PS1 mice was performed. Compared with the WT group, the
increased abundance of the phylum Firmicutes and Actinobacteria
as well as decreased abundance of the phylum Bacteroidetes and
Verrucomicrobia were observed in AD group mice. On the contrary,
NAT treatment remarkably suppressed Firmicutes and increased

129

Bacteroidetes and Proteobacteria in APP/PS1 mice. Among the bac-
teria at genus level, the abundance of Akkermansia and Bacteroides
was increased as well as the decreased Clostridium and Prevotella
after NAT treatment. At the species level, the abundance of Bac-
teroides sp. was increased, while Firmicutes_bacterium_M10-2, Dor-
ea_sp._5 and Prevotella_sp._PINT were decreased after NAT
treatment (Fig. 9A, 9B and 9C). Furthermore, compared with the
AD group, the concentrations of acetic acid and propionic acid in
the cecal contents of the NAT group mice were increased by
100.1 % and 92.6 %, respectively (Fig. 9D). The protein expression
levels of GPR43 and ERK signal pathway were measured (Fig. 9E).
Compared with the AD group, the protein expression level of
GPR43 in the NAT group was increased by 512.3 %. The protein
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phosphorylation level of ERK was reduced by 39.4 % after NAT Nutraceutical interventions using prebiotics aim to regulate signal
treatment. pathways or replenish the gut with advantageous commensal bac-
teria; these interventions have emerged as potential strategies to

alleviate age-related diseases [40-42]. Some studies have shown

Discussion that functional oligosaccharides play an essential role in anti-
aging [43-45]. However, the effect of functional oligosaccharides

The adverse effects of aging including both diseases and death  ¢n lifespan in mice remains unclear. In this study, long-term treat-

pose numerous challenges in humans. Conceiving effective strate- ment using NAT, a novel tetraoligosaccharide of NAOS, was found
gies to mitigate these challenges is essential for healthy aging [39].
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Fig. 9. Effects of neoagarotetraose treatment on the gut microbiota composition using metagenomic sequencing and short chain fatty acids (SCFAs) contents of APP/PS1 mice.

(A) Histograms of relative species abundance at the phylum level; (B) histograms of rela

tive species abundance at the genus level; (C) heatmap analysis of relative species

abundance at the species level; (D) the contents of SCFAs; (E) the protein expression of GPR43 and associated pathway. WT: wild-type group; AD: Alzheimer’s disease model
group; NAT: neoagarotetraose group. Data are expressed as the mean * standard deviation (SD). *P < 0.05, **P < 0.01 compared with the WT group; *P < 0.05, #**P < 0.01

compared with the AD group.

to extend lifespan by up to 33.3 % (Fig. 1D), and significantly
increased the number of neurons in natural aging mice (Fig. 2A).
These results, together with other results shown in Figs. 2-3, sug-
gest that NAT can restore distinct age-associated changes in neu-
rons, further mediating a pro-longevity effect. Importantly, this
neuronal activation is often sufficient to improve health and long-
evity [46].

132

Neuronal injury due to aging is closely associated with inflam-
mation status via the microbiota-gut-brain axis [37]. The gut bar-
rier fragility and consequent susceptibility to the gut microbiota
community are accentuated at the end of life [47]. Aging alters
the balance between inflammatory and anti-inflammatory cytoki-
nes, which directly affects intestinal permeability [48]. A previous
study established the protective effect of mannose on the integrity
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of gut barrier [49]. Notably, NAT treatment enhanced the integrity
of the gut epithelial barrier by upregulating tight junction protein
expression, including ZO-1 and Occludin, as well as inhibited gut
barrier disruption and inflammatory responses by decreasing p38
phosphorylation level and the mRNA levels of inflammation-
related genes (Fig. 4). NAT treatment was suggested to exert a ther-
apeutic effect on the intestinal barrier injury and inflammatory,
further ameliorating the aging phenotype in natural aging mice.

