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Abstract: As one of the most important barriers in the body, the intestinal barrier is a key factor in
maintaining human health. Ageing of the intestine is a degenerative process that is closely associated
with a variety of poor health conditions in the elderly. Inflammation and the immune system are
anti-ageing targets that can regulate the function of the intestine. Nucleotides (NTs) are involved in
important physiological and biochemical reactions in the body, but there are few studies about their
effect on the ageing intestine. This paper examines the role of exogenous NTs in the ageing intestine.
For this purpose, we used senescence-accelerated mouse prone-8 (SAMP8) mice and senescence-
accelerated mouse resistant 1 (SAMR1) mice for the experiment, and randomly divided the mice into
NTs-free, Normal Control, NTs-low, NTs-medium, NTs-high, and SAMR1 groups. After 9 months of
intervention, we collected the colon tissue of mice for testing. In our study, exogenous NTs could
increase bodyweight of mice during ageing and improve the morphological structure of the intestine,
and we found that NTs could promote the secretion of intestinal protective factors, such as TFF3
and TE. Furthermore, supplementation with NTs suppressed intestinal inflammation and improved
intestinal immunity, possibly by activating the p38 signaling pathway. These results suggest that
exogenous NTs are able to maintain the health condition of the ageing intestine.

Keywords: exogenous nucleotides; intestine; inflammation; immunity

1. Introduction

The problem of an ageing population has become a global issue, which now makes
anti-ageing an urgent research field. Ageing of the intestine is the phenomenon of structural
degeneration and functional decline of the intestine over time. In the ageing intestine,
certain pathological changes occur [1]: the secretion of the intestine decreases [2], intesti-
nal immunity declines, etc. Deficiency of intestinal immunity makes it less resistant to
pathogens, and it may cause the development of diarrhea and a high incidence of intestinal
infections [3]. Previous studies have agreed that significantly increased intestinal perme-
ability with ageing makes it easier for antigens and dietary origin to leak from the intestinal
lumen into the circulation, which elevates the secretion of inflammatory factors and leads
to low-level intestinal inflammation [4]. The decreasing level of digestion, absorption, and
motility of the ageing intestine may give rise to intestinal diseases and malnutrition [5,6].
The functional ageing of the intestine contributes to the development of some degenerative
and chronic illnesses [7,8], and it also increases the burden of diseases. Therefore, slowing
down the ageing process of the intestine is an important aspect of maintaining normal
health conditions in the elderly.

Chronic low-grade inflammation is thought to be a key marker of ageing. Expression
of inflammatory genes is enhanced and pro-inflammatory proteins are upregulated during
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ageing [9]. Some studies have shown that pro-inflammatory cytokines increase in the
ageing intestine [2], and that they ultimately disrupt the intestinal barrier. Furthermore, the
destruction of the intestinal barrier may generate inflammatory diseases and have adverse
consequences far beyond the intestine, leading to weakness and systemic disease [10].
There are many theories about intestinal ageing. The accumulation of DNA damage in
the cellular genome promotes the ageing process and activates inflammatory signaling
pathways [11]. The intestinal flora changes due to ageing, and it becomes an important
factor in accelerating inflammation in vivo [4]. The innate immune system is activated
by inflammation in most cases [12], and the body fights and clears pathogens in vivo and
in vitro by activating the immune system [13]. Inflammation and the immune system
interreact mutually, which is vital for maintaining homeostasis in the body.

Nucleic acids are bioinformatic macromolecules that can be found in deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). Nucleotides (NTs) are the basic components of
nucleic acids, and they can be involved in the transmission of genetic information. NTs
are composed of bases, pentose, and phosphate. Dissociative NTs or their derivatives
participate in the regulation of protein function and internal metabolism. In addition,
dissociative NTs are major high-energy compounds in energy metabolism and are impor-
tant messengers in cell signaling transduction. The ability to synthesize NTs from scratch
reduced when the organism is under special circumstances, such as rapid growth, stress,
and ageing [14]. Therefore, obtaining NTs externally is a better mode of supplementation.
Exogenous NTs are beneficial for health—for instance, they improve immunity [15] and
liver function [16], promote infant growth and development [17], etc. In contrast, deficiency
of exogenous NTs may cause adverse effects. Exogenous NTs are important for intestinal
health, too. The deficiency of dietary NTs leads to reduced protein synthesis in the intes-
tine [18]. On the contrary, an exogenous NTs supplement can promote intestinal repair [19]
and regulate the intestinal flora [20,21]. Intestinal mucosa lacks the ability to produce
NTs [22], so supplementation with NTs is important for intestinal health. Exogenous NTs
can reduce the level of intracellular inflammatory phenotypes [23], and can also suppress
inflammation in vivo [24,25].

In this study, we aimed to explore how exogenous NTs influence the ageing intes-
tine by using senescence-accelerated mouse prone-8 (SAMP8) and senescence-accelerated
mouse resistant 1 (SAMR1) mice. Senescence-accelerated mice (SAM) include senescence-
accelerated prone (SAMP line) mice and senescence-accelerated resistant (SAMR line)
mice [26]. SAMP8 belongs to the SAM strain, and is widely used in ageing-related studies.
The 6-month-old SAMP8 mice begin to show signs of intestinal motility dysfunction [27],
and the 7-month-old SAMP8 mice have a significant decrease in intestinal function [28]. The
intestine of the aged SAMP8 mice exhibit intestinal barrier damage, intestinal inflammation,
and intestinal immune damage, etc. [9,29]. SAMP8 mice have already been used as an
animal model in order to study ageing intestinal function [28,29], and SAMR1 mice were
used as the model control here because of their normal ageing characteristics. In summary,
we performed a 9-month dietary intervention with different doses of exogenous NTs to
investigate their effect on the ageing intestines of mice, and we mainly focused on their
effect on inflammation and immunity. Meanwhile, we performed a 9-month intervention
without exogenous NTs in order to explore the role of NTs in the diet.

