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Purpose: Rheumatoid arthritis (RA) is a persistent inflammatory condition, and electroacupuncture (EA) has been demonstrated to
effectively reduce the symptoms associated with RA. However, the molecular mechanisms underlying the effects of EA in RA
remained poorly understood. This study aimed to identify potential diagnostic biomarkers for RA and elucidated the molecular targets
of EA by using bioinformatics analysis and machine learning algorithms in peripheral blood samples.

Methods: We obtained datasets from the Gene Expression Omnibus(GEO) database containing samples from RA patients
(GSE15573) and from RA patients after EA treatment (GSE59526) for bioinformatics analysis. Diagnostic biomarkers were identified
using three distinct machine learning algorithms (LASSO, Random Forest and SVM-REF). A rat model of RA was established using
Complete Freund’s Adjuvant (CFA), and quantitative real-time PCR was performed to confirm the differential expression of identified
diagnostic biomarkers and assess the modulatory impact of EA on these genes.

Results: Twenty-six genes were identified as differentially expressed following EA treatment. Three machine learning algorithms converged
on ARHGAP17 and VEGFB as potential diagnostic biomarkers for RA, exhibiting robust diagnostic performance (AUC > 0.75) and consistent
expression patterns across multiple RA cohorts (GSE17755, GSE205962 and GSE93272). Besides, EA treatment significantly increased the
paw withdrawal threshold (PWT) and the peripheral blood expression of both ARHGAP17 and VEGFB in CFA rats.

Conclusion: This study employed three machine learning algorithms to identify potential diagnostic biomarkers for the alleviation of
RA by EA. The biomarkers demonstrated robust diagnostic performance across multiple validation datasets. Furthermore, animal
experiments confirmed that EA exerted a favorable regulatory effect on these diagnostic biomarkers. The findings of this study
provided novel therapeutic targets for the EA treatment of RA.
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Introduction

Rheumatoid arthritis (RA) is the most prevalent chronic inflammatory arthritis, which can cause progressive destruction
of joint cartilage." RA can manifest at any age, with its peak incidence typically observed in individuals aged 30-60. As
a challenging chronic condition, RA significantly impairs patients’ quality of life and imposes substantial societal and
economic burdens. With a prevalence of approximately 0.3% to 1%, RA is often associated with various chronic
diseases, further exacerbating healthcare demands and caregiving responsibilities.’

Currently, radical treatment for RA is limited. The therapeutic management of RA predominantly involves non-steroidal
anti-inflammatory drugs (NSAIDs), conventional biological disease-modifying antirheumatic drugs (DMARD:s), glucocorti-
coids, and other pharmacological interventions. These approaches aim to mitigate inflammation, retard disease progression,
and optimize patients’ quality of life.> However, the side effects of these drugs are controversial. Acupuncture has been
practiced in Asia for over two millennia as a complementary and alternative therapeutic modality.* Clinical studies have
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shown that electroacupuncture (EA) significantly relieved pain and joint swelling in RA patients and improved their quality of
life without significant adverse effects.” Preclinical studies have also shown that EA can significantly improve the levels of
pro-inflammatory factors in the peripheral blood of RA patients to improve the internal environment for the development and
progression of RA.* Identifying the targeted genes underlying the therapeutic effects of EA in alleviating RA can provide
critical insights for further mechanistic investigations'® and facilitate the development of standardized treatment protocols.''
However, the exact target genes of EA for RA, especially in peripheral blood, remained unidentified.

