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Background: Functional dyspepsia (FD) is a common gastrointestinal disorder with multifactorial etiology involving 
impaired motility, mucosal barrier disruption, and inflammation. Non-pharmacological biotechnological interventions, 
such as external biomechanical modulation, have demonstrated therapeutic benefits; however, the underlying molecular 
mechanisms remain largely unexplored.
Objectives: To investigate the transcriptomic and molecular changes induced by external biomechanical modulation in 
a rat model of FD and explore its potential as a physical biotechnological intervention for gastrointestinal dysfunction.
Materials and Methods: Thirty-six male Wistar rats were randomly assigned to control, FD model, and biomechanical 
modulation intervention groups. FD was induced using a multifactorial approach (tail clamping stimulation + irregular diet 
+ ice-cold saline gavage), and external biomechanical modulation was administered daily for one week. Gastrointestinal 
motility was assessed by measuring gastric emptying and intestinal propulsion rates. Duodenal tissues were analyzed 
using transcriptome sequencing, differential gene expression profiling, Gene Ontology (GO) annotation, and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Serum levels of TNF-α, IFN-γ, and IL-1β, as well as 
expression of tight junction proteins Occludin and ZO-1, were assessed via ELISA, immunofluorescence, and Western 
blotting.
Results: FD rats exhibited reduced motility and villus atrophy, with elevated inflammatory cytokines and downregulated 
tight junction proteins. Transcriptomic profiling revealed significant gene expression changes in pathways related 
to digestion, nutrient absorption, immune modulation, and epithelial barrier integrity. KEGG analysis highlighted the 
involvement of PI3K-Akt signaling, neuroactive ligand-receptor interaction, and absorption-related pathways. PI3K-Akt 
pathway is an important pathway to regulate cell growth, proliferation and metabolism, and plays an important regulatory 
role in gastrointestinal motility disorders. External biomechanical modulation reversed these alterations, improving 
motility, reducing inflammation, and restoring mucosal integrity. Compared with the model group, the gastric emptying 
rate was significantly improved, and the small intestinal propulsion rate was increased by 9%.
Conclusion: This study demonstrates that external biomechanical modulation exerts relevant effects on gastrointestinal 
function in FD through transcriptomic regulation of immune and barrier-related pathways. Further research should explore 
clinical applications and detailed mechanistic insights.
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1. Background
Functional dyspepsia (1) (FD) is a prevalent func-
tional gastrointestinal disorder. To better characterize 
FD, the Rome IV diagnostic criteria classify it into two 
subtypes (2): 1) postprandial distress syndrome (PDS), 
characterized by early satiety, belching, and postprandial 
fullness; and 2) epigastric pain syndrome (EPS), marked 
by epigastric distension and burning in the upper abdomen. 
Traditional Chinese Medicine (TCM) literature does not 
explicitly mention “functional dyspepsia,” but its clinical 
manifestations can be categorized under “fullness” 
and “stomach pain” (3). The pathogenesis of FD 
remains incompletely understood, yet its incidence and 
recurrence rates have risen with economic development 
and changes in lifestyle (4). This condition significantly 
impairs quality of life and imposes substantial medical 
and economic burdens (5-7). Current Western medical 
treatments primarily focus on promoting gastrointestinal 
moti-lity, acid suppression, and addressing anxiety 
and depression, with symptomatic treatment being the 
mainstay. However, long-term pharmacotherapy may 
lead to instability and increased complications (8, 9). 
Evidence-based medicine supports the efficacy of TCM 
in treating FD. Specifically, Tuina, an external therapy in 
TCM, has demonstrated favorable clinical outcomes in 
managing FD (10). Tuina exerts a bidirectional regulatory 
effect, enhancing gastrointestinal motility, digestion, 
absorption, and repairing the intestinal mucosal barrier 
through comprehensive multi-faceted and multi-level 
conditioning (11-16). 

2. Objectives 
In this study, we established an FD rat model to 
investigate the effects of external mechanical stimulation 
on gastrointestinal motility, duodenal mucosal status, 
and gene expression profiles, aiming to elucidate the 
biotechnological mechanisms underlying this physical 
intervention.