2. Materials and Methods
2.1. Test Substances

Exogenous NTs mixture (5′AMP:5′CMP:5′GMPNa2:5′UMPNa2 = 16:41:19:24) is pro-
duced from sucrose molasses by enzymatic degradation with a purity of >99%. Exogenous
NTs used in this experiment were from Zhen-Ao Biotechnology Co., Ltd. (Dalian, China).

2.2. Animals and Treatment

Male 10–12-week-old SPF SAMP8 and SAMR1 mice were purchased from the Depart-
ment of Experimental Animal Science, Peking University. Every single cage was provided
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for the mice with an environment of 12 h alternating lighting. The temperature was
24 ± 2 ◦C, and relative humidity was 50–60%. The mice were allowed to feed and drink
freely during rearing. The mice and fodder were weighed weekly.

After 1 week of feeding for adaption, all SAMP8 mice were grouped into 15 mice as
follows: NTs-free (NTs-F), normal control (Control), NTs-low (NTs-L), NTs-medium (NTs-
M), and NTs-high (NTs-H) groups. Meanwhile, 15 SAMR1 mice were set as the SAMR1
model control group (SAMR1). Standard food (American Institute of Nutrition Rodent
Diets-93M) was prepared for the control and SAMR1 groups, while standard food without
NTs was prepared for the NTs-F group. Exogenous NTs were added to the standard food at
different doses for the three NTs intervention groups. Descriptions of the groups and the
fodder and the animals’ number are shown in Table 1. After a 9-month intervention, the
colon tissue of the mice was collected and put in a −80 ◦C refrigerator.

Table 1. Description of animals.

Groups Fodder Number of Animals Survival Animal Numbers

Control Standard food 15 12
SAMR1 Standard food 15 12
NTs-F Purified food, AIN-93M 15 13
NTs-L Standard food + 0.3 g/kg NTs 15 14
NTs-M Standard food + 0.6 g/kg NTs 15 13
NTs-H Standard food + 1.2 g/kg NTs 15 12

2.3. Histomorphology Observation of the Intestine

Hematoxylin-eosin (H&E) was used in intestinal dewaxed sections for staining, and
the morphological structure of colon tissue was observed and photographed under a
microscope (BX43F, Olympus, Tokyo, Japan). The number of lymphocytes and goblet cells
were recorded by randomly counting 100 cells from the intestinal villi in each section.

2.4. ELISA Analysis

We used ELISA analysis to test the levels of trefoil factor 3 (TFF3), telomerase (TE),
IgA, IL-2, TNF-α, MCP-1, and CXCL-1 by using a 10% colon tissue homogenate [1,29]. We
made a fitted curve for the standards and calculated the concentration of the sample. The
TFF3 assay kit was obtained from Wuhan BOSTER, the TE activity assay kit was obtained
from Jiang Sofia Biotechnology Co., Ltd. (Taizhou, China). The IgA, IL-2, MCP-1, and
CXCL-1 assay kit were obtained from Hangzhou Multisciences, and the TNF-α assay kit
from Invitrogen, Waltham, MA, USA. All of these indicators were measured according to
the protocols provided with the assay kits.

2.5. Western Blot Analysis

The total protein of mice colon tissue was extracted and the supernatant of the ho-
mogenate was prepared. The protein concentration was measured by the BCA method,
followed by electrophoresis, membrane transfer, blocking, and incubation with primary
and secondary antibodies [9]. NRF2 XP rabbit mAb, p38 MAPK (D13E1) XP Rabbit mab
and phospho-p38 MAPK (Thr180/Tyr182) (D3F9) Rabbit mAb were purchased from CST.
Anti-beta actin antibody was obtained from Abcam. Colour development was carried out
by using enhanced chemiluminescence (ECL), and grey scale analysis by using Image-Pro
Plus 6.0 software (Media Cybernetics Corp, Rockville, MD, USA).

2.6. Statistical Analysis

The data of all tests are presented as mean ± standard deviation (x ± SD). Data were
analysed using SPSS 24.0 software (IBM Corp, Armonk, NY, USA) by one-way ANOVA. As
for repeated tests, the results were analysed using repeated-measures ANOVA. The LSD
method was used for inter-group comparisons if the variance was equal, and, otherwise, a
Tamhane test was used. The criterion for statistically significant was p < 0.05.
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3. Results
3.1. Exogenous NTs Affected Body Weight in Ageing SAMP8 Mice

During the intervention, 2–3 mice died in each group (Table 1), and the amount of
surviving mice at the endpoint of the experiment had no statistical significance in all of
the groups (p > 0.05). As shown in Figure 1a,b, the bodyweight and food intake in all
groups showed no statistical significance at the beginning (p > 0.05). Bodyweight increased
accompanied with food intake from 3 to 6 months of age, and it gradually decreased from
6 to 12 months of age. Overall, supplementation of mid-dose NTs in the diet of ageing
SAMP8 mice significantly increased their bodyweight (p < 0.05).

Figure 1. Effect of NTs on the bodyweight and food intake of mice. (a) The bodyweight of mice
between 3 months and 12 months of age; (b) Food intake of mice between 3 months and 12 months
of age. ϕ Compared to NF, p < 0.05; * Compared to Control, p < 0.05; # Compared to SAMR1,
p < 0.05. The data were analyzed using repeated-measures ANOVA, and the LSD method was used
for inter-group comparisons.