With the development of gene microarray and bioinformatics technologies, more and more studies were focused on
exploring the mechanisms of RA occurrence and key genes at the transcriptomic level.'*'? In the context of precision
medicine and personalized health care, Traditional Chinese Medicine (TCM) has received increasing attention for
providing personalized medical services based on TCM theories. Several studies have utilized bioinformatics analysis
to identify hub targets involved in the pathogenesis of RA and validated the regulatory effects of Chinese herbal medicine
on these hub targets through animal experiments. Furthermore, network pharmacology approaches were employed to
elucidate the bioactive components responsible for the therapeutic efficacy.'®'> These findings provided valuable
references for identifying key targets underlying EA-mediated RA alleviation. Current studies primarily aimed to

1 1 . .
617 yet there remained a paucity of research

elucidate how EA alleviates RA by modulating phenotype-specific genes,
employing bioinformatics technologies to systematically identify EA-targeted genes for RA treatment. Given the limited
availability of gene targets for EA in RA, this study aimed to fill this gap by identifying the diagnostic markers for EA
treatment in RA using bioinformatics tools and machine learning algorithms.

This research retrieved mRNA expression datasets related to RA from the GEO database. The differentially expressed
genes (DEGs) of RA in peripheral blood compared to normal samples and the DEGs altered by EA were obtained by
differential analysis, respectively, and 26 DEGs associated with EA for RA were obtained by taking the intersection. Two
diagnostic-related genes were identified by three machine learning methods, and the diagnostic efficacy of the two genes
was evaluated by constructing diagnostic models. Furthermore, we determined the regulatory effects of EA on two

diagnostic-related genes using qPCR.

Materials and Methods

Dataset Collection

The RA relative microarray datasets were downloaded from the Gene Expression Omnibus (GEO) database (https:/www.
ncbi.nlm.nih.gov/geo/ and Table 1). Transcriptome data for GSE15573 and GSE59526 were obtained from peripheral blood.
GSE15573 contained 15 normal samples and 18 RA samples, and GSE59526 contained 8 RA samples and 7 samples treated
with EA. Transcriptome data for GSE17755, GSE205962, and GSE93272 were obtained from peripheral blood. GSE17755
contained 53 normal samples with 112 RA samples and GSE205962 contained 4 normal samples with 16 RA samples. To

compare differences in the regulation of RA peripheral blood target genes by EA and drugs, blood samples associated with
disease-modifying antirheumatic drugs (DMARDs) were downloaded from a dataset (GSE93272) containing 43 normal
samples, 115 RA samples, 40 samples treated with infliximab (IFX), 37 samples treated with methotrexate (MTX), and 40
samples treated with tocilizumab (TCZ). The GSE15573 dataset was normalized using the “normalize quantiles” function in
BeadStudio Software. The GSE59526 and GSE93272 datasets were normalized using the MAS 5.0 algorithm in GeneSpring

Table | The Details of Gene Expression Datasets

Dataset Platform Tissue Normal | RA-patients | EA | IFX | MTX | TCZ
GSE15573 GPL6102 | Peripheral Blood I5 18 0 0 0 0
GSE59526 GPL570 Peripheral Blood 0 8 7 0 0 0
GSEI7755 GPLI1291 | Peripheral Blood 53 112 0 0 0 0
GSE205962 | GPL16043 | Peripheral Blood 4 16 0 0 0 0
GSE93272 GPL570 Peripheral Blood 43 115 0 40 37 40
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Software. The GSE17755 dataset was normalized by global ratio median normalization. The GSE205962 dataset was
analyzed using the RMA method with Affymetrix default analysis settings, applying global scaling as the normalization
method. According to item 1 and 2 of Article 32 of the Measures for Ethical Review of Life Science and Medical Research
Involving Human Subjects (dated February 18, 2023, China), this part of the bioinformatics analysis in this study was exempt
from ethical approval.

Identification of Differentially Expressed Genes (DEGs) Related to EA in RA

The filtering threshold was as follows: P-value < 0.05 and |log2-fold change| > 0.1. DEGs related to RA were identified
by comparing normal people with RA patients. DEGs related to EA treatment were identified by comparing RA patients
with those who received EA treatment. By taking the intersection of DEGs related to RA and DEGs related to EA
treatment, we obtained DEGs related to EA in RA.