3. Materials and Methods

3.1. Laboratory Animals
Thirty-six male SPF-grade Wistar rats, weighing 
200±20 g, were used in this study. The animals 
were provided by the Animal Center of Changchun 
University of Traditional Chinese Medicine under 
production license number SCXK (Liao) 2020-0001. 
The rats were housed under natural lighting conditions, 

with a room temperature of (25±3) °C and relative 
humidity of (55±5) %. They were fed standard chow 
and had free access to water, maintaining their natural 
circadian rhythm. All experimental procedures were 
conducted in accordance with the guidelines approved 
by the Animal Ethics Committee of Changchun 
University of Chinese Medicine (ethical review 
approval number: 2024306).

3.2. Reagents and Instruments
Pellet feed for rat maintenance (Changchun Yisi 
Laboratory Animal Technology Co., Ltd.); Electronic 
Balance (Sartorius, Beijing Sartorius Instrument 
System Co., Ltd.); Refrigerator (Haier, Qingdao Haier 
Co., Ltd.); Special inhalation anesthesia machine 
for small animals (MATRX VMR, USA); Isoflurane 
for veterinary use (Hebei Jindafu Pharmaceutical 
Co., Ltd.); Hematoxylin-eosin (HE) staining kit 
(Servicebio, catalog number: G1076); TNF-α, IFN-γ, 
IL-1β antibodies (Jianglai Biologics, catalog numbers: 
JL13202, JL13241, JL20884); β-actin antibody and 
horseradish peroxidase (HRP)-conjugated goat anti-
mouse secondary antibody (Servicebio, Cat. Nos. 
GB15001, GB23301); Paraformaldehyde fixative 
solution (Biosharp, Product No.: BL539A); Thermo 
Scientific NanoDrop 2000 (Thermo Fisher Scientific, 
Waltham, MA, USA); RNA 6000 Nano kit (Agilent 
Technologies, catalog number: 5067-1511); NEBNext 
Ultra II RNA Library Prep Kit for Illumina (New 
England Biolabs, catalog number: E7770S); Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA); Agilent High Sensitivity DNA Kit (Agilent 
Technologies, catalog number: 5067-4626).

3.3. Animal Grouping and Model Preparation
After a 7-day adaptive feeding period, the rats 
were randomly assigned to three groups (n=12 per 
group): the control group, the model group, and 
the biomechanical modulation group. Prior to the 
commencement of the experiment, the body weight 
of each rat was measured to ensure that there were 
no statistically significant differences in body weight 
among the groups.
After the completion of adaptive feeding, the FD 
rat model was established using a multifactorial 
modeling approach (17) (tail clamping stimulation 
+ irregular diet + ice-cold saline gavage) in both 
the biomechanical modulation group and the model 
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group. Specifically, the rats’ tails were clamped twice 
daily for 14 consecutive days. Simultaneously, the rats 
received ice-cold normal saline (-4 °C, 0.9% NaCl 
solution, 2 mL) via gavage twice daily. During this 
period, the rats were subjected to an irregular feeding 
schedule, where they had free access to food and water 
only every other day.

3.4. Intervention Methods
Normal group: Routine feeding without any treatment.
Biomechanical modulation group: After successful 
modeling, rats were anesthetized with isoflurane (4% 
output concentration) and subjected to abdominal 
rubbing for 5 minutes daily at a frequency of approxi-
mately 120 times/min, for a total of 7 sessions.
Model group: Rats received regular feeding and water 
after the modeling period, with no additional treatment.

3.5. Specimen Collection and Testing

3.5.1. General Condition Observation
The general condition of the rats, including mental 
state, coat color, and mobility, was monitored weekly. 
Body weight and food intake were recorded daily to 
assess overall health and response to treatments.

3.5.2. Gastrointestinal Motility Assessment
After a 24-hour fasting period, six rats from each group 
were randomly selected and gavaged with a semi-
solid milk paste containing activated carbon powder 
(prepared by mixing 5 g of sodium carboxymethyl 
cellulose, 8 g of milk powder, 4 g of sugar, 4 g of 
starch, and 2 g of activated carbon powder in 125 mL of 
distilled water). Thirty minutes post-gavage, rats were 
anesthetized using an inhalation anesthesia machine, 
and the entire gastrointestinal tract was removed after 
laparotomy. Gastric emptying rate was calculated as 
follows:

Gastric emptying rate=
(Weight of gastric residue)/(Weight of administered 
semi-solid milk paste)×100%