3.2. Exogenous NTs Improved the Morphology Structure and Function of the Colon

The result of HE staining showed that the colonic epithelium of the control group
was observably aged, showing certain pathological features, such as incomplete mucosa,
absence of crypts, disorganized arrangement of intestinal cells, and inflammatory infiltra-
tion at the bottom of the crypts (Figure 2a). As shown in Figure 2b, the number of goblet
cells declined and the number of lymphocytes increased in the control group (p < 0.05).
At the same time, the mice in the NTs intervention groups showed some improvement in
the morphology and structure of the ageing colon, such as a neater arrangement of the
intestinal epithelium, a greater abundance of goblet cells, and the decline of lymphocytes
(p < 0.05) (Figure 2a,b). The supplementation of exogenous NTs had a beneficial effect on
the structure of the ageing colon tissue of mice.

We tested several indicators in the ageing intestine that characterise intestinal function,
such as TFF3 and TE, which are the intestinal mucosal protective factors. As shown
in Figure 2c, the concentration of TFF3 in the control group was markedly lower when
compared with the SAMR1 group (p < 0.05), and the concentration of TFF3 in the NTs-H
group seemed higher when compared to the control and NTs-F groups (p < 0.05). TE in
cells is important for cellular DNA repair. Our experiment revealed that compared to
the control and SAMR1 groups, TE activity in the NTs intervention groups was notably
higher (p < 0.05) (Figure 2d). The results suggested that exogenous NTs could increase the
concentration of TFF3 and TE in the ageing intestine to improve the intestinal function.
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Figure 2. Influence of NTs on the morphological structure in the colon tissue of mice as well as
concentration of TFF3 and TE activity. (a) H&E staining of colon (magnification: 200×). (b) Counting
the number of lymphocytes and goblet cells in HE-stained sections, three sections in each group were
selected. (c) Collect colon tissue of mice at the end of the intervention and store it at −80 ◦C. 5 mice
were randomly selected for the assay. ELISA to detect the concentration of TFF3 in colon tissue. (d) Six
mice were randomly selected for the assay. ELISA assay for TE activity in colon tissue. ϕ Compared
to NF, p < 0.05; * Compared to control, p < 0.05; # Compared to SAMR1, p < 0.05. The result was
analyzed using one-way ANOVA, and the LSD method was used for inter-group comparisons.

3.3. Exogenous NTs Ameliorated Intestinal Immunity and Secretion of Inflammatory Factors in
Ageing SAMP8 Mice

LZM secreted by pan cells and IgA secreted by plasma cells are vital ingredients of
intestinal immune system, and the level of these immune factors can reflect the immune
function of the intestine to some extent. As shown in Figure 3a, the concentration of IgA in
the control group was signally lower than that in SAMR1 group (p < 0.05). Compared to
the control group, the concentration of IgA in NTs-L group was markedly higher (p < 0.05).
In addition, compared with the NTs-F group, the IgA concentration in the colon tissue
of the NTs intervention groups and the SAMR1 group were markedly higher (p < 0.05).
Although we did not find statistical significance in the concentration of LZM in each group
(p > 0.05), there was a tendency for the LZM concentration in NTs-M group to increase
compared to the control group (Figure 3b). Overall, the concentration of IgA in the ageing
colon of mice was significantly decreased, while the supplementation of exogenous NTs
could obviously increase the concentration of IgA. Hence, exogenous NTs may improve
the intestinal immunity.

There is a correlation between immune response and inflammation. We next tested
the inflammatory level by measuring the content of inflammatory cytokines of intestine.
As shown in Table 2, the content of MCP-1 in NTs-L and NTs-H groups were notably
lower compared to control group (p < 0.05). Although the concentration of TNF-α and
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CXCL-1 did not have significance between all groups (p > 0.05), the content of TNF-α
and CXCL-1 of the NTs intervention groups seemed lower than the control group. We
found that exogenous NTs were able to inhibit the secretion of inflammatory factors in the
intestine of ageing SAMP8 mice.

Figure 3. Effect of NTs on the concentration of IgA and LZM in the colon tissue of mice. Six mice
were randomly selected for the assays below. (a) ELISA to detect intestinal IgA concentration in
the colon tissue of mice. (b) Self-control method to detect intestinal LZM concentration in mice. ϕ

Compared to NF, p < 0.05; * Compared to control, p < 0.05; # Compared to SAMR1, p < 0.05. The data
were analyzed using one-way ANOVA, and the LSD method was used for inter-group comparisons.

Table 2. Effect of NTs on the content of inflammatory cytokines in colon tissue of mice.

Groups IL-2 (pg/mg) TNF-α (pg/mL) MCP-1 (pg/mg) CXCL-1 (pg/mg)

NTs-F 0.55 ± 0.13 290.74 ± 165.54 41.65 ± 27.30 2.20 ± 2.41
Control 0.43 ± 0.18 279.61 ± 56.87 62.38 ± 27.33 37.85 ± 29.21
NTs-L 0.28 ± 0.12 357.03 ± 241.62 29.72 ± 10.55 * 18.64 ± 12.19
NTs-M 0.38 ± 0.20 188.47 ± 122.16 72.51 ± 41.79 18.45 ± 16.23
NTs-H 0.29 ± 0.33 194.19 ± 110.79 24.85 ± 7.26 * 15.62 ± 4.36 ϕ

SAMR1 0.48 ± 0.25 460.95 ± 191.85 42.78 ± 24.91 19.25 ± 5.57 ϕ

NTs supplementation inhibited the secretion of inflammatory factors in the ageing intestine of mice. A total of
5 mice were randomly selected for the IL-2 assay, and 6 mice were randomly selected for the TNF-α, MCP-1, and
CXCL-1 assays. ϕ Compared with NF, p < 0.05; * Compared with control, p < 0.05. The data were analyzed using
one-way ANOVA, and the LSD or Tamhane test was used for inter-group comparisons.