Identification of Diagnostic Biomarkers for RA Patients

Diagnostic biomarkers were identified using three distinct machine learning algorithms. Specifically, the least absolute
shrinkage and selection operator (LASSO) algorithm was implemented using the “glmnet” package to identify potential
biomarkers, with parameters set at alpha = 1, nlambda = 100, and Amin determined as the optimal A. LASSO effectively
reduces subset size and serves as a biased estimator for handling complex collinearity. It is also efficient in selecting
a limited set of predictive features. The advantages of the random forest algorithm include minimal tuning of
hyperparameters and handling non-linear relationships. It also has the capability to predict continuous variables with
a high degree of accuracy, sensitivity, and specificity,'® as demonstrated in this study using the “randomForest” package
with nTree = 500 as the specified parameters. The top ten genes exhibiting mean decrease Gini (MDG) were identified as
potential biomarkers. The support vector machine recursive feature elimination (SVM-RFE) technique is utilized to
prevent overfitting and is a commonly used discriminant method for regression, classification, and pattern recognition
analyses. It can improve the discriminative ability of biomarkers in classification and regression tasks, while effectively
removing irrelevant features. This method was implemented using the “el071” package, and the performance was
evaluated based on the average misjudgment rates obtained from 10-fold cross-validations. The strategic integration of
these three machine learning algorithms enhanced the confidence in selected biomarkers through complementary feature
selection paradigms.

Establishment and Evaluation of Nomogram

The Nomogram model was developed using the “rms” package to generate calibration curves and clinical decision
curves, facilitating the evaluation of clinical utility and discriminative performance of the model in the context of RA.
Additionally, the “pROC” package was utilized to compute the area under the receiver operating characteristic (ROC)
curve along with 95% confidence intervals (CI).

Animals

Eighteen specific pathogen free (SPF) male Sprague-Dawley (SD) rats aged 8 weeks weighing 160-200 g were
procured from Shanghai B&K Laboratory Animals Co., Ltd. and accommodated in the Experimental Animal
Center of Shanghai University of Traditional Chinese Medicine. The rats were provided with free access to food
and water within a 12-hour light-dark cycle. All animal handling protocols adhered to the guidelines set forth by
the National Research Council’s Guide for the Care and Use of Laboratory Animals and were sanctioned by the
Experimental Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine
(PZSHUTCM2401080014).

Model Establishment

Eighteen rats were divided into three groups using random assignment (n = 6 per group): (1) Control group, (2) CFA
group and (3) CFA + EA group. In the CFA and CFA + EA groups, the CFA model was prepared according to previous
research. Rats were anesthetized with 2—3% isoflurane (RWD Life Science Company, Shenzhen, Guangdong, China) and
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100 puL CFA suspension was injected into the right hindpaw of the rats, while saline was administered to the control
group.19 Successful model induction was evidenced by the development of ipsilateral paw edema and mechanical
allodynia in rats post-modeling.

Evaluation of Pain-Response Behavior

The paw withdrawal threshold (PWT) was assessed using an electronic von Frey anesthesiometer (IITC 2391, USA)
following the methodology described by Vivancos.?” This test was conducted to observe the progression of mechanical
allodynia in CFA-induced rats and to evaluate the analgesic efficacy of EA. Rats underwent testing on day 0 before the
model was created, as well as on days 1, 3, and 7 following EA. Before each evaluation, the rats were acclimated in
Plexiglas enclosures for a period of 30 minutes. The pressure was applied to the midplantar area of the hindpaw using
a polypropylene tip connected to an electronic von Frey device. The threshold for response was automatically measured
when the hindpaw reacted to the pressure. The mean value of three consecutive measurements of the PWT was calculated
for each paw after recording it thrice with a 5-minute interval between each measurement.

EA Treatment

Stainless steel needles (0.25 x 40 mm, Huatuo) were inserted into the Kunlun (BL60) and Zusanli (ST36) acupoints on
the right side to a depth of about 5 mm. A 2 Hz, 1 mA electrical signal was administered on the needles daily for
30 minutes using a stimulation device (Model G6805-2A; Shanghai Huayi Co., Shanghai, China). The treatment with EA
started on the first day after the surgery and continued for 7 days. Following the final PWT assessment, the rats were
anesthetized with isoflurane (5%) and blood samples were collected from the abdominal aorta into ethylenediaminete-
traacetic acid (EDTA) tubes. Subsequently, the rats were euthanized via cervical dislocation, and their peripheral blood
was gathered for further biological investigations.

