Am J Transl Res 2023;15(5):3172-3187
www.ajtr.org /ISSN:1943-8141/AJTR0148008

Original Article
Moxibustion ameliorated age-related alterations
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Abstract: Objective: To observe the anti-aging effects of moxibustion on age-related alterations in middle-aged mice.
Methods: Thirty, 9-month-old, male ICR mice were randomly divided into the moxibustion and control groups (N =
15). Mice in the moxibustion group were given mild moxibustion at the Guanyuan acupoint for 20 minutes every
other day. After 30 treatments, neurobehavior tests, lifespan, gut microbiota composition and splenic gene expres-
sion were observed in the mice. Results: Moxibustion improved the locomotor activity as well as motor function,
activated the SIRT1-PPAR« signaling pathway, ameliorated age-related alterations in gut microbiota, and affected
the expression of genes related to energy metabolism in spleen. Conclusion: Moxibustion ameliorated age-related

alterations in neurobehavior and gut microbiota in middle-aged mice.
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Introduction

Aging is major challenge globally. According to
the World Population Prospects 2022, it is esti-
mated that by 2050, the percentage of people
aged 65 years and above will increase from
10% in 2022 to 16%, and the average lifespan
expectancy will further be prolonged to 77.2
years. Aging is closely associated with the
development of various diseases, such as neu-
rodegenerative diseases, metabolic diseases,
cardiovascular diseases, cancer, etc., which
leads to an increased mortality [1]. Therefore,
the aim of anti-aging therapy is not only to
improve life expectancy, but also to enhance
the life quality in the elderly population.

Aging is accompanied by degenerative changes
in the function of human tissues and organs,
among which the brain is one of the most sus-
ceptible organs. Clinically, the main manifesta-
tion of brain aging is cognitive impairment,
followed by motor dysfunction. Studies have

found that the function of the hippocampus
decreases with age, attributing to memory
impairment [2]. In addition, the incidence of
Parkinson’s disease (PD), which is character-
ized by movement disorders is also increased
with age [3].

The pathogeny of aging is very complex.
Previous studies have indicated that the main
mechanisms involved are genomic instability,
telomere shortening, epigenetic changes, ab-
normal nutrient sensing, mitochondrial defects,
and dysregulated intercellular signaling [4].
Importantly, the gut microbiota has been recog-
nized as a new anti-aging target. Numerous
studies have confirmed age-related changes in
the intestinal microecology. The diversity and
composition of gut microbiota in the elderly dif-
fer discernibly from those in the young adults.
The alterations involve a reduced diversity, a
decreased abundance in beneficial bacteria as
well as an increased abundance in harmful bac-
teria [5], which may be caused by the functional
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abnormity in the gastrointestinal tract, modifi-
cations in lifestyle and nutritional behavior, as
well as deterioration of immune system func-
tion [5, 6]. Moreover, research has highlighted
that intestinal ecological imbalance may result-
ed in age-related diseases including Alzheimer’s
disease (AD) and PD [7, 8]. Therefore, preserv-
ing the health of intestinal flora is pivotal for the
elderly people. Accordingly, probiotics have
been demonstrated to improve health and pro-
long life by regulating the intestinal microbiome
[9]. Significantly, more studies have focused on
the connection between gut microbiota and
nervous system function. Since the brain-gut-
microbiome (BGM) axis involves the interac-
tion between gut microbiome and brain, gut
microbes will influence the function of the
brain. In support with this, the transplantation
of gut microbiota from a young mouse to an
older mouse enhances the cognition of the lat-
ter [10].

Currently, the commonly accepted anti-aging
measures include dietary intervention (DR),
exercise, and drug therapy; however, most of
them have limitations. Consequently, it is of
great necessity to explore more safe and effec-
tive therapeutic approaches. Moxibustion ther-
apy has been used in China for thousands of
years as an indispensable external treatment
in traditional Chinese medicine. Moxibustion
therapy is widely accepted owing to its advan-
tages of low toxicity and few side effects, a
woundless process, and being easy to operate.
Moxibustion practice involves burning moxa
sticks which are made of Artemisia argyi and
placing them above or on the skin of the acu-
point or diseased area, to produce a warming
effect. Moxibustion therapy has been applied
to maintain health, prevent aging, and prolong
lifespan since ancient times. Intriguingly, mod-
ern studies have also confirmed effect of moxi-
bustion in maintaining health and delaying
deterioration in older people [11]. In addition,
animal experiments have demonstrated that
the anti-aging mechanism of moxibustion
includes the regulation of the inflammatory
response [12], the enhancement of antioxidant
capacity [13], the scavenging of free radicals
[14], and the improvement of neurosecretion
function [15], as well as telomerase activity
[16]. However, few studies have explored the
influence of moxibustion on lifespan, or ex-
plained the anti-aging effect of moxibustion in
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relation to gut microbiota. Herein, we explor-
ed the influence of moxibustion treatment at
Guanyuan (RN4) acupoint on the neurobehav-
ior and lifespan of middle-aged male mice, as
well as evaluated the alteration in gut micro-
biota and splenic gene expression by RNA
sequencing (RNA-seq). Our study will provide
valuable insights into how moxibustion influ-
ences age-related alterations and help un-
derstand the mechanism of moxibustion on
anti-aging.