3.4. Exogenous NTs Might Increase Nrf2 Expression and Activate the p38 Signalling Pathway

To explain the mechanism by which exogenous NTs improved the ageing intestine,
we examined the expression of Nrf2 and activated p38 proteins. As shown in Figure 4c,
the ratio of p-p38/p38 protein in the intestine of mice in NTs-M and NTs-H groups were
markedly higher than that in NTs-F group, the control group and the SAMR1 groups
(p < 0.05). The results indicated that exogenous NTs activated the p38 signaling pathway
in the ageing intestine of mice. Although the expression of Nrf2 showed no statistical
significance in all groups (p > 0.05), it appeared to be higher in the NTs-H group compared
with the control group (Figure 4d). This offers the possibility that high-dose NTs increased
the expression of Nrf2 protein in the ageing intestine of mice.
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Figure 4. Effect of NTs on the expression of p38, p-p38 and Nrf2 protein in the colon tissue of mice.
A total of 3 mice in every group were chosen at random for Western blot assay. (a) Immunoblots of
p38 and p-p38 proteins. (b) Immunoblots of Nrf2 protein. (c) The relative amount of activated p38
was expressed as p-p38/p38. (d) Nrf2/βactin. ϕ Compared with NF, p < 0.05; * Compared with
control, p < 0.05, # Compared to SAMR1, p < 0.05. The data were analyzed using One-way ANOVA,
and the LSD test was used for inter-group comparisons.

4. Discussion

This is an important study to explore the influence of long-term exogenous NTs
intervention on age-related intestinal inflammation in SAMP8 mice. The structure and
function of the intestine changes with age. In this study, the intestine of SAMP8 mice
showed obvious ageing features at 12 months of age, and we found that exogenous NTs
intervention was able to alleviate the damage caused by ageing. SAMP8 mice lost weight as
they aged, but 0.6 g/kg NTs appeared to be able to maintain bodyweight by increasing the
food intake of the mice. Exogenous NTs improved the morphology of the senescent colon,
and they reduced inflammatory infiltration of the intestine. TFF3 is vital for protecting
intestinal mucosa [30], and it has a mucosal repair function [31]. We discovered that the
level of TFF3 was notably decreased in the ageing intestine of mice, and 1.2 g/kg NTs
improved TFF3 concentration in the intestine. Telomeres are parts of chromosomes, and
telomeres can protect chromosomal DNA from damage [32]. Telomerase (TE) is able to
lengthen telomeres and reduce DNA replication shortening. It is thought that the amount of
TE expressing cells decreases with age, as does the level of TE expression [33]. Meanwhile,
treatment targeting TE can slow down ageing [34]. In our study, TE activity was notably
higher in low, medium, and high doses of the NTs intervention groups than in the control
group. Our study suggested that exogenous NTs were able to increase TE activity in an
ageing intestine, so they could promote DNA damage repair in cells.

Ageing can lead to a decline in immunity and the occurrence of inflammation, and it
causes systemic diseases in severe cases. As a result, reducing the level of inflammation and
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improving immunity are important ways to improve health. Some studies have shown that
pro-inflammatory factors increase when the senescent intestinal barrier is damaged [35,36].
Similarly, in our experiment, we found a significant decrease in MCP-1 concentration
in the intestine of the NTs-L and the NTs-H groups, and this result was consistent with
the result of the count of lymphocytes. The above findings showed that the intervention
of 0.3 and 1.2 g/kg NTs could clearly limit intestinal inflammation. The inflammatory
response is, to some extent, induced by immune cells and their secreted factors, and the
inflammatory response becomes a fundamental mechanism of the immune response [37].
One method to target the inflammatory response is to improve the body’s immunity. Mature
plasma cells in the intestinal epithelium are capable of producing local antibodies, such
as immunoglobulins and anti-microbial peptides (AMPs). Local antibodies are important
components of the intestinal immune system. Intestinal immunity declines progressively
with age, which is called “immune senescence” [38]. The secretion of immunoglobulin
sIgA decreases in the ageing intestine due to the ageing of immune cells [39], and this leads
to a decline of intestinal immunity. In this study, we found that the IgA concentration in
the ageing intestine of mice clearly decreased, and that it increased in the NTs-L group. The
results indicated that 0.3 g/kg NTs could improve intestinal immunity.

Ageing of the intestine is reflected in intestinal inflammation to some extent. Dys-
regulation of the Nrf2 signaling pathway is now thought to be the pathogenesis of some
diseases. Nrf2 activity and its regulatory mechanisms are important for health. The Nrf2
pathway has strong anti-inflammatory activity, and it directly antagonizes the transcription
of pro-inflammatory genes to regulate anti-inflammatory functions [40]. Nrf2 activation
is significantly lower in older individuals than in younger individuals, and its expression
decreases with age [41]. The Nrf2 pathway is also one way to help prevent inflammatory
disease as it might maintain intestinal barrier integrity and reduce inflammation through
the Nrf2 pathway [42]. The results of this study showed that Nrf2 expression in the intestine
of mice in the NTs-H group may increase, so 1.2 g/kg NTs might activate Nrf2 protein ex-
pression to regulate the level of intestinal inflammation. Some investigators have found that
the p38 MAPK pathway is closely related to physiological pathways, such as cellular oxida-
tive stress, inflammation, and organelle stress [43]. Ageing is associated with decreased
activity of p38 MAPK signaling pathway [44], and p38 MAPK signaling may be activated
by ribosomal stress in order to protect the gastrointestinal barrier during ageing [45]. The
anthocyanins can activate the p38 MAPK pathway in intestinal cells to induce apoptosis,
and it subsequently has both antioxidant and anti-inflammatory effects [46]. In addition,
the p38 signaling pathway has been found to play an important role in the induction and
the suppression of tumors [47]. Some components of the p38 pathway are involved in
tumor suppression by controlling cellular responses, such as oncogene-induced senescence,
replicative senescence, contact inhibition, and so on. Furthermore, the inactivation of the
p38 pathway is more conducive to tumorigenesis. The dual role of the p38 pathway in
tumor suppression suggests that we need to focus on specific p38 downstream effectors
in order to distinguish the role of the p38 pathway. This study found that the expression
ratio of the activated p38 protein in the intestine of mice in the NTs-M and the NTs-H
groups increased markedly, which means that 0.6 and 1.2 g/kg NTs could activate the p38
pathway. It has been suggested that a low dose of 0.3 g/kg NTs was unable to activate the
p38 pathway, and that doses of 0.6 and 1.2 g/kg NTs had an obvious effect on inflammatory
pathways. These results further support the idea that the p38 signaling pathway was
activated by exogenous NTs in the intestine, thereby activating other signaling pathways
associated with it, such as physiological responses that include apoptosis, autophagy, and
cell cycle regulation. In this way, exogenous NTs could regulate intestinal homeostasis.