The small intestine propulsion rate was measured 
by flattening the small intestine on white paper and 
calculating the distance from the pylorus to the leading 
edge of the black semi-solid paste relative to the total 
length from the pylorus to the ileocecal junction:

Small intestine propulsion rate=
(Distance from pylorus to leading edge of paste)/(Total 
length from pylorus to ileocecal junction)×100%

3.6. Histopathological Analysis by HE Staining
The remaining six rats from each group were anes-
thetized and subjected to laparotomy for blood 
collection from the abdominal aorta. Duodenal tissues 
were harvested, rinsed with pre-chilled normal saline, 
and fixed in 4% paraformaldehyde solution. Tissues 
were then dehydrated, embedded in paraffin, sectioned 
at 5 μm thickness, and stained with hematoxylin and 
eosin (HE) for histopathological evaluation under 
light microscopy.

3.7. Transcriptome Sequencing
Half of the harvested duodenal tissues were fixed in 
RNAlater solution at room temperature for 24 hours 
and stored at -80 °C for subsequent RNA extraction. 
Total RNA was extracted using a commercial kit, 
and RNA integrity was verified by agarose gel 
electrophoresis. mRNA was purified based on its 
polyA tail, fragmented, and reverse-transcribed into 
cDNA. The resulting cDNA was used to construct 
sequencing libraries, which were sequenced using 
the Illumina platform. Differential gene expression 
analysis was performed using the R package, with 
genes showing fold changes >2 or <0.5 and P < 0.05 
considered differentially expressed. Gene ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analyses were conducted 
to elucidate the biological functions and pathways 
associated with the differentially expressed genes.

3.8. ELISA for Inflammatory Cytokines
Serum levels of TNF-α, IFN-γ, and IL-1β were 
measured using commercially available ELISA kits 
according to the manufacturer’s instructions. Briefly, 
samples were placed on ice and stabilized at 4 °C, 
while the ELISA kit was brought to room temperature 
and thoroughly mixed. Standards were prepared, and 
samples were added to the microplate for incubation at 
room temperature for 1 hour. After washing, enzyme-
conjugated reagents were added for incubation, 
followed by a colorimetric reaction and stop solution 
addition. The concentration of each cytokine was 
determined by linear regression analysis of the optical 
density (OD) values, and the actual concentration was 
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calculated by multiplying with the dilution factor.

3.9. Immunofluorescence for Tight Junction Proteins
Duodenal tissue sections were deparaffinized, re-
hydrated, and subjected to antigen retrieval in high-
temperature repair solution. Sections were then washed 
with PBS, blocked with BSA, and incubated overnight 
at 4 °C with primary antibodies against occludin and 
ZO-1. After washing, sections were incubated with 
secondary antibodies for 2 hours at room temperature, 
followed by nuclear staining with DAPI. Fluorescence 
images were captured under a fluorescence microscope 
to assess the expression and distribution of tight 
junction proteins.

3.10. Western Blot Analysis
Total protein was extracted from duodenal tissues using 
a lysis buffer containing protease inhibitors. Protein 
concentration was measured using a BCA kit. Equal 
amounts of protein were separated by SDS-PAGE and 
transferred to PVDF membranes. Membranes were 
blocked with 5% skimmed milk powder for 1-2 hours, 
followed by incubation with primary antibodies against 
occludin, ZO-1, and β-actin (as a loading control) 
overnight at 4 °C. After washing, membranes were 

incubated with HRP-conjugated secondary antibodies 
for 1 hour at room temperature. Specific protein bands 
were visualized using chemiluminescence, and band 
intensities were quantified using ImageJ software.

3.11. Statistical Analysis
Dates were analyzed using SPSS 26.0 software. 
Continuous data are presented as mean ± SD. One-
way ANOVA was used for comparisons among groups, 
followed by LSD tests for pairwise comparisons. P < 
0.05 was considered statistically significant.