Materials and methods
Animals and experimental design

Thirty, 9-month-old (weighing 44 + 3 g) SPF
male ICR (Institute of Cancer Research) mice
were purchased from the Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing,
China). All mice were given unlimited food and
water and were kept in a temperature-con-
trolled environment (22 £ 2°C), with humidity of
55 + 5% and 12 h light/dark cycle. After 7 days
of adaptation, the mice were randomly divided
into the moxibustion or the control groups (n =
15/group). Animal handling was performed
according to the National Institutes of Health
Guide for the Care and Use of Laboratory
Animals and approved by the Animal Ethics
Committee of Beijing University of Chinese
Medicine (BUCM-4-2016022401-1004).

Moxibustion intervention

In this study, moxibustion treatment on RN4,
which is in the lower abdomen and 10 mm
below the navel of mice, was performed in the
moxibustion group. The moxa sticks (0.5 cm x
20 cm) were homemade with 3-year-old pure
moxa (Nanyang Hanyi Moxa Co., Ltd., China).
Plastic fixators with a hole on the bottom and a
groove at the rear to hold the baffle were uti-
lized to fasten the mice.

Mice in the moxibustion group were put in the
fixator with their lower abdomen exposed to
the hole, and the hair near the RN4 site was
shaved. The fixators were then put on an iron-
wire shelf, and indirect moxibustion interven-
tion was performed 1 cm above the RN4 for 20
min. Mice in the control group went through the
same procedure, except no moxibustion treat-
ment. Mice in the moxibustion group and con-
trol groups were manipulated in room 1 and
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Figure 1. Intervening measures. The red dots represent Guanyuan acupoint.

room 2, respectively (Figure 1). The interven-
tion was performed every other day for 30
applications. At day 60, behavioral tests were
conducted on all mice to observe the changes
in cognitive and motor function.

Passive avoidance test

The passive avoidance test, which was modi-
fied based on the previous study, was per-
formed to examine the learning and memory
capability of mice [17]. Basically, the testing
apparatus comprise a bright and a dark com-
partment joint by a guillotine door. The test
includes a training trial and a testing trial. The
training trial was performed on the first day.
Specifically, the mice were put in the apparatus
and were allowed to become accustomed the
environment for 3 minutes, during which no
power was suppled. The mice were then taken
out, and the dark room was electrified (0.5 mA).
Next, an operator placed the mice in the bright
compartment of the apparatus with the guillo-
tine door open, such that the mice would get an
electric shock to their feet when entering the
dark compartment. The number of electric
shocks received by the mice within 5 minutes
as well as the initial latency of mice entering the
darkroom were recorded. If the mice did not
enter the darkroom within 5 minutes, the laten-
cy was recorded as 300 s. On the second day,
the testing trial was performed and the latency
as well as the number of times entering the
darkroom compartment but without electric
shock were recorded.
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Open field test

The open field test (OFT), which evaluates the
locomotor activity and exploration ability of the
mice was carried out following the procedure
reported previously [18]. Briefly, the mice were
first put in an open field box (L x W x H: 54 cm
x 50 cm x 37 c¢cm) and allowed to habituate for
3 minutes. Then, the mice were placed in the
center of the box, and the total traveling steps
were recorded along with vertical locomotor
activity within 5 minutes. After each test, the
apparatus was cleaned with 75% alcohol.

Rota-Rod test

The Rota-Rod test was conducted to evaluate
the motor function of the mice [19]. Briefly, in
the test, mice were placed on a rota-rod with a
rotation speed of 40 rpom and were tested every
10 minutes for 3 times. The test time is 5 min-
utes. The latency to falling was recorded, and if
the mice stayed on the rod for more than 300 s,
the latency was recorded as 300 s. The test
with the longest latency was employed in the
final results.

Sample collection

At the end of the experiments, mice were anes-
thetized through subperitoneal injection of 3%
pentobarbital sodium and then sacrificed. The
liver tissues were dissected for immunohisto-
chemical staining, and the spleen specimens
were collected for Digital Gene Expression
Profiling analysis. Additionally, the fecal sam-
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ples were also collected for gut microbiota
analysis. The spleen and feces samples were
snap-frozen and stored for further RNA extrac-
tion. The remaining mice were kept without any
intervention until death and the lifespans were
recorded.