NTs can be either synthesized in the body or absorbed from outside. The deficiency
of dietary NTs affects the growth and the function of the intestine. The rate of intestinal
protein synthesis is overtly reduced when NTs are taken out of the diet, and the activity of
intestinal enzymes, such as alkaline phosphatase, sucrase, maltase, and lactase, also reduce
at the same time. The maturation of intestinal cells is slowed when NTs are deprived,
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too [18,48]. The ageing intestine requires more NTs from the diet to compensate for the
lack of synthesis and absorption. There are very few studies on how the lack of NTs affects
intestinal function. However, we found no statistical significance in the intestine of mice in
the NTs-F group compared to the control group, although some indicators suggested that
the deficiency of dietary NTs might cause adverse effects. Further studies are needed on
this issue in the future.

In our experiment, exogenous NTs were added to fodder in order to investigate
how exogenous NTs influence the ageing intestine of mice. The findings revealed that
exogenous NTs might improve both the structure and the function of an ageing intestine
by inhibiting inflammation and promoting immunity. However, due to the limitations
of the experimental conditions, the intestinal tissues used in this study were taken after
the mice had died, and the intestinal function of the mice was not assessed during the
intervention. Furthermore, as the intestinal epithelium is a relatively rapidly renewing
tissue, we did not find any significant pathology in the ageing intestine of mice. In future,
we will consider extending the duration of the intervention to allow for a more pronounced
intestinal senescence, as well as dynamic observation of intestinal function during the
experiment. Our future work will also investigate the role of exogenous NTs in other
signaling pathways in the ageing intestine.

5. Conclusions

In our study, exogenous NTs intervention improved the structure and function of the
ageing intestine, such as increasing the amount of goblet cells and the level of intestinal
protective factors. Exogenous NTs could inhibit intestinal inflammation by reducing the
number of lymphocytes and the level of inflammatory factors, and could increase the level
of immune factors to promote intestinal immunity. We also found that exogenous NTs may
activate the p38 and the Nrf2 pathways. In conclusion, exogenous NTs have the potential
to ameliorate the ageing intestines of mice, and, therefore, its application to nutritional
intervention is expected to protect intestinal health in the elderly.

Author Contributions: M.Y., M.X. and Y.L. conceived and designed the study. R.L., C.W., X.W.,
N.Z., X.Y., Z.L., J.H., X.L., R.M., M.Y. and R.F. completed the animal experiments. M.Y. analyzed the
experimental data and completed the first draft of this article. M.X. revised the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is partially supported by the Peking University Youth Talent Support Program
(BMU2021YJ036).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Peking University (protocol code: LA2020268, date of approval: 31 March 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Acknowledgments: We would like to thank Yusong Chen, the founder of Zhen-Ao ShuangDi Health
Industry Group (China), for providing the samples of NTs used in this study and for funding this project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hou, Q.; Huang, J.; Zhao, L.; Pan, X.; Liao, C.; Jiang, Q.; Lei, J.; Guo, F.; Cui, J.; Guo, Y.; et al. Dietary Genistein Increases

Microbiota-Derived Short Chain Fatty Acid Levels, Modulates Homeostasis of the Aging Gut, and Extends Healthspan and
Lifespan. Pharmacol. Res. 2023, 188, 106676. [CrossRef] [PubMed]

2. Arnold, J.W.; Roach, J.; Fabela, S.; Moorfield, E.; Ding, S.; Blue, E.; Dagher, S.; Magness, S.; Tamayo, R.; Bruno-Barcena, J.M.; et al.
The Pleiotropic Effects of Prebiotic Galacto-Oligosaccharides on the Aging Gut. Microbiome 2021, 9, 31. [CrossRef] [PubMed]

3. Paradis, T.; Begue, H.; Basmaciyan, L.; Dalle, F.; Bon, F. Tight Junctions as a Key for Pathogens Invasion in Intestinal Epithelial
Cells. Int. J. Mol. Sci. 2021, 22, 2506. [CrossRef] [PubMed]

https://doi.org/10.1016/j.phrs.2023.106676
https://www.ncbi.nlm.nih.gov/pubmed/36693599
https://doi.org/10.1186/s40168-020-00980-0
https://www.ncbi.nlm.nih.gov/pubmed/33509277
https://doi.org/10.3390/ijms22052506
https://www.ncbi.nlm.nih.gov/pubmed/33801524


Nutrients 2023, 15, 2533 10 of 11

4. Thevaranjan, N.; Puchta, A.; Schulz, C.; Naidoo, A.; Szamosi, J.C.; Verschoor, C.P.; Loukov, D.; Schenck, L.P.; Jury, J.; Foley,
K.P.; et al. Age-Associated Microbial Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and Macrophage
Dysfunction. Cell Host Microbe 2017, 21, 455–466.e4. [CrossRef]

5. Tran, L.; Meerveld, B.G.-V. In a Non-Human Primate Model, Aging Disrupts the Neural Control of Intestinal Smooth Muscle
Contractility in a Region-Specific Manner. Neurogastroenterol. Motil. 2014, 26, 410–418. [CrossRef]