4. Results

4.1. General Condition and Gastric Tissue Morphology

4.1.1. General Condition, Body Weight, and Food Intake
Rats in the normal group exhibited smooth and bright 
fur, good mental state, and normal feces. In contrast, 
the model group showed dull coat color, decreased 
emotional responsiveness, emaciation, and thin feces 
with a sour odor. The biomechanical modulation 
group exhibited improved coat smoothness and 
emotional response, with feces returning to normal. 
Compared to the normal group, the model group had 

Figure 1. General Condition and Gastric Tissue Morphology. A-B) Changes in body weight A) and food 
intake B) of rats in the three groups. C-E) Comparison of the gross morphology of gastric tissue in normal 
group C), model group D) and massage group E). Tn, massage group.

A) B)

C) D) E)
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significantly reduced body weight and food intake (P 
< 0.01; Fig. 1A-1B). The biomechanical modulation 
group showed significant increases in body weight 
and food intake compared to the model group (P < 
0.01; Fig. 1A-1B).

4.1.2. Gastric Tissue Morphology
The gastric mucosa of the normal group appeared 
smooth and pale pink (Fig. 1C-1D). The model group 
showed no obvious lesions, while the biomechanical 

modulation group was similar to the normal group.

4.2. Gastrointestinal Motility 
The gastric emptying rate and small intestine 
propulsion rate were significantly lower in the model 
group compared to the normal group (P < 0.01; Table 
1, Fig. 2A-2B). The biomechanical modulation group 
exhibited significant improvements in both parameters 
compared to the model group (P < 0.01; Table 1, Fig. 
2A-2B).

Figure 2. Gastrointestinal Motility and Duodenal Histopathology. A-B) Changes in gastric emptying rate 
A) and small intestinal propulsion rate B) in three groups of rats. C-E) HE staining of duodenum in normal C), 
model D), massage E) groups of rats. Tn, massage group.

Group N Gastric emptying rate (%) Small intestine propulsion 
rate (%)

Normal 6 64.38±2.42 73.18±2.05

Model 6 46.67±1.33* 50.11±0.97*

Tn 6 64.10±1.94# 59.72±1.18#

Note: After treatment, compared with the normal group, * P<0.01; Compared with the model group, # P<0.01.

Table 1. Comparison of gastric emptying rate and small intestinal propulsion rate among 
three groups of rats (x ± s)

A) B)

C)

D)

D) E)
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4.3. Histopathological Observations of Duodenum
The duodenal mucosa of the normal group was intact 
with neatly arranged villi (Fig. 3C). The model group 
showed disordered villi arrangement, with some 

villi lodging, fusing, and falling off (Fig. 3D). The 
biomechanical modulation group exhibited relatively 
intact mucosa with neatly arranged villi (Fig. 3E).

Figure 3. Differential Gene Expression and Functional Analysis. A) Volcano plots illustrating differential 
gene expression between groups. The x-axis represents the log2 fold change, and the y-axis represents the 
negative log10 of the adjusted p-value. Red dots indicate upregulated genes, blue dots indicate downregulated 
genes, and grey dots represent genes without significant changes. The plots compare the normal group versus 
the model group, the normal group versus the massage group, and the massage group versus the model group. 
B) Gene Ontology (GO) enrichment analysis of differentially expressed genes. The bar graphs show the -log10 
of the p-value on the x-axis and the number of genes associated with each GO term on the y-axis. The terms are 
categorized into three main GO domains: Biological Process (BP), Cellular Component (CC), and Molecular 
Function (MF), represented by different colors. C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis of differentially expressed genes. The bubble charts display the pathways with significant enrichment. 
The x-axis represents the rich factor, indicating the ratio of the number of differentially expressed genes to the 
total number of genes in the pathway, while the y-axis shows the -log10 of the p-value. The size of the bubbles 
corresponds to the number of genes involved in each pathway.

A)

B)

C)
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4.4. Transcriptomic Analysis

4.4.1. Differential Gene Expression
Differentially expressed genes were identified using 
the criteria |log2FC| ≥ 1 and P < 0.05. Genes meeting 
these criteria were classified as differentially expressed. 
Sequencing results revealed that, compared to the 
normal group, the model group exhibited a total of 566 
significantly differentially expressed genes, comprising 
430 up-regulated and 136 down-regulated genes 
(Fig. 3A left). The top 10 genes are listed in Table 2. 
When comparing the biomechanical modulation group 
with the model group, a total of 1012 significantly 
differentially expressed genes were identified, including 
437 up-regulated and 575 down-regulated genes (Fig. 