Immunohistochemistry assay (IHC)

The liver tissue samples were fixed in 4% para-
formaldehyde solution (24 h, 4°C), paraffin
embedded, and sliced into 4 uym sections.
Subsequently, the liver sections were deparaf-
finized, hydrated, and incubated with primary
antibodies against SIRT1 (ab110304; Abcam,
USA), PPARx (ab61182; Abcam, USA), PPARy
(@ab45036; Abcam, USA) and P53 (ab32389;
Abcam, USA) at 4°C overnight. After rinsing,
the slides were incubated with a corresponding
secondary antibody for 20 min. Diaminoben-
zidine (DAB) solution (DAKO, Denmark) was
used to visualize protein expression, and the
nucleus was counter stained with hematoxylin
solution. The images were observed under the
BX51 microscope (Olympus, USA), and the inte-
gral optical density (I0D) of images was quanti-
fied by Image-pro Plus software.

Digital gene expression profiling analysis

The Digital Gene Expression Profiling (DGE) an-
alysis was carried out as reported previously
[20]. Briefly, Trizol reagent (Invitrogen, Canada)
was used for total RNA extraction from 6 sam-
ples, and the cDNA libraries were constructed
using NEBNext® Ultra™ RNA Library Preparation
Kit (lllumina, USA). Subsequently, the library
was sequenced on the lllumina HiSeq2500
platform. The reads from each sample were
strictly filtered to obtain clean reads of high-
quality, which were then aligned to the refer-
ence sequence using TopHat2.

The expression level of genes was calculated
by counting the sequencing reads mapped on
each gene using FPKM method (fragments per
kilo bases per million mapped reads) [21].
Htseq (version 0.6.1) software was used to
analyze the gene expression level of each sam-
ple [22]. The differential expression analysis
was performed using DESeq [23]. Benjamini-
Hochberg procedure was used to adjust P val-
ues for reducing false-positive results [24]. The
differentially expressed genes (DEGs) between
the two groups were determined based on the
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criterion of an adjusted P-value < 0.05 and
[log(fold change)| > 1.

Gene Ontology (GO) enrichment analysis was
carried out using GOseq software [25] to reveal
the biological function of these DEGs by map-
ping these genes to the corresponding GO
terms. Pathway analysis of the DEGs was con-
ducted by the KOBAS software on Kyoto En-
cyclopedia of Genes and Genomes (KEGG)
database, to systematically access gene func-
tion and genome information. KEGG pathway
analysis identifies the significantly enriched
pathways compared with the whole genome.
GO terms and pathways with an adjusted
P-value < 0.05 were deemed significantly
enriched.

Gut microbiota analysis

Total genomic DNA from each fecal sample was
extracted by E.Z.N.A.® stool DNA Kit (Omega
Bio-tek, Norcross, GA, USA). The variable V3-V4
regions of 16S rRNA were amplified using
the primers: 338F (5'-ACTCCTACGGGGAGGAG-
CAG-3’) and 806R (5-GGACTACHVGGGTWT-
CTAAT-3’). The PCR products were purified
using AxyPrep DNA Gel Extraction Kit (Axygen,
CA, USA), which were then used to construct
the library by using TruSeq™ DNA Sample
Prepration Kit (lllumina, San Diego, USA). The
PCR amplicon products were paired end
sequenced (2 x 300 bp) via lllumina MiSeq
platform (lllumina, San Diego, USA).

The sequencing reads were spliced and filtered
to optimize the quality for subsequent analysis.
The Operational Taxonomic Units (OTU) analysis
annotates OTU for species taxonomy and com-
putes the abundance of each OTU annotation
result. By clustering the samples’ sequencing
results, OTU analysis divided the sequences
into many groups according to their similarities.
The taxonomic analysis of OTU with 97% se-
quence similarity was conducted using Uparse
software (version 7.0.1090) and RDP classifier
Bayesian algorithm (version 2.11) with the con-
fidence threshold set at 0.7.

Based on results from OTU analysis, further
comparison of microbial differences was per-
formed. The Chaol and Shannon indices were
calculated to detect the alpha diversity, which
reflected the richness and diversity of microbial
community. The Chaol index was analyzed
using Mann-Whitney U test, while the Shannon
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index was analyzed by unpaired Student’s
t-test. We further used principal co-ordinates
analysis (PCoA) and non-metric multidimen-
sional scaling analysis (NMDS) to detect the
beta diversity which explored the similarity in
community composition between the two gr-
oups, according to the Bray-Curtis dissimilarity
and ANOSIM analysis and displayed by R soft-
ware (version 3.3.1). The linear discriminant
analysis effect size (LEfSe) was applied to iden-
tify biomarkers in each group using Mann-
Whitney U test. In LEfSe analysis, linear dis-
criminant analysis (LDA) determines the effect
of each species and the default threshold value
was set at 3.0. The bacterial community and
the relative abundance of OTUs in each sample
were assessed from phylum to genera, and the
differences in abundance between the two
groups were displayed by R software, using
Mann-Whitney U test.