Real-Time Fluorescence Quantitative PCR

The results of our bioinformatics analysis were confirmed by qPCR validation of peripheral blood samples from all rats.
The primers utilized have been documented in Table 2. Total RNA was isolated with a total RNA extraction solution
following the manufacturer’s protocol (Servicebio, Wuhan, China). Three individual reactions were conducted for every

2*AACT

sample, with the average and standard deviation computed for each data point. The method was employed to

quantify mRNA expression levels of diagnostic biomarkers, with GAPDH serving as the internal reference.

Statistical Analysis

The experimental data was statistically analyzed based on the GraphPad Prism software and presented as the mean +
standard deviation (SD). Statistical analysis of the control, CFA, and CFA + EA groups was performed using One-way
ANOVA followed by Bonferroni post hoc tests applied for qPCR analysis, while behavioral analysis was conducted
using two-way ANOVA with Bonferroni post hoc testing. A P-value of less than 0.05 was considered statistically
significant for all analyses.

Table 2 Specific Primer Sequences Used in qPCR

Gene Primer sequences (5'-3")

ARHGAPI17 | F: GTGTGCAGGATCAAGACAAAAAACT

R: CTCTCCGGGGAAGAACCAATC

VEGFB F: GAAGAAAGTGGTGTCATGGATAGAT

R: CTGGGCACGAGTTGTTTGAC

GAPDH F: CTGGAGAAACCTGCCAAGTATG

R: GGTGGAAGAATGGGAGTTGCT
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Results

Screening of DEGs Related to EA in RA

The differential expression analysis revealed 2428 DEGs related to RA, with 1671 downregulated and 757 upregulated
genes (Figure 1A and B). Similarly, a total of 486 DEGs related to EA treatment were identified, with 228 downregulated
and 258 upregulated genes (Figure 1C and D). By taking the intersection of two groups of DEGs, a total of 26 DEGs
related to EA in RA were identified (Figure 1E).

Determination of the Diagnostic Biomarkers

As shown in Figure 2A and B, the LASSO regression algorithm identified ten potential candidate biomarkers. Then, the
random forest algorithm determined the top ten candidate genes ranked by MeanDecreaseGini (Figure 2C and D). As for
SVM-RFE, when the number of features was 9, the accuracy was maximized (Figure 2E), and the error was minimized
(Figure 2F). After combining the results of three algorithms, two diagnostic biomarkers were identified: VEGFB and
ARHGAP17 (Figure 2G).
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Figure | Identification of DEGs related to EA in RA. The volcano plot (A) and heatmap (B) for DEGs related to RA. The volcano plot (C) and heatmap (D) for DEGs
related to EA treatment. (E) Venn diagram of the intersection of DEGs related to RA and DEGs related to EA treatment.
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biomarkers selection via Random Forest. (D) MeanDecreaseGini showed the rank of genes in accordance with their relative importance. (E) Accuracy and (F) error of 10-
fold cross-validation in SYM-RFE algorithms, respectively. (G) The intersection of diagnostic biomarkers screened by three machine algorithms.

Diagnostic Efficacy of Diagnostic Biomarkers

Based on the expression of two genes, a diagnostic nomogram was constructed for RA to assess its diagnostic specificity and
sensitivity (Figure 3A). ROC curves were generated to evaluate the diagnostic utility of individual genes and the nomogram.
Figure 3B illustrated that VEGFB (0.819) and ARHGAP17 (0.978) had AUC values exceeding 0.75. In addition, the
nomogram model (AUC = 0.981) based on two genes showed better diagnostic performance than two genes alone
(Figure 3C). Based on the calibration curve analysis in Figure 3D, the nomogram model demonstrated comparable accuracy
to the true positivity rate. The clinical decision curves revealed that the Nomogram model developed with two genes had
a high predictive ability for RA, as the model curve outperformed the two threshold curves for benefits (Figure 3E).