6. Englander, E.W. Gene Expression Changes Reveal Patterns of Aging in the Rat Digestive Tract. Ageing Res. Rev. 2005, 4, 564–578.
[CrossRef]

7. Li, Y.; Chen, Y.; Jiang, L.; Zhang, J.; Tong, X.; Chen, D.; Le, W. Intestinal Inflammation and Parkinson’s Disease. Aging Dis. 2021,
12, 2052–2068. [CrossRef]

8. Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut Microbiota
at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017, 9, 1303. [CrossRef]

9. Fang, X.; Yue, M.; Wei, J.; Wang, Y.; Hong, D.; Wang, B.; Zhou, X.; Chen, T. Evaluation of the Anti-Aging Effects of a Probiotic
Combination Isolated from Centenarians in a Samp8 Mouse Model. Front. Immunol. 2021, 12, 792746. [CrossRef]

10. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.;
et al. Chronic Inflammation in the Etiology of Disease across the Life Span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]

11. Zhao, Y.; Simon, M.; Seluanov, A.; Gorbunova, V. DNA Damage and Repair in Age-Related Inflammation. Nat. Rev. Immunol.
2023, 23, 75–89. [CrossRef] [PubMed]

12. Franceschi, C.; Bonafe, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-Aging. An Evolutionary
Perspective on Immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef] [PubMed]

13. Irimia, D.; Wang, X. Inflammation-on-a-Chip: Probing the Immune System Ex Vivo. Trends Biotechnol. 2018, 36, 923–937.
[CrossRef] [PubMed]

14. Sanchez-Pozo, A.; Gil, A. Nucleotides as Semiessential Nutritional Components. Br. J. Nutr. 2002, 87, S135–S137. [CrossRef]
[PubMed]

15. Yamauchi, K.; Hales, N.W.; Robinson, S.M.; Niehoff, M.L.; Ramesh, V.; Pellis, N.R.; Kulkarni, A.D. Dietary Nucleotides Prevent
Decrease in Cellular Immunity in Ground-Based Microgravity Analog. J. Appl. Physiol. 2002, 93, 161–166. [CrossRef] [PubMed]

16. Cai, X.; Bao, L.; Wang, N.; Xu, M.; Mao, R.; Li, Y. Dietary Nucleotides Supplementation and Liver Injury in Alcohol-Treated Rats:
A Metabolomics Investigation. Molecules 2016, 21, 435. [CrossRef] [PubMed]

17. Singhal, A.; Kennedy, K.; Lanigan, J.; Clough, H.; Jenkins, W.; Elias-Jones, A.; Stephenson, T.; Dudek, P.; Lucas, A. Dietary
Nucleotides and Early Growth in Formula-Fed Infants: A Randomized Controlled Trial. Pediatrics 2010, 126, e946–e953. [CrossRef]

18. Lopez-Navarro, A.T.; Ortega, M.A.; Peragon, J.; Bueno, J.D.; Gil, A.; Sanchez-Pozo, A. Deprivation of Dietary Nucleotides
Decreases Protein Synthesis in the Liver and Small Intestine in Rats. Gastroenterology 1996, 110, 1760–1769. [CrossRef]

19. Bueno, J.; Torres, M.; Almendros, A.; Carmona, R.; Nunez, M.C.; Rios, A.; Gil, A. Effect of Dietary Nucleotides on Small Intestinal
Repair after Diarrhoea. Histological and Ultrastructural Changes. Gut 1994, 35, 926–933. [CrossRef]

20. Singhal, A.; Macfarlane, G.; Macfarlane, S.; Lanigan, J.; Kennedy, K.; Elias-Jones, A.; Stephenson, T.; Dudek, P.; Lucas, A. Dietary
Nucleotides and Fecal Microbiota in Formula-Fed Infants: A Randomized Controlled Trial. Am. J. Clin. Nutr. 2008, 87, 1785–1792.
[CrossRef]

21. Ding, T.; Xu, M.; Li, Y. An Overlooked Prebiotic: Beneficial Effect of Dietary Nucleotide Supplementation on Gut Microbiota and
Metabolites in Senescence-Accelerated Mouse Prone-8 Mice. Front. Nutr. 2022, 9, 820799. [CrossRef] [PubMed]

22. Sanderson, I.R.; He, Y. Nucleotide Uptake and Metabolism by Intestinal Epithelial Cells. J. Nutr. 1994, 124 (Suppl. S1), 131S–137S.
[CrossRef] [PubMed]

23. Zhu, N.; Liu, X.; Xu, M.; Li, Y. Dietary Nucleotides Retard Oxidative Stress-Induced Senescence of Human Umbilical Vein
Endothelial Cells. Nutrients 2021, 13, 3279. [CrossRef]

24. Cai, X.; Bao, L.; Wang, N.; Ren, J.; Chen, Q.; Xu, M.; Li, D.; Mao, R.; Li, Y. Dietary Nucleotides Protect against Alcoholic Liver
Injury by Attenuating Inflammation and Regulating Gut Microbiota in Rats. Food Funct. 2016, 7, 2898–2908. [CrossRef] [PubMed]

25. Zhu, N.; Liu, R.; Xu, M.H.; Li, Y. Neuroprotective Actions of Different Exogenous Nucleotides in H2O2-Induced Cell Death in
Pc-12 Cells. Molecules 2023, 28, 1226. [CrossRef]

26. Kurokawa, T.; Ozaki, N.; Ishibashi, S. Difference between Senescence-Accelerated Prone and Resistant Mice in Response to
Insulin in the Heart. Mech. Ageing Dev. 1998, 102, 25–32. [CrossRef] [PubMed]