Statistical analysis

The data were shown as the means * standard
deviation (SD) or medians and interquartile
ranges (IQRs). Student’s unpaired t-test was
applied to analyze the data with normal distri-
bution; while the Mann-Whitney U test was
used for other data analysis. SPSS 20.0 was
used for statistical analysis, and a P-value <
0.05 indicated a statistical significance. Kaplan
Meier method was used for survival analysis
and the comparison between groups was done
with Breslow test.

Results

Moxibustion improved locomotor activity and
motor function

Before and after the experiment, no significant
difference in body weight was found between
the two groups (P > 0.05; Figure 2A). In terms
of lifespan, although moxibustion intervention
did not extend the survival time of the mice
(P > 0.05; Figure 2B), the median survival was
increased by 16.5%, indicating that moxibus-
tion intervention might play a beneficial role in
longevity. In the open field test, vertical explora-
tion of mice in moxibustion group increased
remarkably (P < 0.05; Figure 2D), although the
difference in traveling distance between the
two groups was not statistically significant
(P > 0.05; Figure 2C), suggesting that moxibus-
tion intervention enhanced exploration ability.
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Moreover, the latency in the moxibustion group
was significantly longer compared to the con-
trol group in Rota-Rod test (P < 0.05; Figure
2E), suggesting a better motor function in mox-
ibustion-treated mice, although the passive
avoidance test showed similar results between
these two groups (P > 0.05; Supplementary
Table 1).

Moxibustion activated SIRT1-related pathway

The Immunohistochemistry (IHC) assay re-
vealed that the expression levels of SIRT1 and
PPARa in the moxibustion group were signifi-
cantly increased (P < 0.05; Figure 3A, 3B), but
there was no significant difference in P53 (P >
0.05; Figure 3C), suggesting that moxibustion
activated SIRT1-PPAR« signalling pathway.

Moxibustion modulated gene expression in the
spleen

Approximately 146 million raw reads were
obtained from the DGE analysis, of which
96.45% were clean reads. Among them, 12 dif-
ferentially expressed genes (DEGs) were recog-
nized, including 7 up-regulated and 5 down-
regulated unigenes (Figure 4A). All DEGs are

listed in Supplementary Table 2.

GO enrichment analysis revealed that these
12 unigenes were assigned to 312 GO terms,
but none of them were significantly enriched
with P-values < 0.05. The top ranked GO
terms were carnosine biosynthetic process,
carnosine synthase activity, carnosine meta-
bolic process, intracellular distribution of mito-
chondria, mitochondrial calcium ion transport,

etc. (Supplementary Table 3).

KEGG analysis displayed that the DEGs were
enriched in 6 signal transduction pathways
(P-adj < 0.05, Figure 4B). Of these, the signifi-
cantly up-regulated pathways were related to
metabolism of histidine, B-Alanine, pyruvate,
arginine, and prolin, while the significantly
down-regulated pathways were maturity onset
diabetes of the young and ribosome.

Moxibustion improved the diversity of the gut
microbiota

First, the alpha diversity analysis was used to
compare the gut microbiota diversity between
the two groups at the OTU level. The Shannon
index was calculated to characterize the com-
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munity diversity, which demonstrated the even-
ness of individual distribution in the communi-
ty. In addition, the Chaol index was computed
to identify the community richness. We found
that the Shannon index (P < 0.05; Figure 5A)
was higher in the moxibustion group than in the
control group, suggesting a significantly higher
community diversity after moxibustion. Never-
theless, the differences in the Chaol index (P >
0.05; Figure 5B) between the two groups were
not statistically significant, suggesting similar
community richness.

Furthermore, we performed the beta diversity
analysis visualized by PCoA and NMDS to
explore the similarity in community composi-
tion between the control and the moxibustion
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Figure 2. Moxibustion improved locomotor activity
and motor function of mice. A. Effects of moxibustion
on Body Weight (n = 15/group). B. The survival rate
displayed by month (n = 11/group). C, D. The total
horizontal traveling distance and frequency of verti-
cal exploration in OFT (n = 15/group). E. The latency
time in Rota-Rod test (n = 15/group). Con: the control
group. Mox: the moxibustion group. "P < 0.05.

groups. As the greater distance in the figure
represented greater difference in flora compo-
sition and structure, PCoA and NMDS results
divided the samples from the control and moxi-
bustion groups into two communities (P < 0.05;
Figure 5C, 5D), suggesting that moxibustion
treatment significantly affected the gut micro-
biota structure of mice.

