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Abstract

Objective: To evaluate the regulatory effect of inulin and Aempseed dietary
fiber on intestinal immune homeostasis in aged mice. Methods: In this study,
a total of 32 male C57BL/6 mice were utilized, with 8 mice aged 20 weeks des-
ignated as the young control (YC) group, and the remaining 24 mice aged 84
weeks were divided into the aged control (AC) group, inulin (AIN) group, and
hempseed dietary fiber (AHS) group. After a 12-week dietary intervention, the
changes in the proportion of CD4* T cell subsets (Th1, Th2, Th17, and Treg)
of the colon in aged mice were detected by flow cytometry, and immunohisto-
chemistry was used to detect the changes in colonic inflammatory factors. Re-
sults: When compared with the YC group, the proportion of Thl and Th17
cells was found to be significantly decreased in the AC group. The proportion
of Th1 and Th17 cells in the AIN and AHS groups was significantly increased
compared with the AC group. The Th1/Th2 ratio and the Th17/Treg ratio
were found to be significantly decreased in the AC group compared with those
of the YC group. When compared with the AC group, the Th1/Th2 ratio was
significantly improved in the AIN group but not in the AHS group. In addi-
tion, the expression of IL-6 was significantly increased in the AC group com-
pared to the YC group. The expression of IL-6 was found to be decreased in
the AIN and AHS groups when compared to the AC group. Conclusion: Diets
containing inulin and Aempseed dietary fiber components partially improved
age-related alterations in intestinal immune responses in aged mice. These
findings suggest that both dietary interventions may have potential for miti-
gating age-related intestinal immune decline.
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1. Introduction

Studies have shown that the immune function of the intestinal mucosa declines
with age [1]. Gut immunosenescence is a hallmark of aging and has become a key
biological process affecting the health of the aged. Intestinal immune senescence
is a key link in the body’s aging, and it coordinates systemic immune dysfunction
through three mechanisms: cellular autonomy of mucosal immune efficiency, in-
flammatory cascade caused by dysregulation, and structural disintegration of the
intestinal barrier [2].

Initial CD4* T cells can differentiate into one of the lineages of helper cells (Th1,
Th2, and Th17) and Treg cells [3]. Th1 cells mainly secrete interferon-y (IFN-y)
and tumor necrosis factor-B (TNF-f), which mediate cellular immunity, delayed
hypersensitivity reactions, and macrophage activation, while Th2 cells secrete in-
terleukin-4 (IL-4), IL-5, IL-9, and IL-13, which are mainly involved in humoral
immunity and allergic reactions [4]. Th17 cells secrete IL-17A, IL-17F, IL-21, and
IL-22, stimulating the secretion of pro-inflammatory molecules that are further
involved in immunity against bacterial or fungal infections and in the pathogene-
sis of autoimmune or metabolic diseases [5]. Treg cells are a special CD4'T cell
lineage that has the function of maintaining immune homeostasis and limiting
excessive immune responses [6].

Hempseed (Hemp L.) is a traditional medicinal and food-grade plant, and its
seeds are rich in dietary fiber, high-quality protein, and a variety of bioactive com-
ponents, with good nutritional value and potential health-promoting effects [7].
Studies have shown that Aempseed and its active ingredients have some effects in
improving intestinal barrier function and regulating intestinal inflammation [8].
Inulin is a type of dietary fiber, which is a fructan, mainly derived from plants
such as chicory, ginger, garlic, onion, and asparagus [9]. A diet rich in inulin has
been reported to improve the function of the intestinal barrier and modulate the
immune system [10]. However, there are still few studies on the effects of dietary
fiber and inulin on regulating intestinal immune function, and the effect of the
two interventions is still unclear. Therefore, we used aged mice as a model to
compare the effects of diets containing inulin or Aempseed fiber on intestinal
immune function, focusing on CD4" T-cell subsets and inflammatory cytokine

expression.

2. Materials and Methods
2.1. Experimental Animals

Thirty-two male C57BL/6 mice were included in the study, comprising eight 20-
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week-old mice assigned to the young control (YC) group and twenty-four 84-
week-old mice randomly allocated to the aged control (AC), inulin (AIN), and
hempseed dietary fiber (AHS) groups (n = 8/group). Before randomization, all
animals were screened for general health status, and mice exhibiting external in-
juries or poor general condition were excluded. Mice within the same experi-
mental group were housed together, with four mice per cage, under identical en-
vironmental conditions. The investigators were not blinded to group allocation
during the animal experiments. The group size was determined with reference to
a previous study using aged C57BL/6 mice with a comparable inulin intervention
and intestinal and inflammatory endpoints [11]. All mice were raised under the
intelligent central exhaust ventilation cage box system of Youjiang Medical Uni-
versity for Nationalities.