Identification and Verification of Diagnostic Biomarkers

The diagnostic effectiveness of two genes for RA was validated on peripheral blood samples from three external
datasets with RA. The AUC values of VEGFB and ARHGAP17 were 0.692 and 0.815 in GSE17755 (Figure 4A),
respectively, and the diagnostic model showed promising efficacy in RA (AUC = 0.817) (Figure 4D). Besides, the
AUC values of VEGFB and ARHGAP17 genes were 0.721 and 0.767 in GSE93272 (Figure 4B), respectively, and
the diagnostic model showed good efficacy in RA (AUC = 0.794) (Figure 4E). The AUC values of VEGFB and
ARHGAPI17 genes were 0.922 and 0.945 in GSE205962 (Figure 4C), respectively, and the diagnostic model
showed good efficacy in RA (AUC = 1.000) (Figure 4F).

In addition, the diagnostic biomarkers showed differential expression in the training and validation cohorts. The
expression levels of ARHGAP17 and VEGFB in the peripheral blood of patients with RA were significantly decreased in
GSE15573 (Figure 5A and B), GSE17755 (Figure 5C and D), GSE93272 (Figure 5E and F), and GSE205962 (Figure 5G
and H) compared to healthy individuals. Besides, EA can increase the levels of VEGFB and ARHGAP17 in the
peripheral blood of RA patients (Figure 6A and B), with comparable effectiveness to DMARDs such as IFX
(Figure 6C and D), MTX (Figure 6E and F), and TCZ (Figure 6G and H).
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Figure 3 Construction of the nomogram model and efficacy assessment. (A) The nomogram of diagnostic biomarkers for risk prediction of RA. (B) The ROC curves of
each diagnostic biomarker. (C) The ROC curve of the nomogram model. (D) The calibration curve of nomogram model prediction in RA. (E) DCA results to evaluate the
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EA Demonstrated Analgesic Effects in CFA-Induced Mechanical Allodynia
Measurement of PWT in the ipsilateral hindpaws of rats showed hyperalgesia induced by CFA and antihyperalgesic
effects of EA. As shown in Figure 7, the baseline values of PWT prior to injection of CFA did not exhibit significant
differences across groups. Following the administration of CFA, the PWT of the CFA group and the CFA+EA group
exhibited a significant decrease in comparison to the control group and the hyperalgesia endured for a minimum duration
of one week. After receiving EA therapy, the rats in the CFA+EA group demonstrated a significant improvement in PWT
starting from the first day as compared to the CFA group, indicating that EA significantly alleviated mechanical allodynia
in CFA rats.

The qPCR analysis showed a significant reduction in ARHGAP17 and VEGFB mRNA expression levels in the
peripheral blood of the CFA group compared to the control group. Conversely, EA can significantly increase the
expression of ARHGAP17 and VEGFB in the peripheral blood of CFA rats (Figure 8A and B).

Discussion

This study identified 26 genes associated with the therapeutic effects of EA on RA. Machine learning algorithms were
employed to identify two genes, ARHGAP17 and VEGFB, as potential diagnostic biomarkers, and their diagnostic
efficacy was subsequently validated through the construction of a Nomogram model. Meanwhile, we demonstrated
through various validation datasets that both diagnostic markers were significantly decreased in RA patients and
exhibited excellent diagnostic performance. Furthermore, we found that these two biomarkers could effectively reflect
the therapeutic effects of DMARDs and EA on RA, serving as prognostic indicators for evaluating treatment efficacy in
RA. To further validate these findings, we established a CFA model, which revealed that the transcription levels of
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ARHGAPI17 and VEGFB were significantly reduced in the peripheral blood of CFA-treated rats. Notably, EA therapy

reversed this reduction, suggesting its potential therapeutic benefits for RA.