Moxibustion altered the composition of the gut
microbiota

To identify the characteristic microbiota at dif-
ferent taxonomic levels of each group, LEfSe
was performed and displayed in a cladogram of
the biomarkers (Figure 6A) and an LDA score
histogram (Figure 6B) and found that the pre-
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Figure 3. Moxibustion promoted the protein expression of SIRT1 and PPAR«x in liver tissues (n = 4/group). A. The
SIRT1 relative expression tested via IHC assay. B. The PPAR« relative expression tested via IHC assay. C. The P53
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Figure 4. Moxibustion altered splenic gene expression based on RNA-Seq (n = 3/group). A. Number of DEGs. Cut-
off value of |log,FC| > 1 and P-adj < 0.05. B. The KEGG enrichment pathway analysis of DEGs. The blue column
represents up regulation, while the orange column represents down regulation.

dominant taxa of the contral group were c_ At the phylum level, as displayed in Figure 7A,
Actinobacteria, p_Actinobacteria, f_Bacteroi- Bacteroidetes, Firmicutes, Actinobacteria and
daceae, g_Bacteroides, etc., while the key Proteobacteria were the top phyla in both the
microorganisms of the moxibustion group control and moxibustion groups, among which
were o_Clostridiales, c_Clostridia, f_Lachnos- Bacteroidetes and Firmicutes account for more
piraceae, g_unclassified_f_Lachnospiraceae, than 90% of the proportion. The proportion of
f_Ruminococcaceae, g_Roseburia, etc. Bacteroidetes decreased while the proportion
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group. Mox: the moxibustion group. "P < 0.05.

of Firmicutes increased in the moxibustion
group compared to the control group, although
the differences were not statistically significant
(P> 0.05; Figure 7B). In addition, the Firmicutes
(F)/Bacteroidetes (B) ratio in the moxibustion
group was increased, although not significantly
(P > 0.05). Furthermore, an increased propor-
tion of Tenericutes while a decreased propor-
tion of Actinobacteria and Cyanobacteria was
found in the moxibustion group (P < 0.05;
Figure 7B). Community abundance with signifi-
cant differences from class to family levels was

shown in Supplementary Figures 1, 2.

At the genus level, as displayed in Figure 7C,
the major microbiota in both groups were no-
rank_f_Bacteroidales_S24-7_group, norank_f_
Erysipelotrichaceae, Lachnospiraceae_NK4A-
136_group, Lactobacillus, Bacteroides, Alisti-
pes, Alloprevotella, unclassified_f_Lachnospir-
aceae, Turicibacter, etc. Notably, the moxibus-
tion group exhibited an increased abundance
in unclassified_f_Lachnospiraceae, norank_f_
Lachnospiraceae, Roseburia, Lachnoclostri-
dium, etc., and a significantly decreased abun-
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dance of Bacteroides (P < 0.05; Figure 7D),
supporting the results from LEfSe analysis.

Discussion

The brain is one of most susceptible organs to
aging. After middle age, the age-related decline
of brain function is greatly accelerated, accom-
panied by the growing incidence of neurode-
generative disorders such as AD and PD. As
brain aging leads to neurobehavioral changes,
studies have shown that the cognitive function
of mice declines from middle age [26]. Althou-
gh moxibustion has been proven to improve
the learning and memory ability of mice with
Alzheimer’s disease [27], our study found that
it might not have a significant impact on the
memory of the middle-aged mice. It is also
notable that, we used passive avoidance test to
measure memory in this experiment. However,
the accuracy of passive avoidance test is
affected by many factors. The large individual
differences in the avoidance response, the un-
familiar environment, the smells and sounds
during the test, and the stress reaction caused
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Figure 6. Moxibustion changed the composition of the gut microbiota by LEfSe analysis (n = 9/group). A. Taxonomic cladogram of differential abundance microbiota
(phylum to genus). B. LDA scores of differential abundance microbiota. LDA score (log, ) > 3 and P < 0.05. Con: the control group. Mox: the moxibustion group.
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by electric stimulation, all of which may affect
the behavioral results. In future study, we hope
to improve the methods of passive avoidance
test, and use different behavioral tests to eval-
uate the learning and memory ability more
comprehensively and objectively. Although our
study showed that moxibustion intervention
didn’t significantly improve the learning and
memory ability of mice, it improved the locomo-
tor activity and motor function of mice in the
OFT and Rota-Rod test.