Aging is usually accompanied by a reduction in SCFAs-
producing bacteria, and an increase in pathogenic bacteria that
are tightly associated with age-related diseases [50]. NAT treat-
ment effectively elevated the relative abundance of beneficial gut
microbiota, especially Lactobacillus, Butyricimonas, and Odoribacter
(Fig. 5C), which are important microbes for maintaining intestinal
homeostasis. Additional striking observations regarding the gut
microbiota at the genus level indicated that NAT treatment pro-
moted Akkermansia abundance (Fig. 5C). As previously described
[51], a high level of Akkermansia in the intestine may lead to
mucosa thickening, which can strengthen intestinal barrier func-
tion, and significantly delay age-associated diseases. The levels of
SCFAs and SCFAs receptors genes were markedly increased after
NAT treatment (Fig. 5D and 5E). SCFAs can send signals to the host
via G protein-coupled receptors (GPCRs) to influence microbiota-
gut-brain interactions, thereby regulating brain and neuronal func-
tion [38]. Therefore, NAT supplementation might attenuate neu-
ronal injury during natural aging through modulation of SCFAs
production by the gut microbiota. Furthermore, NAT treatment sig-
nificantly changed the relative abundances of genes in different
metabolic pathways (Fig. 6B). Gut microbiota-host interactions
have a key role in controlling glucose and lipid metabolism
[52,53]. Prediction of functional changes based on the Metacyc
metabolic pathways has been a helpful tool to explore the impact
of changes in the body’s environment on the gut microbiota. NAT
inhibits the allantoin degradation pathway which is positively
associated with fasting glucose level [54], which are indicative of
gut metabolism improvement. NAT administration influences the
L-glutamate degradation pathways, which are related to other
important pathways such as biosynthesis of amino acids [54]| and
bile acids [55]. Thus, owing to the modulation of gut microbiota
components, NAT treatment can affect gut metabolism and physi-
ology, which can impact neural health through the gut-brain axis.

Neuronal degeneration can result in the development of AD
characterized by progressive memory loss and cognitive dysfunc-
tion [56]. One striking finding of this study was that NAT exhibited
therapeutic effects on reversing cognitive disorder, as shown by
the improved spatial learning and passive memory performance
of APP/PS1 mice (Fig. 7D and Fig. 7E). This effect might result from
the significant ameliorative effect of NAT on cerebral neuronal
injuries (Fig. 8A). Indeed, NAT treatment decreased cerebral neu-
ronal injuries in natural aging mice. The major markers of AD are
the formation of aggregates from Ap and Tau protein [57]. NAT also
improved behavioral phenotypes, attenuated AB;_4> plaque accu-
mulation, and reduced the expression level of P-Thr231 Tau in
APP/PS1 mice (Fig. 8B and 8C). Thus, this study provides vital proof
showing the therapeutic impact of NAT on alleviating AD parame-
ters. NAT treatment may thus be an appealing neuron-centric anti-
AD strategy, which warrants further investigation. Interestingly,
the altered gut microbial composition and SCFAs contents in the
cecal contents of AD mice under NAT treatment (Fig. 9A-9D) were
generally consistent with Fig. 5. Furthermore, NAT exerted the
neuronal protective functions via the upregulation of GPR43 and
suppression of the ERK pathway (Fig. 9E). Our results agreed with
the previous study [58], which demonstrated that the coupling of
GPR43 and acetoacetate ameliorated the hippocampal neurons in
the aging mice by inhibition of GPR43-pERK pathway.

Journal of Advanced Research 52 (2023) 119-134
Conclusion

In conclusion, the novel tetraoligosaccharide, NAT, could
reshape the gut microbiota community and restore the metabolic
homeostasis of gut bacteria in aging mice, which can affect gut
physiology, enhance intestinal integrity, and suppress inflamma-
tion. These positive impacts mitigated age-associated cerebral
injury in natural aging mice and cognitive impairment in AD model
mice through gut-brain axis. It will be interesting to further inves-
tigate the impact of NAT treatment in different disease models and
humans.
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