Rho guanosine triphosphatases (GTPases) function as molecular switches and have been implicated in the dysregula-
tion associated with the pathogenesis of RA.?! The enzymatic activity of Rho GTPases is stringently regulated by Rho
GTPase-activating proteins (GAPs), which play a crucial role in modulating signaling accuracy and preventing aberrant
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activation. ARHGAP17 (Rho GTPase Activating Protein 17), also known as RICH]1, belongs to the GTPase-activating
proteins (GAP) family, widely expressed in human tissues, and functions as a negative regulator of GTPases. Current
research on ARHGAP17 has primarily focused on its role in cancer,”* while the potential involvement of ARHGAP17 in
the effects of EA remained unexplored. Notably, the Rho GTPase (RAC1) is involved in the progression of various pain
conditions,” ?* and EA has been shown to alleviate pain by suppressing RACI expression.”® To date, no studies have
established the diagnostic or therapeutic value of ARHGAP17 in RA. Interestingly, existing evidence indicated that
ARHGAP17 may suppress RACI expression and reduce cellular apoptosis.”?> Our study demonstrated that EA can
reverse the decreased expression of ARHGAP17 in the peripheral blood of CFA rats, suggesting that EA may exert its
anti-inflammatory and analgesic effects by promoting ARHGAP17 expression, thereby inhibiting the activation of the
Rho GTPase and mitigating the progression of RA.

Vascular endothelial growth factors (VEGFs) are the crucial molecule that promotes angiogenesis, which is a characteristic
pathological feature of RA.>” Notably, a previous study has demonstrated that serum VEGF levels in RA patients correlated
positively with disease severity,”® suggesting that VEGF may serve as a valuable molecular biomarker for evaluating the
severity of RA. However, emerging evidence suggested that VEGF not only promoted inflammation and angiogenesis but also
facilitated subchondral bone regeneration in arthritic joints.”” A preliminary study found that promoting VEGF expression
within the joint can enhance lymphatic drainage, thereby reducing the severity of RA.** As one of the subtypes of VEGF,
VEGFB can be regulated by vagus nerve electrical stimulation, suppressing inflammatory responses through activation of the
PI3K/AKT-FoxO3A-VEGF-A/B signaling cascade.® This study revealed that EA can upregulate VEGFB expression in the
peripheral blood of RA patients and CFA rats. This finding appeared contradictory to previous research demonstrating that EA
suppressed VEGF mRNA expression in synovial tissue of adjuvant arthritis rats.>> We hypothesized that the inconsistent
results may be due to differences in the regulation of VEGF subtypes by EA.

This study was not the first to apply bioinformatics analysis to identify potential biomarkers involved in EA treatment
for RA. However, compared with previous research,’” it incorporated a broader range of machine learning algorithms and
validated the findings across multiple validation datasets. The present study has the following limitations: Firstly, the
datasets employed in this study contained a relatively limited number of EA treatment cases. Additionally, we did not
evaluate biomarker diagnostic efficacy across diverse demographic subgroups or perform batch-effect correction on the
dataset. Secondly, due to experimental limitations, this study did not expand on the diagnostic efficacy of biomarkers in
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clinical RA patients or the regulatory effects of EA on these biomarkers. Current animal models exhibited limited
capacity to fully recapitulate the complex pathogenesis of RA, thereby constraining accurate assessment of diagnostic
biomarker performance and EA therapeutic efficacy across disease subtypes. Therefore, further clinical experiments are
needed to extend the application of biomarkers.

Conclusion

The present study identified two potential diagnostic biomarkers for RA using bioinformatics and machine learning
approaches, and revealed that EA modulated the expression of these genes in peripheral blood. These findings not only
provided new potential biomarkers for RA diagnosis but also offered novel therapeutic targets for EA-based treatment in
RA management. However, further clinical trials are necessary to validate the diagnostic efficacy of biomarkers for
different populations and the regulatory effects of EA on these biomarkers.
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