After 1 week of adaptive feeding of all SPF level mice, they were transferred to
the intelligent central exhaust ventilation cage system. The mice were freely fed
and watered, and the feeding environment was constant temperature (24°C +
2°C), constant humidity (50% + 5%), and the light/dark period was 12 hours each.
Change the litter every 4 days, observe the mental state of the mice every day,
divide the cage and add sterile cotton if necessary.

2.2. Intervention

Under identical feeding conditions, the young control (YC) and aged control (AC)
groups received an ordinary maintenance feed, while the AIN and AHS groups
were fed experimental diets formulated with 20% inulin or 25% hAempseed fiber
ingredient, respectively. The nutritional components of the fed are shown in Sup-
plementary Table 1. Compared with the ordinary maintenance feed, the dietary
fiber diet containing inulin and Aempseed fiber has an increased moisture con-
tent, decreased crude protein and crude fat content. The calcium content in each
group is similar. Since soluble dietary fiber cannot be detected by the method for
crude fiber, no significant difference in crude fiber levels was observed. The mice
were fed for a total of 12 weeks. All the feeds were customized by Jiangsu Synergy
Pharmaceutical Bioengineering Co., Ltd. and tested by Xi’an Guolian Quality In-
spection Technology Co., Ltd.

2.3. Indicator Detection

2.3.1. Flow Cytometric Analysis of Colonic CD4+ T-Cell Subsets in Mice

Colonic CD4" T-cell subsets were analyzed by flow cytometry. Briefly, the entire
colon was collected, washed, minced, and enzymatically digested with pancreatic
enzymes and type II collagenase to obtain a single-cell suspension. For Th1, Th2,
and Th17 analysis, cells were stimulated with PM A and ionomycin in the presence
of a protein transport inhibitor, followed by surface and intracellular staining. For
Treg analysis, cells were stained for CD4 and CD25, followed by fixation, perme-
abilization, and Foxp3 staining. Flow cytometric data were analyzed using a se-
quential gating strategy. Lymphocytes were first gated based on FSC/SSC charac-
teristics, followed by doublet exclusion using FSC-A versus FSC-H. CD4* T cells
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were then identified within the singlet lymphocyte population. Compensation was
performed using single-stained controls, and unstained controls were used to as-
sess background autofluorescence. Thl, Th2, and Thl17 cells were defined as
CD4'IFN-y*, CD4'IL-4*, and CD4'IL-17A* cells, respectively. Tregs were defined
as CD4"CD25*Foxp3* cells. The proportions of each subset were calculated as per-
centages of CD4" T cells.

2.3.2. Colonic Immune Factor Immunohistochemistry

Mouse colon tissue was collected, fixed with 4% paraformaldehyde, and covered
with conventional paraffin. Antigen repair was performed after dewaxing and re-
hydration, blocking endogenous peroxidase and blocking. IL-6, IL-10, IFN- yand
TNEF-a primary antibodies (Beyotime Biotechnology, China) were added and in-
cubated overnight at 4°C, followed by HRP-labeled secondary antibodies (Be-
yotime Biotechnology, China), DAB chromogenic, and hematoxylin counter-
staining. The field of view was randomly selected to take pictures, and the average
optical density (MOD) was used to perform semi-quantitative analysis. At least
three representative fields were randomly selected for analysis from each mouse,
and all mice from each experimental group were included. Image analysis was
performed using Image]J by an investigator blinded to group allocation. The same
thresholding criteria were applied consistently to all images, and the average op-
tical density (AOD) was calculated as the integrated density (IntDen) divided by
the stained area (AOD = IntDen/Area).

2.4. Statistical Analysis

GraphPad Prism (version 9.5.1) was used for statistical analysis. Data were ex-
pressed as mean + SEM. Data were assessed for normality and homogeneity of
variance before parametric analyses. For comparisons with the aged control (AC)
group, one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons test was used, with adjustment for multiple comparisons. A prespec-
ified comparison between the AIN and AHS groups was performed using an un-
paired two-tailed Student’s t-test. When P < 0.05 was considered statistically sig-

nificant. Exact P values are reported where applicable.