3A right). The top 10 genes are presented in Table 
3. Relative to the normal group, the biomechanical 
modulation group showed a total of 1140 significantly 
differentially expressed genes, consisting of 653 up-
regulated and 487 down-regulated genes (Fig. 3A 
middle). The top 10 genes are detailed in Table 4. 
Additionally, three groups of differentially expressed 
genes were analyzed, yielding a total of four 
common genes with IDs ENSRNOG00000013973, 
ENSRNOG00000019467, ENSRNOG0000000841, 
and ENSRNOG00000064941.

4.4.2. GO Enrichment Analysis
Gene ontology (GO) enrichment analysis was per-
formed to categorize the biological processes, cellular 

Gene id Gene name log2(fc) pval padj regulation

ENSRNOG00000014740 Gast 4.483515 7.23E-39 1.335E-34 Up

ENSRNOG00000054142 Slc30a2 -2.7968 2.23E-17 2.06E-13 Down
ENSRNOG00000017712 Cartpt 2.515592 6.58E-15 4.049E-11 Up
ENSRNOG00000025384 Slc2a10 2.216103 1.26E-09 5.801E-06 Up
ENSRNOG00000021027 Dbp 2.158366 3.33E-09 1.231E-05 Up
ENSRNOG00000020245 Syt8 2.686454 5.97E-09 1.836E-05 Up
ENSRNOG00000000525 Pi16 1.9785 2.9E-08 7.633E-05 Up
ENSRNOG00000000451 RT1-Ba -1.62376 6.81E-08 0.0001572 Down
ENSRNOG00000014021 Matn4 3.032351 1.03E-07 0.0002108 Up
ENSRNOG00000056001 Sftpd 3.233558 1.66E-07 0.000307 Up

Table 2. Genes with Significant Differences between the Model Group and the normal Group (Top 10)

Gene id Gene name log2(fc) pval padj regulation
ENSRNOG00000014740 Gast -6.1618 3.35E-90 6.24E-86 Down
ENSRNOG00000017712 Cartpt -2.83234 2.55E-27 2.37E-23 Down
ENSRNOG00000015306 Slc9a4 -5.18297 1.12E-17 6.94E-14 Down
ENSRNOG00000009629 Car2 -1.97059 7.21E-17 3.35E-13 Down
ENSRNOG00000011907 Krt23 -2.55851 1.38E-15 5.14E-12 Down
ENSRNOG00000000542 Dnah8 -2.87312 6.16E-14 1.91E-10 Down
ENSRNOG00000033209 Bmp8b -3.65124 1.83E-13 4.88E-10 Down
ENSRNOG00000065115 - 3.603833 2.23E-13 5.18E-10 Up
ENSRNOG00000056001 Sftpd -4.67573 4.52E-13 9.35E-10 Down
ENSRNOG00000008838 Gkn1 -16.1454 1.29E-12 2.40E-09 Down

Table 3. Genes with Significant Differences between the Tuina Group and the Model Group (Top 10)
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components, and molecular functions associated with 
the differentially expressed genes in each comparison 
group. The analysis revealed distinct patterns of 
enrichment across the three groups.

4.4.2.1. Comparison of Model Group vs. Normal 
Group:
A total of 972 differentially expressed genes were 
identified between the model group and the normal 
group. These genes were significantly enriched in 82 
GO terms related to cellular components, primarily 
including extracellular regions (e.g., extracellular 
space, extracellular matrix, and microvilli). Molecular 
function annotations highlighted 180 terms, with a focus 
on transporter activities (e.g., one-carbon compound 
transport, transmembrane transporter activity) and 
immune system processes. Biological processes 
were dominated by digestion-related terms, with 710 
annotations (Fig. 3B left). These findings suggest 
that the development of functional dyspepsia in the 
model group is associated with significant alterations 
in extracellular components and immune-related 
functions, as well as impaired digestive processes.

4.4.2.2. Comparison of Biomechanical Modulation 
Group vs. Normal Group:
In the biomechanical modulation group compared to 
the normal group, 1431 differentially expressed genes 

were enriched in 132 GO terms related to cellular 
components, including brush border, brush border 
membrane, and actin-based cell projections. Molecular 
functions were characterized by 257 annotations, with a 
focus on transporter activities (e.g., protein transporter 
activity, carbohydrate transmembrane trans-porter 
activity). Biological processes were enriched in 1042 
terms, highlighting pathways related to nutrient transport 
(e.g., vitamin transport, organic anion transport) and 
digestive processes (Fig. 3B middle). These results 
indicate that abdominal rubbing induces signi-
ficant changes in cellular components and molecular 
functions associated with nutrient absorption and 
digestion.