SIRT1 is recognized as a longevity gene that
participates in regulating the aging process,
thus affecting lifespan. Caloric restriction, as
one of the main anti-aging measures, has been
reported to prolong lifespan and alleviate age-
related diseases, by enhancing the activity of
SIRT1 [28]. Caloric restriction prolongs the
median lifespan of SIRT1 (+/-) mice, but not
SIRT1 (-/-) mice [29], suggesting that SIRT1
mediates the life prolonging effect of caloric
restriction. SIRT1 regulates cell metabolism
and aging by acting on a variety of downst-
ream signaling molecules, such as PPARs, P53,
FOX01, and PGC1a. In particular, SIRT1 not
only activates PPARs to regulate nutrient me-
tabolism [30], but also regulates apoptosis by
acting on P53 [31]. In this study, although no
significant changes were found in the lifespan
of the mice, the median lifespan was extended
by 16.5%, and IHC showed that moxibustion
intervention activated the SIRT1-PPAR«x sig-
naling pathway, all of which demonstrated the
function of moxibustion in modulating energy
metabolism and increasing life expectancy.
Similar studies also suggested that consuming
resveratrol, a SIRT1 activator, from middle age
reduced the signs of aging and improved age-
related adverse conditions, although no statis-
tical difference was found in lifespan [32]. Our
study failed to display a significant effect of
moxibustion intervention on prolonging the
lifespan of mice, which may be due to the fact
that moxibustion as a health care therapy re-
quires a long course of treatment, while our
experimental period (30 times) was insufficient
to achieve the expected effect. Our small sam-
ple size might also limit the accuracy of the
results.

Our splenic gene sequencing results identified
12 DEGs by moxibustion treatment, and the GO
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terms of these genes were mainly related to
carnosine metabolism and mitochondrial func-
tion. In addition, KEGG analysis showed that 6
pathways were significantly enriched, among
which the metabolisms of histidine, B-Alanine,
and pyruvate were significantly up-regulated,
suggesting that moxibustion affected nutrients
metabolism. Furthermore, the enhancement of
amino acid metabolism might correlate with
the regulation of carnosine metabolism by mox-
ibustion. L-Carnosine, a small molecular dipep-
tide of B-Alanine and histidine, enriched in mus-
cle and brain tissues, is a strong antioxidant
and is considered as one of the most effective
anti-aging substances [33]. A carnosine con-
taining diet has been proven to reduce the
aging characteristics of SAMP1 mice and pro-
long the mean lifespan by 20% [34]. In consis-
tence with these findings, one study reported
that oral carnosine administration delayed br-
ain aging and ameliorated memory deficits of
AD mice [35].

Our IHC and spleen RNA-seq results suggested
the effects of moxibustion on energy metabo-
lism. Similarly, our previous study also found
that moxibustion at the Guanyuan acupoint
enhanced cognitive function of AD modeled
mice through promotion of metabolism [36,
37]. As energy metabolism mainly occurs in
mitochondria, our unpublished data indicated
that moxibustion intervention alleviated the
oxidative stress of brain tissue and ameliorated
behavioral performance through regulating the
function of the mitochondrial respiratory chain.

In this study, we found that moxibustion inter-
vention improved the autonomous activity and
motor function of mice, prolonged the median
survival, and boosted the energy metabolism,
which could be explained by the enhancing
effects on yang qi of moxibustion at RN4. Based
on the theory of traditional Chinese medicine,
supplementing yang qi is one of the key func-
tions of moxibustion. Around 1146 CE, the
Bianque Heart Book has proposed that moxi-
bustion is the first choice of treatment for yang-
deficiency syndrome. RN4, an acupoint of the
Ren meridian, where three yin meridians of the
foot converge, has the effect of reinforcing kid-
ney-yang. Yang qi is interpreted in modern
vocabulary as referring to the nature of “upward,
exuberant and enhanced”. Therefore, a human
body sufficient in yang qi exhibits a strong
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metabolism, full of spirit and energy. Traditional
Chinese medicine also proposes that the main
pathogenesis of aging is “kidney yang deficien-
cy”. As people grow older, the yang qi will gradu-
ally be depleted. The earliest written record of
Chinese medicine, Huangdi Neijing, states the
relationship between yang qi and lifespan:
“When Yang is strong, you will live long, and
when Yang is weak, you will die”. Based on the
theory of traditional Chinese medicine, moxi-
bustion at RN4, as an important health care
therapy, can supplement the yang qi of the
human body, thus delaying the aging process.
Additionally, modern research has confirmed
that a radiation effect is one of the functional
mechanisms of moxibustion. Previous research
has illustrated that the burning moxa radiation
spectrum ranges between 0.8 and 5.6 um,
while the peak is around 1.5 ym, within the
band of medical infrared [38]. Radiation effects
not only raise the temperature and promote the
energy metabolism of local issues, but also
induce some active substances to enter the
blood circulation, strengthening the metabo-
lism of the affected organs [38].