3. Results

3.1. Effects of Diets Containing Inulin or Hempseed Fiber on Body
Weight and Colonic CD4+ T-Cell Subsets in Aged Mice

At the end of the intervention, no significant differences in body weight were ob-
served among the YC, AC, AIN, and AHS groups (Figure 1).

Compared with YC group, the proportion of Th1 cells in the AC group showed
a downward trend. Compared with the AC group, the proportion of Thl cells in
the AIN group and AHS group was significantly increased. (AIN:P = 0.0104; AHS:
P = 0.0475). There was no statistical difference in Th2 cells between the groups.
Compared with YC group, the Th1/Th2 ratio in the AC group was significantly
decreased (P = 0.0191). Compared with the AC group, the Th1/Th2 ratio was sig-
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nificantly increased in the AIN group (P = 0.0439), while there was no statistical

difference in the AHS group (Figure 2).
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Figure 1. Comparison of body weights among

mouse groups after intervention.
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Figure 2. Comparison of Th1, Th2, and Th1/Th2 ratios in colonic tissues of mice in each group. *P < 0.05 vs. YC group, *P < 0.05
vs. AC group.
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3.2. Effects of Diets Containing Inulin or Hempseed Fiber on
Intestinal Inflammatory Cytokines in Aged Mice

Compared with YC group, the proportion of Th17 cells in the AC group was sig-
nificantly reduced (P = 0.0388). Compared with AC group, the proportion of Th17
cells in the AIN group and AHS group was significantly increased (P=0.0396,
P=0.0303, respectively). There was no statistically significant difference in the pro-
portion of Treg cells between groups. Compared with YC group, the Th17/Treg ratio
in the AC group was significantly reduced (P = 0.0208), and there was no signifi-
cant change after AIN and AHS intervention, as shown in Figure 3.
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Figure 3. Comparison of Th17, Treg, and Th17/Treg ratios in colonic tissues of mice in each group. *P< 0.05 vs. YC group, *P< 0.05
vs. AC group.

The results of colonic inflammatory factor immunohistochemistry showed that
the expression of IL-6 in the AC group was increased compared with YC group (P
=0.0151), and the expression of IL-6 in the AIN group and AHS group decreased
compared with the AC group (P = 0.0269, P = 0.0038, respectively). The IL-10,
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IFN-y, and TNF-a were also detected, but there was no significant difference be-

tween the groups, as shown in Figure 4.
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Figure 4. Comparison of IL-6, IL-10, IFN-y, and TNF-a in colonic tissues of mice in each group. “P < 0.05 vs. YC group, *P < 0.05
vs. AC group, **P < 0.01 vs. AC group.

4. Discussion

In this study, the regulatory effect of dietary fiber on intestinal immune function
in elderly mice from the aspects of CD4* T cell subsets and inflammatory factor
levels were evaluated. The results showed that aging led to local immune dysfunc-
tion in the colon, which was manifested by a decrease in the proportion of Thl
and Th17 cells, an imbalance of Th1/Th2 and Th17/Treg ratio, and an increase in
IL-6 expression.

Interestingly, no significant differences in body weight were observed among
the groups at the end of the intervention. This finding suggests that the observed
changes in intestinal inflammatory cytokines and CD4* T-cell subsets were not
accompanied by detectable changes in overall body weight. Consistent with our
findings, a previous study reported that an inulin-based dietary fiber intervention
did not significantly affect body weight in aged mice [12].
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Our results showed that the proportion of Th17 cells in the elderly group de-
creased significantly, while the dietary fiber intervention of inulin and Aempseed
recovered significantly. One previous study also report low dietary fiber intake
impairs intestinal Th17 cell development in mice, and fiber supplementation can
restore T cell development [13]. Consistent with the results of this study, it is sug-
gested that aging may lead to a decrease in Th17 cell development or recruitment
ability, and supplementation with Aempseed dietary fiber and inulin may improve
the intestinal microenvironment by regulating the intestinal flora and its metab-
olites, thereby promoting the differentiation of Th17 cells or the restoration of
recruitment ability. Although there was no statistical difference in the proportion
of Treg cells between the groups, and there was no significant change after AIN
and AHS intervention, Th17 cell recovery could still indicate an improvement in
intestinal immune function in aged mice. The Th17/Treg ratio in the AC group
decreased significantly. This result is consistent with previous studies that show
the ratio of effector T cells to regulatory T cells changes during aging, leading to a
decrease in immune response capacity [14]. There was no significant change in
the Th17/Treg ratio after AIN and AHS intervention, suggesting that dietary fiber
could play an immunomodulatory role by maintaining the balance between Th17
and Treg and avoiding the risk of excessive immune activation.