4.4.2.3. Comparison of Biomechanical Modulation 
Group vs. Model Group:
When comparing the biomechanical modulation group 
to the model group, 1654 differentially expressed 
genes were identified. These genes were enriched in 
158 GO terms related to cellular components, such as 
extracellular regions and plasma membrane components. 
Molecular functions included 267 annotations, with a 
focus on transmembrane transporter activities (e.g., 
inorganic molecular entity transmembrane transporter 
activity). Biological processes were dominated by 
1229 annotations, highlighting pathways related to 
digestion, ion transport, and localization responses to 

Gene id Gene name log2(fc) pval padj regulation

ENSRNOG00000028889 Slc51b -2.31662 5.29E-16 9.81E-12 Down

ENSRNOG00000054142 Slc30a2 -2.04751 1.56E-15 1.45E-11 Down

ENSRNOG00000012067 Fam111a 2.163638 8.16E-13 5.05E-09 Up

ENSRNOG00000001765 Slc51a -1.61623 1.03E-11 4.77E-08 Down

ENSRNOG00000004667 Gen1 2.154069 2.16E-09 8.01E-06 Up

ENSRNOG00000022054 Paqr7 -1.53319 5.73E-09 1.77E-05 Down

ENSRNOG00000065254 RT1-CE16 -2.25249 8.54E-09 2.26E-05 Down

ENSRNOG00000015921 Esco2 1.707711 1.03E-08 2.39E-05 Up

ENSRNOG00000009503 Depdc1 1.733627 2.22E-08 4.57E-05 Up

ENSRNOG00000046968 Nol8 1.625541 6.61E-08 0.00012264 Up

Table 4. Genes with Significant Differences between Massage Group and normal Group (Top 10)
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nutrients (Fig. 3B right). These findings suggest that 
abdominal rubbing not only restores normal digestive 
processes but also modulates cellular components and 
molecular functions to counteract the pathological 
changes observed in the model group.
Overall, the GO enrichment analysis provides a 
compre-hensive overview of the biological processes, 
cellular components, and molecular functions affected 
by functional dyspepsia and the therapeutic interven-
tion of abdominal rubbing. These results highlight 
the multifaceted nature of the disease and the broad 
regulatory effects of biomechanical modulation 
therapy.

4.4.3. KEGG Pathway Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis was conducted to elucidate the 
metabolic and signaling pathways associated with 
the differentially expressed genes. The analysis 
revealed distinct pathway enrichments across the 
three groups.

4.4.3.1. Comparison of Model Group vs. Normal 
Group:
The model group exhibited significant enrichment in 
29 pathways compared to the normal group. The top 
five pathways included Hematopoietic cell lineage, 
Type I diabetes mellitus, Th17 cell differentiation, 
Leishmaniasis, and Herpes simplex virus host 
interactions (Fig. 3C left). These pathways are primarily 
associated with immune response and inflammation, 
suggesting that the development of functional dyspepsia 
in the model group is characterized by significant 
immune dysregulation and inflammatory processes.

4.4.3.2. Comparison of Biomechanical Modulation 
Group vs. Normal Group:
In the biomechanical modulation group compared 
to the normal group, 39 pathways were significantly 
enriched. The top five pathways included Vitamin 
digestion and absorption, Fat digestion and absorption, 
Mineral absorption, Protein digestion and absorption, 
and Carbohydrate digestion and absorption (Fig. 3C 
middle). These findings indicate that abdominal rubbing 
induces significant changes in pathways related to 
nutrient digestion and absorption, highlighting its 
potential therapeutic effects on gastrointestinal func-
tion.