Accumulating evidence has indicated the criti-
cal role of gut microbiota in the aging process.
Gut microbiota has been proposed as a possi-
ble determinant of human lifespan as evi-
denced by the fact that beneficial species of
the gut microbiome in centenarians have been
preserved compared to elderly [39]. Other stud-
ies also found similar gut microbiota between
the healthy older adults and young adults, sug-
gesting the crucial role of gut microbiota in
healthy aging [40]. Through the brain-gut-micro-
biome axis (BGM), gut microbiota participates
in the regulation of nervous function, via the
mechanisms of metabolism, and the immune
and endocrine systems, etc. [41]. The age-relat-
ed changes in the nervous system were con-
nected to the imbalance of fecal microbiota.
Indeed, the gut microbiota related to inflam-
mation were in imbalance in elderly adults with
cognitive impairment [42]. In line with this find-
ing, clinical trials reported that probiotics en-
hanced the memory of AD patients [43], which
was also supported by using animal experi-
ments in which probiotics improved age-related
behavior of SAMP8 mice via the BGM axis [44].

In this study, the alpha diversity of gut microbi-
ota in the moxibustion group increased remark-
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ably compared to the control group. A high
diversity of microbiota is vital to maintain func-
tional affluence and adaptability and, there-
fore, systematic robustness against environ-
mental challenges. Conversely, a low diversity
is found to link to the onset of many diseases
[45]. The diversity of gut microbiota in the
elderly reduced significantly [46]. In our beta
diversity analysis, we found a significant differ-
ence in gut microbiota structure between moxi-
bustion-treated and control mice, indicating
the effects of moxibustion on gut microbiota
structure, consistent with previous research
[12].

In the aspect of composition, the four major
phyla of gut microbiota are Bacteroidetes,
Firmicutes, Actinobacia and Proteobateria.
Bacteroides and Firmicutes are the dominant
bacteria, accounting for more than 90% of
gut microbiota. The relative abundance of Fir-
micutes (F) and Bacteroides (B) is an impor-
tant indicator of gut microbiota status [47].
However, the change of F/B ratio with age still
remains debatable. Some studies showed that,
after adulthood, the F/B ratio in gut decreases
with age [48], whereas others reported that it
increases with age [49]. We found a trend of
increased F/B ratio after moxibustion treat-
ment in our study, although not statistically sig-
nificant. Additionally, the relative abundance of
f_Bacteroidaceae and g_Bacteroides, which is
considered to be potentially harmful condi-
tioned pathogens, declined in the moxibustion
group. It has been found an increased abun-
dance of Bacteroides during aging [48], which
is positively correlated with cognitive impair-
ment [50]. Furthermore, at the phylum level,
the relative abundance of Actinobacteria and
Cyanobacteria in the moxibustion group was
reduced, while the relative abundance of Tene-
ricetes was increased. Previous studies have
also confirmed these age-related changes [51,
52].

In our LSEF analysis, we identified that o_
Clostridiales, c_Clostridia, f_lachnospiraceae,
g_unclassified_f_Lachnospiraceae, f_Rumino-
coccaceae g_Roseburia, etc. were the key
microorganisms in the moxibustion group,
among which f_Lachnospiraceae and f_
Ruminococcaceae are from o_Clostridiales,
while g_Roseburia is from f_Lachnospirace-
ae. Previous studies have suggested that the
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abundance of Lachnospiracea, Roseburia and
Ruminocochaceae in the gut display age-relat-
ed alterations. The abundance of these micro-
organisms was decreased in the elderly com-
pared with that in the young adults [39]. Simi-
lar study also indicated that Roseburia and
Ruminococcaeae are more abundant in the gut
of centenarians compared with the younger
elderly [53]. Since Lachnospiracea, Rumino-
cochaceae and Roseburia produce short chain
fatty acid (SCFA), especially butyric acid [54-
56], previous studies have also revealed a posi-
tive relationship between brain aging and the
reduction in the abundance of butyrate, as well
as butyrate-producing bacteria in the gut [57].
SCFAs, which regulate the metabolism of nu-
trients, are mainly produced by beneficial intes-
tinal microorganisms after dietary fiber diges-
tion [58]. SCFAs participate in maintaining the
health of both gut and brain. Furthermore,
Butyrate, a crucial member of SCFAs, has been
shown to have anti-inflammatory and neuropro-
tective effects [59], as well as to improve the
cognitive function of animals with neurodegen-
erative diseases [60]. Although we did not mea-
sure the levels of intestinal SCFAs in this study,
our previous studies found that moxibustion at
RN4 increased the levels of various SCFAs in
aged rats [12]. Collectively, our results indicat-
ed that, moxibustion intervention ameliorated
age-related changes in gut microbiota. It is
assumed that by regulating gut microbiota,
moxibustion plays a role in healthy aging and
improving nervous function.