27. Pellegrini, C.; Daniele, S.; Antonioli, L.; Benvenuti, L.; D’Antongiovanni, V.; Piccarducci, R.; Pietrobono, D.; Citi, V.; Piragine, E.;
Flori, L.; et al. Prodromal Intestinal Events in Alzheimer’s Disease (Ad): Colonic Dysmotility and Inflammation Are Associated
with Enteric Ad-Related Protein Deposition. Int. J. Mol. Sci. 2020, 21, 3523. [CrossRef] [PubMed]

28. Chen, L.H.; Wang, M.F.; Chang, C.C.; Huang, S.Y.; Pan, C.H.; Yeh, Y.T.; Huang, C.H.; Chan, C.H.; Huang, H.Y. Lacticaseibacillus
Paracasei Ps23 Effectively Modulates Gut Microbiota Composition and Improves Gastrointestinal Function in Aged Samp8 Mice.
Nutrients 2021, 13, 1116. [CrossRef]

29. Miro, L.; Garcia-Just, A.; Amat, C.; Polo, J.; Moreto, M.; Perez-Bosque, A. Dietary Animal Plasma Proteins Improve the Intestinal
Immune Response in Senescent Mice. Nutrients 2017, 9, 1346. [CrossRef]

30. Aihara, E.; Engevik, K.A.; Montrose, M.H. Trefoil Factor Peptides and Gastrointestinal Function. Annu. Rev. Physiol. 2017, 79,
357–380. [CrossRef] [PubMed]

https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.1111/nmo.12290
https://doi.org/10.1016/j.arr.2005.06.005
https://doi.org/10.14336/AD.2021.0418
https://doi.org/10.3390/nu9121303
https://doi.org/10.3389/fimmu.2021.792746
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1038/s41577-022-00751-y
https://www.ncbi.nlm.nih.gov/pubmed/35831609
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://www.ncbi.nlm.nih.gov/pubmed/10911963
https://doi.org/10.1016/j.tibtech.2018.03.011
https://www.ncbi.nlm.nih.gov/pubmed/29728272
https://doi.org/10.1079/BJN2001467
https://www.ncbi.nlm.nih.gov/pubmed/11895150
https://doi.org/10.1152/japplphysiol.01084.2001
https://www.ncbi.nlm.nih.gov/pubmed/12070200
https://doi.org/10.3390/molecules21040435
https://www.ncbi.nlm.nih.gov/pubmed/27043516
https://doi.org/10.1542/peds.2009-2609
https://doi.org/10.1053/gast.1996.v110.pm8964401
https://doi.org/10.1136/gut.35.7.926
https://doi.org/10.1093/ajcn/87.6.1785
https://doi.org/10.3389/fnut.2022.820799
https://www.ncbi.nlm.nih.gov/pubmed/35399683
https://doi.org/10.1093/jn/124.suppl_1.131S
https://www.ncbi.nlm.nih.gov/pubmed/8283303
https://doi.org/10.3390/nu13093279
https://doi.org/10.1039/C5FO01580D
https://www.ncbi.nlm.nih.gov/pubmed/27247978
https://doi.org/10.3390/molecules28031226
https://doi.org/10.1016/S0047-6374(98)00009-8
https://www.ncbi.nlm.nih.gov/pubmed/9663789
https://doi.org/10.3390/ijms21103523
https://www.ncbi.nlm.nih.gov/pubmed/32429301
https://doi.org/10.3390/nu13041116
https://doi.org/10.3390/nu9121346
https://doi.org/10.1146/annurev-physiol-021115-105447
https://www.ncbi.nlm.nih.gov/pubmed/27992733


Nutrients 2023, 15, 2533 11 of 11

31. Braga Emidio, N.; Hoffmann, W.; Brierley, S.M.; Muttenthaler, M. Trefoil Factor Family: Unresolved Questions and Clinical
Perspectives. Trends Biochem. Sci. 2019, 44, 387–390. [CrossRef] [PubMed]

32. Harley, C.B.; Futcher, A.B.; Greider, C.W. Telomeres Shorten During Ageing of Human Fibroblasts. Nature 1990, 345, 458–460.
[CrossRef] [PubMed]

33. Ellis, P.S.; Martins, R.R.; Thompson, E.J.; Farhat, A.; Renshaw, S.A.; Henriques, C.M. A Subset of Gut Leukocytes Has Telomerase-
Dependent "Hyper-Long" Telomeres and Require Telomerase for Function in Zebrafish. Immun. Ageing 2022, 19, 31. [CrossRef]
[PubMed]

34. Mojiri, A.; Walther, B.K.; Jiang, C.; Matrone, G.; Holgate, R.; Xu, Q.; Morales, E.; Wang, G.; Gu, J.; Wang, R.; et al. Telomerase Therapy
Reverses Vascular Senescence and Extends Lifespan in Progeria Mice. Eur. Heart J. 2021, 42, 4352–4369. [CrossRef] [PubMed]

35. Walker, E.M.; Slisarenko, N.; Gerrets, G.L.; Kissinger, P.J.; Didier, E.S.; Kuroda, M.J.; Veazey, R.S.; Jazwinski, S.M.; Rout, N.
Inflammaging Phenotype in Rhesus Macaques Is Associated with a Decline in Epithelial Barrier-Protective Functions and
Increased Pro-Inflammatory Function in Cd161-Expressing Cells. Geroscience 2019, 41, 739–757. [CrossRef]

36. Ahmadi, S.; Wang, S.H.; Nagpal, R.; Wang, B.; Jain, S.; Razazan, A.; Mishra, S.P.; Zhu, X.W.; Wang, Z.; Kavanagh, K.; et al.
A Human-Origin Probiotic Cocktail Ameliorates Aging-Related Leaky Gut and Inflammation Via Modulating the Micro-
biota/Taurine/Tight Junction Axis. JCI Insight 2020, 5, e132055. [CrossRef]