4.4.3.3. Comparison of Biomechanical Modulation 
Group vs. Model Group:
When comparing the biomechanical modulation group 
to the model group, 19 pathways were significantly 
enriched. The top five pathways included Pancreatic 
secretion, Fat digestion and absorption, Neuroactive 
ligand-receptor interaction, Protein digestion and 
absorption, and PI3K-Akt signaling pathway (Fig. 3C 
right). The PI3K-Akt pathway is a critical regulator 
of cell growth, survival, and metabolism, and its in-
volvement suggests that abdominal rubbing may exert 
its therapeutic effects by modulating this pathway. 
Additionally, the enrichment of pathways related to 
pancreatic secretion and neuroactive ligand-receptor 
interactions indicates that abdominal rubbing may 
influence gastrointestinal motility and neurotransmitter 
signaling.
In summary, the KEGG pathway analysis provides 
insights into the metabolic and signaling pathways 
affected by functional dyspepsia and the therapeutic 
intervention of abdominal rubbing. These findings 
highlight the potential mechanisms underlying the 
therapeutic effects of biomechanical modulation 
therapy, including modulation of immune responses, 
enhancement of digestive processes, and regulation of 
key signaling pathways.

4.5. Inflammatory Factors and Tight Junction Proteins

4.5.1. Inflammatory Factors
Serum levels of TNF-α, IFN-γ, and IL-1β were 
significantly elevated in the model group compared 
to the normal group (P < 0.01; Fig. 4A-C). The 
biomechanical modulation group showed significant 
reductions in these inflammatory factors compared to 
the model group (P < 0.01; Fig. 4A-C).

4.5.2. Tight Junction Proteins
Immunofluorescence and WB analyses revealed 
decreased expression of occludin and ZO-1 in the 
model group compared to the normal group (P < 0.01; 
Fig. 4D-4H). The biomechanical modulation group 
exhibited restored expression of these tight junction 
proteins compared to the model group (P < 0.01; Fig. 
4, Fig. 4D-4H).

5. Discussion
Functional dyspepsia (FD) is a complex disorder with 
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unclear pathogenesis, often characterized by recurrent 
symptoms that significantly impact quality of life. 
Current treatments for FD are limited in efficacy and 
may cause side effects. Traditional Chinese Medicine 
(TCM), particularly Tuina (biomechanical modulation), 
has shown promise in treating FD by regulating gastro-

intestinal motility, reducing inflammation, and repairing 
the intestinal mucosal barrier. This study aimed to 
elucidate the molecular mechanisms underlying the 
therapeutic effects of abdominal rubbing in a rat model 
of FD.
Our results demonstrated that abdominal rubbing 