Conclusion

In summary, our study suggested that, in mid-
dle-aged mice, moxibustion intervention im-
proved the neurobehavioral performance, re-
versed the age-related imbalance of gut micro-
biota, and promoted energy metabolism, result-
ing in an anti-aging effect. Future research will
be carried out to extend the intervention course
and explore the correlation between gut micro-
ecological and senescence characteristics.
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Supplementary Table 1. Results of passive avoidance test

Group Training Mistakes Training Latency Retention Mistakes Retention Latency
Control 2(2,3) 13.5(9.1, 20.8) 1(0,1) 214.7 (94.1, 300)
Moxibustion 3(2,3) 11 (8.4, 18.5) 0(0,2) 300 (197.6, 300)

The data were presented as medians and interquartile ranges (IQRs).

Supplementary Table 2. DEGs between the control and moxibustion groups

Gene ID Gene Name  log,FC P-adjusted  Gene annotion

ENSMUSG00000033826 Dnah8 4.1031 4.0242E-17  Dynein heavy chain, coiled coil stalk| | ATPase, dynein-related, AAA
domain| | Dynein heavy chain domain| | Dynein heavy chain, domain-
1| | P-loop containing nucleoside triphosphate hydrolase| | Dynein
heavy chain, P-loop containing D4 domain | | AAA+ ATPase
domain| | Dynein heavy chain, domain-2

ENSMUSG00000104422 Ighv1-14 4.7438 7.1713E-10

ENSMUSG00000035578 lgcg 3.8683  0.000000128 -||IQ motif, EF-hand binding site

ENSMUSG00000096942 Rps19-ps6 -5.3812 2.3062E-06

ENSMUSG00000102765 Ighv1-62 Inf 9.2169E-06

ENSMUSGO0000075391 Gm13443 3.9779  0.000045136

ENSMUSGO0000094787 Ighv1-54 -2.6056 0.0019959 Immunoglobulin-like domain| | Immunoglobulin V-set domain
ENSMUSGO0000052271 Bhlhal5 -2.0532 0.0051721  Myc-type, basic helix-loop-helix (bHLH) domain
ENSMUSGO0000095416 Ighv1-12 -2.2226 0.01047 Immunoglobulin-like domain| | Immunoglobulin V-set domain

ENSMUSG00000106714  RP23-76J15.4 -2.6319 0.01047
ENSMUSG00000096580 Igkv1-132 2.5484 0.029528 Immunoglobulin-like domain| | Immunoglobulin V-set domain
ENSMUSG00000075289 Carnsl 1.9965 0.040508 ATP-grasp fold

Supplementary Table 3. GO enrichment analysis of DEGs (the top 10 most abundant go categories)

GO Term Description Term_type Over represented P Value P-adjusted
G0:0035499  carnosine biosynthetic process biological_process 0.00021273 1
G0:0047730  carnosine synthase activity molecular_function 0.00021273 1
G0:0035498  carnosine metabolic process biological_process 0.00038695 1
G0:0048312 intracellular distribution of mitochondria biological_process 0.00094718 1
G0:0006851  mitochondrial calcium ion transport biological_process 0.0017629 1
G0:0048311  mitochondrion distribution biological_process 0.0018619 1
G0:0010832  negative regulation of myotube differentiation biological_process 0.0021022 1
G0:2001015 negative regulation of skeletal muscle cell differentiation biological_process 0.0022702 1
G0:0016887 ATPase activity molecular_function 0.0026612 1
G0:0043043  peptide biosynthetic process biological_process 0.0038565 1
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Supplementary Figure 1. Moxibustion altered the composition of gut microbiota at the class, order and family levels
(n=9/group). A. The gut microbiota composition at the class level (top 10 classes of abundance). B. The gut micro-
biota composition at the order level (top 10 orders of abundance). C. The gut microbiota composition at the family
level (top 10 families of abundance).
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Supplementary Figure 2. Moxibustion altered the relative abundance of the gut microbiota at the class, order and
family levels (n = 9/group). A. Differences in dominant gut microbiota composition at the class level (top 10 classes
of abundance). B. Differences in dominant gut microbiota composition at the order level (top 10 orders of abun-
dance). C. Differences in dominant gut microbiota composition at the family level (top 10 families of abundance).