Th1 cells are responsible for driving cytotoxic effector mechanisms, and Th2
cells drive humoral immunomodulation [15]. Among them, the lineage-specific
cytokines responsible for driving Thl and Th2 differentiation are interferons
y/IL-12 and IL-4, respectively, which exert antagonistic effects [16]. Studies have
found that restoring Th1/Th2 balance can regulate the intestinal mucosa and the
systemic immune system [17]. We found that the proportion of Thl cells in the
elderly group showed a downward trend, and the proportion of Th2 cells did not
change between groups. It suggests that aging has a more significant effect on Th1-
related cellular immune function, while the effect on Th2-mediated humoral im-
munity is relatively limited. Previous studies have shown that there is a significant
shift in helper T cell immunity during aging, manifested by a decrease in Thl-
related cytokines (e.g., IFN-)) and an increase in Th2-related cytokines (e.g., IL-4
and IL-5), resulting in an imbalance of Th1/Th2 imbalance. In this study, a de-
crease in the proportion of Thl cells and the Th1/Th2 ratio in the AC group was
observed, which is consistent with the above immunosenescence characteristics
[18].

The proportion of Thl cells was significantly increased in both the AIN and
AHS groups, indicating that both dietary interventions may partially improve the
age-related decline in cellular immune function. The Th1/Th2 ratio was signifi-
cantly increased in the AIN group, whereas no significant change was observed in
the AHS group. However, these findings alone do not establish a difference be-
tween the two diets.

Aging is accompanied by a chronic low-grade inflammatory state, manifested

by increased expression of pro-inflammatory factors such as IL-6 [19]. Previous
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studies have shown that IL-6 can hinder Thl cell differentiation and reduce Th1
cell function by inhibiting the IFN-y signaling pathway [20]. In this study, the
increase in IL-6 expression in the elderly group was accompanied by a decrease in
the proportion of Th1 cells, which further supports the important role of IL-6-
mediated abnormal T cell differentiation in intestinal immunosenescence. The
combination of inulin with other prebiotics has been found to be effective in treat-
ing intestinal inflammation [21]. These findings suggest that diets containing in-
ulin or Aempseed fiber may exert immunomodulatory effects by modulating in-
testinal inflammatory responses and CD4* T-cell profiles.

It is worth noting that the two dietary interventions show certain differences in
immunomodulation. This study showed that both interventions could increase
the ratio of Th1 and Th17 cells and reduce IL-6 expression, but only the AIN in-
tervention significantly improved the Th1/Th2 ratio. These findings suggest that
the two dietary interventions may differentially affect specific aspects of intestinal
immune responses. Previous studies have suggested that inulin may influence T-
cell differentiation through modulation of the gut microbiota and its metabolites
[22]. Whereas hempseed may exert immunomodulatory effects through anti-in-
flammatory pathways [23].

Studies have shown that maintaining a balanced diet and intake of dietary com-
ponents can support healthy aging by reducing inflammation, improving the gut
microbiome, and overall immune function. Choosing the right dietary fiber and
developing personalized nutrition strategies to improve health outcomes and ul-
timately extend healthy life expectancy in the elderly population is crucial. Dietary
fiber from inulin and Aempseed can improve intestinal immune aging and reduce
inflammation, so reasonable intake of dietary fiber may become an important nu-
tritional intervention strategy to delay intestinal immune aging and improve the
health status of the elderly.

This study has several limitations. Intestinal immune function was assessed pri-
marily through CD4" T-cell subsets and inflammatory cytokines, without investi-
gating potential mechanisms involving the gut microbiota or microbial metabo-
lites. Moreover, dietary energy density was not systematically determined, and
daily food intake was not recorded during the intervention, so potential differ-
ences in energy intake among the dietary groups cannot be completely excluded.
Further studies are needed to determine whether these findings are applicable to

humans.

5. Conclusion

Aging disrupted colonic immunity in mice, as evidenced by reduced Th17 cells
and a lower Th17/Treg ratio, a Th1/Th2 imbalance, and elevated IL-6. Inulin
and hempseed dietary fiber partially reversed these alterations by increasing Th1
and Th17 proportions and reducing IL-6 expression. These results indicate that
both dietary interventions may help mitigate age-related intestinal immune de-

cline.
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