37. Ma, H.; Liu, M.; Fu, R.; Feng, J.; Ren, H.; Cao, J.; Shi, M. Phase Separation in Innate Immune Response and Inflammation-Related
Diseases. Front. Immunol. 2023, 14, 1086192. [CrossRef]

38. Boraschi, D.; Aguado, M.T.; Dutel, C.; Goronzy, J.; Louis, J.; Grubeck-Loebenstein, B.; Rappuoli, R.; Del Giudice, G. The Gracefully
Aging Immune System. Sci. Transl. Med. 2013, 5, 185ps8. [CrossRef] [PubMed]

39. Chen, P.; Chen, F.; Lei, J.; Zhou, B. Gut Microbial Metabolite Urolithin B Attenuates Intestinal Immunity Function in Vivo in Aging Mice
and in Vitro in Ht29 Cells by Regulating Oxidative Stress and Inflammatory Signalling. Food Funct. 2021, 12, 11938–11955. [CrossRef]

40. Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.;
Nakayama, K.; et al. Nrf2 Suppresses Macrophage Inflammatory Response by Blocking Proinflammatory Cytokine Transcription.
Nat. Commun. 2016, 7, 11624. [CrossRef]

41. Ungvari, Z.; Bailey-Downs, L.; Sosnowska, D.; Gautam, T.; Koncz, P.; Losonczy, G.; Ballabh, P.; de Cabo, R.; Sonntag, W.E.; Csiszar,
A. Vascular Oxidative Stress in Aging: A Homeostatic Failure Due to Dysregulation of Nrf2-Mediated Antioxidant Response. Am.
J. Physiol.-Heart Circ. Physiol. 2011, 301, H363–H372. [CrossRef] [PubMed]

42. Singh, R.; Chandrashekharappa, S.; Bodduluri, S.R.; Baby, B.V.; Hegde, B.; Kotla, N.G.; Hiwale, A.A.; Saiyed, T.; Patel, P.;
Vijay-Kumar, M.; et al. Enhancement of the Gut Barrier Integrity by a Microbial Metabolite through the Nrf2 Pathway. Nat.
Commun. 2019, 10, 89. [CrossRef] [PubMed]

43. Canovas, B.; Nebreda, A.R. Diversity and Versatility of P38 Kinase Signalling in Health and Disease. Nat. Rev. Mol. Cell Biol. 2021,
22, 346–366. [CrossRef] [PubMed]

44. Youngman, M.J.; Rogers, Z.N.; Kim, D.H. A Decline in P38 Mapk Signaling Underlies Immunosenescence in Caenorhabditis
Elegans. PLoS Genet. 2011, 7, e1002082. [CrossRef]

45. Sun, J.; Kim, J.; Jeong, H.; Kwon, D.; Moon, Y. Xenobiotic-Induced Ribosomal Stress Compromises Dysbiotic Gut Barrier Aging: A
One Health Perspective. Redox Biol. 2023, 59, 102565. [CrossRef]

46. Shin, D.Y.; Lee, W.S.; Lu, J.N.; Kang, M.H.; Ryu, C.H.; Kim, G.Y.; Kang, H.S.; Shin, S.C.; Choi, Y.H. Induction of Apoptosis in
Human Colon Cancer Hct-116 Cells by Anthocyanins through Suppression of Akt and Activation of P38-Mapk. Int. J. Oncol.
2009, 35, 1499–1504. [CrossRef]

47. Han, J.; Sun, P. The Pathways to Tumor Suppression Via Route P38. Trends Biochem. Sci. 2007, 32, 364–371. [CrossRef]
48. Ortega, M.A.; Gil, A.; Sanchez-Pozo, A. Maturation Status of Small Intestine Epithelium in Rats Deprived of Dietary Nucleotides.

Life Sci. 1995, 56, 1623–1630. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tibs.2019.01.004
https://www.ncbi.nlm.nih.gov/pubmed/30792027
https://doi.org/10.1038/345458a0
https://www.ncbi.nlm.nih.gov/pubmed/2342578
https://doi.org/10.1186/s12979-022-00287-8
https://www.ncbi.nlm.nih.gov/pubmed/35820929
https://doi.org/10.1093/eurheartj/ehab547
https://www.ncbi.nlm.nih.gov/pubmed/34389865
https://doi.org/10.1007/s11357-019-00099-7
https://doi.org/10.1172/jci.insight.132055
https://doi.org/10.3389/fimmu.2023.1086192
https://doi.org/10.1126/scitranslmed.3005624
https://www.ncbi.nlm.nih.gov/pubmed/23677590
https://doi.org/10.1039/D1FO02440J
https://doi.org/10.1038/ncomms11624
https://doi.org/10.1152/ajpheart.01134.2010
https://www.ncbi.nlm.nih.gov/pubmed/21602469
https://doi.org/10.1038/s41467-018-07859-7
https://www.ncbi.nlm.nih.gov/pubmed/30626868
https://doi.org/10.1038/s41580-020-00322-w
https://www.ncbi.nlm.nih.gov/pubmed/33504982
https://doi.org/10.1371/journal.pgen.1002082
https://doi.org/10.1016/j.redox.2022.102565
https://doi.org/10.3892/ijo_00000469
https://doi.org/10.1016/j.tibs.2007.06.007
https://doi.org/10.1016/0024-3205(95)00129-T

	Introduction 
	Materials and Methods 
	Test Substances 
	Animals and Treatment 
	Histomorphology Observation of the Intestine 
	ELISA Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Exogenous NTs Affected Body Weight in Ageing SAMP8 Mice 
	Exogenous NTs Improved the Morphology Structure and Function of the Colon 
	Exogenous NTs Ameliorated Intestinal Immunity and Secretion of Inflammatory Factors in Ageing SAMP8 Mice 
	Exogenous NTs Might Increase Nrf2 Expression and Activate the p38 Signalling Pathway 

	Discussion 
	Conclusions 
	References