Figure 4. Inflammatory Factors and Tight Junction Proteins. A) Changes in serum TNF-α levels in the three 
groups.Bar chart showing the serum levels of TNF-α in normal, model, and massage groups. The model group 
exhibited significantly higher levels compared to the normal group, while the massage group showed a significant 
reduction. B) Changes in serum IFN-γ levels in the three groups. Bar chart showing the serum levels of IFN-γ in 
normal, model, and massage groups. Similar to TNF-α, the model group had elevated levels, which were reduced in 
the massage group. C) Changes in serum IL-1β levels in the three groups. Bar chart showing the serum levels of IL-1β 
in normal, model, and massage groups. The model group had increased levels, which were decreased in the massage 
group. D) Immunofluorescence detection of Occludin in duodenal tissue. Fluorescence microscopy images showing 
the expression of occludin (red) in duodenal tissues, with nuclei stained with DAPI (blue). The model group showed 
reduced expression, while the massage group exhibited restored expression. Scale bar, 50 μm. E) Immunofluorescence 
detection of ZO-1 in duodenal tissue. Fluorescence microscopy images showing the expression of ZO-1 (red) in 
duodenal tissues, with nuclei stained with DAPI (blue). The model group had decreased expression, which was 
increased in the massage group. Scale bar, 50 μm. F) Quantification of Occludin protein expression (Western Blot). 
Bar chart showing the relative expression levels of occludin in duodenal tissues, as determined by Western blot 
analysis. The model group had reduced expression, which was increased in the massage group. G) Quantification of 
ZO-1 protein expression (Western Blot). Bar chart showing the relative expression levels of ZO-1 in duodenal tissues, 
as determined by Western blot analysis. The model group had decreased expression, which was increased in the 
massage group. H) Western Blot analysis of occludin and ZO-1. Western blot images showing the protein bands for 
occludin and ZO-1 in duodenal tissues, with β-actin as a loading control. The model group exhibited reduced bands, 
while the massage group showed restored expression.
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significantly improved the general condition of FD 
model rats, as evidenced by increased body weight 
and food intake (Fig. 1A-B). This improvement was 
accompanied by enhanced gastrointestinal motility, 
with significant increases in gastric emptying rate 
and small intestine propulsion rate compared to the 
model group (Table 1, Fig. 2A-2B). Histopathological 
analysis revealed that the duodenal mucosa of the 
biomechanical modulation group was relatively 
intact, with neatly arranged villi, similar to the 
normal group (Fig. 2C-2E).
Transcriptomic analysis provided insights into the 
molecular mechanisms underlying the therapeutic 
effects of abdominal rubbing. Compared to the normal 
group, the model group exhibited significant changes in 
gene expression profiles, with enrichment in pathways 
related to immune response and digestion (Fig. 3B). The 
biomechanical modulation group showed enrichment 
in pathways related to digestion, absorption, and ion 
transport, as well as the PI3K-Akt signaling pathway 
(Fig. 3B). The PI3K-Akt pathway is known to regulate 
cell growth, proliferation, and metabolism, and its 
dysregulation has been implicated in gastrointestinal 
motility disorders (18-20). Our findings suggest that 
abdominal rubbing may exert its therapeutic effects by 
modulating this pathway.
Inflammatory cytokines play a crucial role in the 
pathogenesis of FD (21,22). Our study showed that the 
model group had significantly elevated levels of TNF-α, 
IFN-γ, and IL-1β compared to the normal group (Fig. 
4A-C). Abdominal rubbing significantly reduced the 
expression of these inflammatory factors, indicating 
its anti-inflammatory effects (23). This reduction in 
inflammation may contribute to the normalization of 
gastrointestinal motility and the repair of the intestinal 
mucosal barrier.
The integrity of the intestinal mucosal barrier is 
essential for maintaining gastrointestinal health. Our 
study demonstrated that the model group had decreased 
expression of tight junction proteins occludin and 
ZO-1, as shown by immunofluorescence and WB 
analyses (Fig. 4D-H). The biomechanical modulation 
group exhibited restored expression of these proteins, 
suggesting that abdominal rubbing promotes the repair 
of the intestinal mucosal barrier (24,25). This finding 
is consistent with previous studies showing that 
biomechanical modulation can enhance tight junction 
protein expression and reduce intestinal permeability 

(24,26).
This study has several limitations that should be 
considered. First, the study was conducted in a rat 
model, and the findings may not directly translate to 
humans due to species differences in gastrointestinal 
physiology and disease mechanisms. Second, the 
study focused on a short-term intervention and did not 
evaluate the long-term effects of abdominal rubbing on 
FD. Third, the molecular mechanisms underlying the 
therapeutic effects of abdominal rubbing were explored 
through transcriptomic analysis, but further studies 
are needed to validate the key signaling pathways and 
targets identified. Lastly, the study did not investigate 
potential non-genetic factors that could contribute to 
the therapeutic effects of abdominal rubbing, such as 
changes in gut microbiota or neuroendocrine responses.
This study demonstrates that external mechanical 
stimulation, as a biotechnological physical intervention, 
can effectively modulate gastrointestinal function and 
restore mucosal integrity in a rat model of FD. The use 
of high-throughput transcriptomic analysis allowed 
for the identification of key molecular pathways, 
such as PI3K-Akt signaling, that are responsive to 
biomechanical cues. These findings are consistent 
with emerging trends in gut bioengineering, where 
mechanical forces are harnessed to regulate tissue 
homeostasis, promote regeneration, and develop 
innovative therapeutic strategies. The integration 
of mechanical stimulation protocols with other 
biotechnological platforms, such as organ-on-chip 
systems and targeted drug delivery, holds promise 
for the development of next-generation therapies for 
gastrointestinal disorders.
In summary, this study provides evidence that 
abdominal rubbing improves gastrointestinal motility 
and repairs the intestinal mucosal barrier in FD model 
rats. These therapeutic effects are likely mediated 
through the modulation of inflammatory responses 
and the activation of key signaling pathways, such as 
PI3K-Akt. Future studies should further validate these 
findings using techniques such as RT-PCR and WB to 
confirm the involvement of key signaling pathways 
and targets. Additionally, clinical trials are warranted 
to explore the therapeutic potential of abdominal 
rubbing in patients with FD.
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